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CHAPTER 3

Motor Control

3.1 AC Motor Control3.2 DC Motor Control3.3 Stepper Motor
Control
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3.1.1 Noiseless A.C. Motor Control: Introduction to a 20
kHzSystem

Controlling an a.c. induction motor by the technique
ofsinewave-weighted pulse-width modulation (PWM)switching gives the
benefitsof smooth torqueat low speeds,andalso complete speedcontrol
fromzero upto the nominalrated speed of the motor, with only small
additional motorlosses.Traditional power switches such as
thyristors needswitching frequencies in the audible range,
typicallybetween 400 and 1500Hz. In industrial environments,
thesmall amount of acoustic noise produced by the motor withthis
type of control can be regarded as insignificant. Bycontrast,
however, the same amount of noise in a domesticor office
application, such as speed control of a ventilationfan, might prove
to be unacceptable.Now, however, with the advent of power
MOSFETs,three-phase PWM inverters operating at
ultrasonicfrequencies can be designed. A three-phase motor
usuallymakes even less noise when being driven from such asystem
than when being run directly from the mainsbecause the PWM
synthesis generates a purer sinewavethan is normally obtainable
from the mains.The carrier frequency is generally about 20kHz and
so it isfar removed from the modulation frequency, which
istypically less than 50Hz, making it economic to use alow-pass
filter between the inverter and the motor. Byremoving the carrier
frequency and its sidebands andharmonics, the waveform delivered
via the motor leads canbe made almost perfectly sinusoidal. RFI
radiated by themotor leads, or conducted by the
winding-to-framecapacitance of the motor, is therefore almost
entirelyeliminated. Furthermore, because of the high
carrierfrequency, it is possible to drive motors which are
designedfor frequencies higher than the mains, such as
400Hzaircraft motors.This section describes a three-phase a.c.
motor controlsystem which is powered from the single-phase a.c.
mains.It is capable of controlling a motor with up to 1kW of
shaftoutput power. Before details are given, the generalprinciples
of PWM motor control are outlined.

Principles of Pulse-Width ModulationPulse-width modulation (PWM)
is the technique of usingswitching devices to produce the effect of
a continuouslyvarying analogue signal; this PWM conversion
generallyhas very high electrical efficiency. In controlling either
athree-phase synchronous motor or a three-phase inductionmotor it
is desirable to create three perfectly sinusoidalcurrent waveforms
in the motor windings, with relativephase displacements of 120. The
production of sinewave

power via a linear amplifier system would have lowefficiency, at
best 64%. If instead of the linear circuitry, fastelectronic
switching devices are used, then the efficiencycan be greater than
95%, depending on the characteristicsof the semiconductor power
switch.

Fig.1 Half-bridge switching circuit

Fig.2 Waveforms in PWM inverter(a) Unmodulated carrier

(b) Modulated carrier(c) Current in inductive load

The half-bridge switching circuit in Fig.1 is given as
anexample: the switches can be any suitable
switchingsemiconductors. If these two switches are turned
onalternately for equal times, then the voltage waveformacross the
load is as shown in Fig.2a. The mean value ofthis waveform,
averaged over one switching cycle is 0. Thissquare wave with a
constant 50% duty ratio is known asthe carrier frequency. The
waveform in Fig.2b shows theeffect of a slow variation or
modulation of the duty ratio;the mean voltage varies with the duty
ratio. The waveformof the resultant load current depends on the
impedance ofthe load Z. If Z is mainly resistive, then the waveform
of thecurrent will closely follow that of the modulated squarewave.
If, however, Z is largely inductive, as with a motorwinding or a
filter choke, then the switching square wave
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will be integrated by the inductor. The result is a load
currentwaveform that depends mainly on the modulation of theduty
ratio.If the duty ratio is varied sinusoidally in time, then the
currentin an inductive load has the form of a sinewave at
themodulation frequency, lagging in phase, and carrying rippleat
the switching frequency as shown in Fig.2c. Theamplitude of the
current can be adjusted by controlling thedepth of modulation, that
is, the deviation of the duty ratiofrom 50%. For example, a
sinewave PWM signal whichvaries from 5% to 95%, giving 90%
modulation, will producea current nine times greater than that
produced by a signalwhich varies only from 45% to 55%, giving only
10%modulation.For three-phase a.c. motor control, three such
waveformsare required,necessitating threepairs ofswitches like
thoseshown in Fig. 1, connected in a three-phase bridge.
Theinductance required to integrate the waveform can usuallybe
provided by the inductance of the stator windings of themotor,
although in some instances it might be provided bythe inductance of
a separate low-pass filter. Themodulations in the three switching
waveforms must bemaintained at a constant relative phase difference
of 120,so as to maintain motor current sinewaves which
arethemselves at a constant 120 phase difference. Themodulation
depth must be varied with the modulationfrequency so as to keep the
magnetic flux in the motor atapproximately the design level.In
practice, the frequency of the modulation is usuallybetween zero
and 50Hz. The switching frequency dependson the type of power
device that is to be used: until recently,the only devices
available were power thyristors or therelatively slow bipolar
transistors, and therefore theswitching frequency was limited to a
maximum of about 1

kHz. With thyristors, this frequency limit was set by theneed to
provide forced commutation of the thyristor by anexternal
commutation circuit using an additional thyristor,adiode, a
capacitor, and an inductor, in a process that takesat least 40s.
With transistors, the switching frequency waslimited by their
switching frequency and their long storagetimes.

In this earlier type of control circuit, therefore, the ratio
ofcarrier frequency to modulation frequency was only about20:1.
Under these conditions the exact duty-ratios andcarrier frequencies
had to be selected so as to avoid allsub-harmonic torques, that is,
torque components atfrequencies lower than the modulation
frequency. This wasdone by synchronising the carrier to a selected
multiple ofthe fundamental frequency; the HEF4752V, an excellentIC
purpose-designed for a.c. motor control, uses thisparticular
approach. The 1kHz technique is still extremelyuseful for control
of large motors because whenever shaftoutput powers of more than a
few kW are required,three-phase mains input must be used, and there
are, asyet, few available switching devices with combined
highvoltage rating, current rating, and switching speed.

However, using MOSFETs with switching times of muchless than 1s,
the carrier frequency can be raised to theultrasonic region, that
is, to 20kHz or more. There areobvious system benefits with this
higher frequency, butthere are also several aspects of PWM
waveformgeneration that become easier. It is possible to use a
fixedcarrier frequency because the sub-harmonics that areproduced
as a result of the non-synchronisation of thecarrier frequency with
a multiple of the fundamental areinsignificant when the ratio of
the carrier frequency to thefundamental frequency is typically
about 400:1.

Fig.3 20kHz AC motor controller
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To maintain good waveform balance, and thus avoid anyd.c. in the
motor, and therefore also avoid parasitic torques,adigital waveform
generation technique is appropriate. Thewaveform can be stored as a
look-up table of numbersrepresenting the sinewave. To generate the
three phases,this table can be read at three points that have the
correct120 phase relationship. The numbers taken from the
tablerepresent the duty ratios corresponding to 100%modulation:
these numbers can then be scaled down bymultiplication or some
equivalent technique to give thecorrect duty-ratio numbers for the
modulation depthrequired.The speed of the motor is controlled by
the rate at whichthe reading pointers scan the look-up table and
this can beas slow as desired. If the pointers are stationary, then
thesystem will be frozen at a particular point on thethree-phase
sinewave waveform, giving the possibility ofobtaining static torque
from a synchronous motor at zerospeed. The rate at which the
numbers are produced by thisread-out process from the look-up table
is constant anddetermines the carrier frequency.To convert these
three simultaneous parallel digitalnumbers into time lengths for
pulses, three digital countersare needed. The counters can be
designed to givedouble-edged modulation, such that both the leading
edgeand the trailing edge of each pulse move with respect tothe
unmodulated carrier. The line-to-line voltage across theload will
have most of its ripple at a frequency of twice theswitching
frequency, and will have a spectrum with

minimum even harmonics and no significant componentbelow twice
the switching frequency. Motor ripple currentis therefore low and
motor losses are reduced.There is a further advantage to be
obtained from the highratio of carrier to modulation frequency: by
adding a smallamount of modulation at the third harmonic frequency
ofthe basic fundamental modulation frequency, the
maximumline-to-line output voltage obtainable from the inverter
canbe increased, for the following reason. The effect of the
thirdharmonic on the output voltage of each phase is to flattenthe
top of the waveform, thus allowing a higher amplitudeof fundamental
while still reaching a peak modulation of100%. When the difference
voltage between any twophases is measured, the third harmonic terms
cancel,leavinga pure sinewave at the fundamental frequency.
Thisallows the inverter output to deliver the same voltage as
themains input without any significant distortion, and thus
toreduce insertion losses to virtually zero.

Overview of a practical systemThe principles outlined above are
applied to a typicalsystem shown in Fig.3. The incoming a.c. mains
is rectifiedand smoothed to produce about 300V and this is fed to
thethree-phase inverter via a current-sensing circuit. Theinverter
chops the d.c. to give 300V peak-to-peak PWMwaves at 20kHz, each
having low-frequency modulation ofits mark-space ratio. The output
of the inverter is filtered toremove the 20kHz carrier frequency,
and the resultantsinewaves are fed to the a.c. motor.

Fig.4 Waveform generator circuit
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The six switches in the inverter are under the command ofa
waveform-generation circuit which determines theconduction time of
each switch. Because the controlterminals of the six switches are
not at the same potential,the outputs of the waveform-generation
circuits must beisolated and buffered. A low-voltage power supply
feedsthe signal processing circuit, and a further low-voltagepower
supply drives a switch-mode isolating stage toprovide floating
power supplies to the gate drive circuits.

Signal processing

Fig.4 shows a block diagram of the circuit which generatesthe
PWM control signals for the inverter. The input to thesystem is a
speed-demand voltage and this is also usedfor setting the required
direction of rotation: the analoguespeed signal is then separated
from the digital directionsignal. The speed-demand voltage sets the
frequency ofthe voltage-controlled oscillator (VCO). Information
todetermine the modulation depth is derived from thespeed-control
signal by a simple non-linear circuit and isthen converted by an
analogue-to-digital converter into an8-bit parallel digital
signal.

A dedicated IC, type MAB8051, receives the clock signalsfrom the
VCO, the modulation-depth control number fromthe A/D converter, the
direction-control logic signal, andlogic inputs from the RUN and
STOP switches. Byapplying digital multiplication processes to
internal look-uptable values, the microcomputer calculates the
on-time foreach of the six power switches, and this process is
repeatedat regular intervals of 50s, giving a carrier frequency
of20kHz. The pulses from the VCO are used for incrementingthe
pointers of the look-up table in the microcomputer, andthus control
the motor speed.The output signals of the microcomputer are in the
form ofthree 8-bit parallel numbers: each representing
theduty-ratio for the next 50s switching cycle for one pair
ofinverter switches, on a scale which represents 0% to 100%on-time
for the upper switch and therefore also 100% to 0%on-time for the
complementary lower switch. A dedicatedlogic circuit applies these
three numbers from themicrocomputer to digital counters and
converts eachnumber to a pair of pulse-widths. The two signals
producedfor each phase are complementary except for a smallunderlap
delay. This delay is necessary to ensure that theswitch being
turned off recovers its blocking voltage beforeits partner is
turned on, thus preventing shoot-through.

Fig.5 DC link, low voltage and floating power supplies
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Other inputs to the microcomputer are the on/off switches,the
motor direction logic signal, and the current-sensingsignal. Each
input triggers a processor interrupt, causingthe appropriate action
to be taken. The STOP switch andthe overcurrent sense signals have
the same effect, that ofcausing the microcomputer to instructall
six power switchesin the inverter to turn off. The RUN switch
causes themicrocomputer to start producing output pulses. Anychange
in the direction signal first stops the microcomputerwhich then
determines the new direction of rotation andadjusts its output
phase rotation accordingly.

D.C. link and power suppliesThe d.c. link and the low-voltage
power supplies for thesystem are shown in Fig.5. The high voltage
d.c. supply forthe inverter is derived from a mains-fed bridge
rectifier witha smoothing capacitor; the capacitor conducts both
the100Hz ripple fromthe rectified single-phasemains, andalsothe
inverter switching ripple. A resistor, or alternatively
athermistor, limits the peak current in the rectifier while
thecapacitor is being charged initially. This resistor is
shortedout by a relay after a time delay, so that the resistor
doesnot dissipate power while the motor is running. As a
safetymeasure, a second resistor discharges the d.c. linkcapacitor
when the mains current is removed.

Oneof the d.c. link lines carriesa low-value resistor to
sensethe d.c. link current. A simple opto-isolation circuit
transmitsa d.c. link current overload signal back to the
signalprocessing circuit.The logic circuitry of the waveform
generator is poweredconventionally by a 50Hz mains transformer,
bridgerectifier, and smoothing capacitor. The transformer has
twosecondary windings; the second one provides power to
aswitched-mode power supply (SMPS), in which there is aswitching
transistor driven at about 60kHz to switch powerthrough isolating
transformers. Rectifying the a.c. outputsfrom the isolating
transformers provides floating powersupplies for the inverter gate
drive circuits. As will be seenbelow, one supply is needed for the
three lower powerswitches (connected to a common d.c. link negative
line),but three separate power supplies are needed for the
threeupper switches (connected to the three inverter outputs).Thus
four isolating transformers are required for the gatesupply
circuits. For low power systems the gate suppliescan be derived
directly from the d.c. link without excessiveloss.To prevent
spurious turn-on of any inverter switch duringthe start-up process,
the floating power supply to the lowerthree gate-drive circuits is
connected only after a delay. Thesame delay is used for this as is
used for the d.c. linkcharging-resistor bypass switch.

Fig.6 Signal isolation, gate drive, inverter and filter (one
phase of three)
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Signal isolation, gate drive, and inverterThe most important
part of the system is the power inverterand it is the use of
MOSFETs, with their short switchingtimes, which makes it possible
for the inverter to switch at20kHz. It is in the area of the drive
circuits to the powerswitches that using MOSFETs gives a saving in
the numberof components needed. Driving MOSFETs is relativelyeasy:
the total power needed is very small because all thatmust be
provided is the capability to charge and dischargethe gate-source
capacitance (typically between 1 and 2nF)by a few volts in a short
time (less than 100ns). This ensuresthat the quality of the
waveform is not degraded, and thatswitching losses are minimised.In
this circuit the six pulse outputs from the dedicated logicpart of
the waveform generator section are coupled to theMOSFET gate driver
stages via pulse transformers. (seeFig.6). Each gate drive circuit
is powered from one of thefour floating power supplies described
above. The threelower stages share a common power supply, as the
sourceterminals of the three lower MOSFETs are all at the
samepotential. Each of the three upper stages has its ownfloating
power supply. The isolated signals are coupled tothe gate terminals
of the six MOSFETs by small amplifierscapable of delivering a few
amperes peak current for a shorttime. Alternative gate driver
circuits may use level shiftingdevices or opto-couplers. (Refer to
"Power MOSFET GateDrive Circuits" for further details.)It will be
seen from Fig.6 that each MOSFET has twoassociated diodes. These
are necessary because theMOSFETs have built-in anti-parallel diodes
with relativelylong reverse-recovery times. If these internal
diodes wereallowed to conduct, then whenever load currentcommutated
from a diode to the opposite MOSFET, a largecurrent would be drawn
from the d.c. supply for the durationof the diode reverse-recovery
time. This would greatlyincrease the dissipation in the inverter.
To avoid this, anexternal fast epitaxial diode is connected in
anti-parallelwith the MOSFET. Because the internal diode of
theMOSFET has a very low forward voltage drop, a
secondlow-voltageepitaxial diode must be connected inseries
witheach MOSFET to prevent the internal diode fromconducting at
all. Thus, whenever the MOSFET isreverse-biased, it is the external
anti-parallel diode whichconducts, rather than the internal one.
FREDFETs haveinternal diodes which are much faster than those
ofMOSFETs, opening the way for a further cost-saving byomitting the
twelve diodes from the 3-phase inverter.

Output low-pass filterFor conventional, lower frequency
inverters the size, weightand cost of output filter stages has held
back theirproliferation. An advantage of the constant high
carrierfrequency is that a small, economical low-pass filter can
bedesigned to remove the carrier from the inverter output

waveform. Compared with low frequency systems the
filtercomponent has been reduced by an order of magnitude,and can
often be eliminated completely. In unfilteredsystems cable
screening becomes an important issuealthough on balance the
increased cost of screening is lessthan the cost and weight of
filter components.A typical filter arrangement was shown in Fig.6.
As anexample, for a 50Hz motor-drive the filter would bedesigned
with a corner-frequency of 100Hz, so that theattenuation at 20kHz
would be about 46dB. The carrierfrequency component superimposed on
the outputsinewave would therefore be only a few mV in
200Vrms.Fig.7 shows the relative spectral characteristics of
differenttypes of inverter switching strategies.

Fig.7 Spectral characteristics for different inverterswitching
strategies

(a) Quasi-square(b) 1kHz, 15 pulse, Synchronous

(c) 20kHz, Non-synchronous

There are two main advantages in supplying the motor withpure
sinewave power. First, the motor losses are small,because there is
no rms motor current at the switchingfrequency, and second, there
is less radio-frequencyinterference(RFI), because the switching
frequencycurrentcomponents circulate entirely within the inverter
and filterand do not reach the outside world.

Advantages of a 20 kHz systemThe principal advantages of the
system described here are:

-Controller and motor are acoustically quiet.-PWM waveform is
simple and thus easy togenerate.-Output filter for removal of
carrier is economic.-RFI is low because of output filter.-No
snubbers are required on power devices.-High efficiency is easily
obtainable.-No insertion loss.

f(Hz)100 1k 10k 100k

Power (W)1kW

10W

100mW

f(Hz)100 1k 10k 100k

Power (W)1kW

10W

100mW

f(Hz)100 1k 10k 100k

Power (W)1kW

10W

100mW

(a)

(b)

(c)

250


	
Motor Control Power Semiconductor ApplicationsPhilips
Semiconductors

3.1.2 The Effect of a MOSFETs Peak to Average Current Rating on
Inverter Efficiency

The control of induction motors using a synthesisedsinewave
generated using pulse width modulation (PWM)control is becoming
increasingly popular. The peak currentrequirement of switches used
for the inverter bridge isbased on the maximum current when the
output is shortcircuited. The overcurrent during a short circuit
fault islimited by an inductor connected in series with the
switches.There is therefore a trade off between the peak
currentcarrying capability of the switch and the size of the
inductor.It is demonstrated in this note that the efficiency of the
circuitduring normal operation of the inverter is affected by
thesize of this choke. The ratio of peak to average currentcarrying
capability of Philips Powermos is typcially aboutfour. This
compares favourably with the typical ratio ofInsulated Gate Bipolar
Transistors (IGBTs) which is aboutthree.

A simplified diagram of the inverter and the windings of
theinductionmotor is shown in Fig.1. TheMOSFETs are drivenwith a
PWM signal as shown in Fig. 2. The voltages at theoutputs of each
leg of the inverter are smoothed using alow pass filter and the
inductance of the motor windings.The system has the following
advantages; it uses aninduction motor which is relatively cheap and
maintenancefree and it has the facility for 0 to 100% speed
control. Thenear perfect sinewaves generated by the PWM
techniqueproduce a smooth torque, audible noise is reduced
andfiltering is made easier since MOSFETs make possible theuse of
switching frequencies above 20 kHz.

Fig. 1 A simplified diagram of the inverter

Fig. 2 PWM drive signal for the inverter MOSFETs

If the output of the inverter is short circuited there will be
arapid riseof current in the switches. To limit this peak currentan
inductor, Ls, is often connected in each leg of the inverteras
shown in Fig 3. The rate of rise of current under shortcircuit
conditions, is then given in equation 1.

(1)

Fig. 3 Inverter bridge leg with dI/dt limiting inductor
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When the MOSFETs turn this fault current (ISC) off theenergy in
the inductor is transferred to a snubber capacitor,CS. The
overvoltage across the MOSFETs is given byequation 2.

(2)

The presence of inductor LS affects the normal operationof the
inverter. When the MOSFET M1 in Fig. 3 turns offthe diode D2 does
not turn on until the voltage across CSis equal to the d.c. link
voltage, VD. If the diode did turn onthen the rate of rise of
current in LS would be given byequation 3.

(3)

This would be greater than the rate of rise of motor currentso
IM1 > Imotor and the diode would have to conduct in thereverse
direction, which is clearly not possible.During the time when the
capacitor CS is charging up to VD,the voltage across LS will always
be such as to increase thecurrent in the bottom MOSFET, IM1. When
VCS=VD thevoltage across LS will reverse and IM1 will fall. Diode
D2 willnow turn on. The energy stored in LS will now be
transferredto CS. This energy will subsequently be dissipated in RS
andthe MOSFET.If the ratio of peak to average current carrying
capability ofthe switch is large then it follows from equation 1
that LScan be made smaller. This reduces the energy that is

transferred to CS when the MOSFETs switch off duringnormal
operation. Hence the efficiency of the inverter isimproved.

The short circuit fault current can be limited by connectingan
inductor in the d.c. link as shown in Fig. 4. In this caseanalysis
similar to that outlined above shows that theexcellent ratio of
peak to average current carrying capabilityof Philips Powermos
again reduces the losses in theinverter. It has been shown that
components chosen toensure safe shutdown of inverters for motor
drives can havedeleterious effects on the efficiency of the
inverter. Inparticular the addition of an inductor to limit the
peak currentthrough the semiconductor switches when the output
isshort circuited can increase the switching losses. The highpeak
to average current carrying capability of PhilipsPowermos reduces
the size of this choke and the losses itcauses.

Fig. 4 Modified inverter circuit to limit short
circuitcurrent

V = LsCs . ISC

dIM1dt =

VD VCS VdiodeLs
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3.1.3 MOSFETs and FREDFETs for Motor Drive Equipment

The paper discusses the properties of the FREDFET, atechnology
which yields a MOSFET with a very fast built-inreverse diode with
properties similar to a discrete fastepitaxial rectifier. It is
shown that its characteristics makethe device an excellent choice
for high frequency bridge legsystems such as 20 kHz AC motor
control systems.

Investigations have been carried out in dedicated testcircuits
as well as in a 20 kHz ACMC system which showthat the FREDFET
exhibits very low diode losses. Itcompares favorably with adiscrete
solution, using two extradiodes to overcome the slow speed of the
standard built-indiode, and also with devices from the present
standardranges.

Introduction

The Power MOSFET has inherent in its structure a largebuilt-in
diode which is present between the source anddrainof the device.
Under single switch applications such asforward and flyback
converters, this diode isnt forwardbiased and consequently its
presence can be ignored. Inthe case of bridge legs, however, this
diode is forced intoforward conduction and the properties of the
diode becomeof prime importance. The reverse recovery of the
built-indiode is relatively slow when compared with discrete
fastrecovery epitaxial diodes (FREDs). As a consequence,
thecurrents flowing through the MOSFET and its diode can behigh and
the losses considerable.

Fig.1. ACMC bridge leg.

These losses can be reduced through the application of twoextra
diodes as discussed in section 2. A more elegantsolution is a
MOSFET with a built-in diode which exhibitsproperties similar to
discrete fast epitaxial rectifiers. TheFREDFET has been designed to
satisfy this requirement.This paper presents the results of
studies, carried out withnew FREDFETs, comparing them with both
theconventional MOSFET and the discrete solution.

MOSFETS in half bridge circuitsMOSFETS have gained popularity in
high frequency ACmotor controllers, since they enable frequencies
above20kHz to be used. The short on-times required in ACMCsystems
make the use of bipolar devices very difficult, dueto the storage
times. Both the short switching times and theease of drive of the
MOSFET are essential ingredients inthe design of a ultrasonic ACMC.
Difficulties can arise,however, when trying to use the built in
source to draindiode of the MOSFETs.One bridge leg of an ACMC is
shown in Fig.1. When currentis flowing out of the load, MOSFET T1
and freewheel diodeD2 conduct alternately. Conversely, when flowing
into theload, the current alternates between TR2 and D1.
Considerthe case when current is being delivered by the load,
suchthat the pair TR1/D2 carries the current. When the
MOSFETconducts current, the voltage at the drain is almost zeroand
the diode blocks. When the MOSFET is turned off bythe drive
circuit, the inductive load forces the voltage toincrease making
diode D2 conductive. Associated withconduction of the diode is a
volume of stored charge whichmust be removed as the MOSFET TR1
returns to itson-state.

Fig.2. Recovery waveformsTop: VDS, ID of TR1 turning on

Bottom: VD, ID of D2. (t=200ns/div)The waveforms appropriate to
this situation can be foundin Fig.2. One may observe that during
the diode recoverytime, the voltage across the MOSFET remains high
whilstat the same time its current increases rapidly.
Temporarilythe drain current will increase to a level higher than
the loadcurrent since the diode recovery current is added to it.
Longrecovery times and excessive charge storage result in avery
high power dissipation in the MOSFET.
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Fig.3. Network with extra diodes.

Using the inherent source drain diode of a conventionalMOSFET as
the freewheel diode results in considerablelosses, since it is not
optimised for fast switching or lowstored charge. To avoid such
losses the internal diode isusuallydeactivatedby means of aspecial
circuit (see Fig.3).This circuit, using two diodes D2 and D3,
ensures that allfreewheel current is flowing through the external
diode D2and not through the internal diode D1. When the MOSFETis
switched on, the current flows via D3. This circuit isrequired for
each MOSFET in the bridge. The FREDFET,which has a fast built-in
diode offers the prospect of a muchneater solution for these kind
of circuits.

Technology of the FREDFET

Fig.4. FREDFET cross section.

The power MOSFET is a majority carrier device andfeatures fast
turn-on and, in particular, fast turn-off. Thereare no charge
storage effects such as in bipolar devices.In bridge leg
applications the internal diode can becomeforward biased and the N-
epitaxial region (see Fig.4) isflooded with holes, which must later
be removed when thesource becomes negatively biased again with
respect tothe drain.The stored charge can be removed by holes
diffusing fromthe N- epilayer into the P+ and P-body regions, and
alsoby recombination of holes and electrons in the N-
epitaxialregion. A significant reduction in the stored charge Qrr
canbe achieved by doping the devices with heavy metal atomsto
introduce recombination centres. A standard MOSFETwill normally
have a low concentration of recombination

centres. In the FREDFET the heavy metal doping does nothave any
significant effects on the threshold voltage or
thetransconductance, however, the efficiency with which theextra
recombination centres remove the stored charge isimproved
substantially. This can be observed whencomparing Qrr and trr
results for killed and non-killeddevices as described in the next
section.

FREDFET measurementsA comparison of the reverse recovery
characteristics of theinternal diode has been made for a
BUK637-500BFREDFET and a similar competitor conventional MOSFET.The
devices were tested using an LEM 20 A Qrr gear.

Fig.5. Reverse recovery waveforms, t=200ns/div;T=25C

Oscillograms are presented in fig.5. showing the testwaveforms
for both the FREDFET and the conventionaldevice. The diode turn-off
process commences at t=t0,where upon the forward current (set at
10A) is reduced ata preset 100A/usec. The current falls through
zero and thediode passes into reverse conduction signifying
theremoval of stored charge. At t=t2 sufficient charge has
beenremoved for the formation of a depletion layer across thep-n
junction. The dI/dt starts to fall and a voltage buildsacross an
inductance in the source circuit such that thesource becomes
negatively biased with respect to drain.
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Beyond t2 the dI/dt reverses and the diode current beginsto fall
as the drain-source voltage rises to the clamp setting.The moment
t3 identifies the point at which the diode currenthas fallen to 10%
of its peak value, Irrm.The reverse recovery time, trr is defined
as t3-t1 while thetotal stored charge Qrr is equal to the area of
the shadedregion, fig.5. A direct comparison of the diode
reverserecovery at 25C is shown in fig.6. The respective valuesfor
trr, Qrr and Irrm are presented in Table 1.

Tj = 25C trr (ns) Qrr (uC) Irrm (A)BUK637-500B 193 1.2 8

Conventional device 492 7.5 23

Table 1.It can be seen that Qrr is 84 % lower for the FREDFET
whileIrrm and trr approximately 60 % less. Fig.7 shows the
samecomparison measured at a junction temperature of
150C.Corresponding values of trr, Qrr and Irrm are shown inTable
2.

Fig.6. Comparison of diode reverse recovery(t=100ns/div;
Tj=25C)

Fig.7. Comparison of diode reverse recovery(t=100ns/div;
Tj=150C)

Tj = 150C trr (ns) Qrr (uC) Irrm (A)BUK637-500B 450 4.5 17

Conventional device 650 10.5 26

Table 2.

While higher temperatures are known to reduce theeffectiveness
of recombination centres, it is clear thatsignificant improvements
still existeven at the peak junctiontemperature with savings of 55
% in Qrr and over 30 % inIrrm and trr evident for the FREDFET

Performance in a bridge circuitThe circuit of Fig.8 is a
simplified representation of a bridgecircuit, and was used to
evaluate the performance of theBUK637-500B FREDFET against a
conventional MOSFETand a conventional MOSFET configured with both
seriesand parallel diodes.

Fig.8. Simplified bridge circuit.

In each case the MOSFET in the bottom leg was switchedon until
the load current reached the desired value, at whichpoint it was
switched off, forcing the load current to flywheelthrough the
inverse diode of the upper leg. The lower devicewas then switched
on again to obtain reverse recovery ofthe upper diode. The current
levels were set to simulate theconditions found in a 20 kHz 1 kVA
ACMC. The device inthe upper leg was mounted on a temperature
controlledheatsink and the test was performed at very low duty
cyclesuch that Tcase approximated to Tj.

Oscillograms of current and voltage in relation to the lowerleg
are shown for the conventional device, conventionaldevice plus
external diodes and the FREDFET in Fig.9. Thefreewheel current in
the upper diode is related to current inthe MOSFET as shown in
Fig.2. Also presented are thepower waveforms for both the upper and
lower legs in eachcase.
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Fig.9. Waveforms (100ns/div; Tj=110C)

The superior performance of the FREDFET whencompared to the
conventional device is clear with thecurrent overshoot kept to
below 8 A compared to over 18 Ausing the latter. The lower reverse
recovery current andfaster trr are reflected in the power waveforms
with nearlydouble the peak power being dissipated in the lower
legusing a conventional device compared to that dissipatedusing the
FREDFET. The power dissipated by the internaldiode of the FREDFET
is also observed to be remarkablyreduced in comparison with the
conventional MOSFET.The performance of the three device
implementations issummarised in table 3 which shows the total
energydissipated during switching in both legs for each case.It can
be seen that using a conventional MOSFET withoutthe external diode
circuitry involves a six fold increase inthe energy dissipated in
the MOSFET. However if aFREDFET implementation is used the turn-on
energy isonly a factor of two above the minimum achievable with
theextradiodes.Energy loss in the diode itself is
relativelysmallfor both the FREDFET and the externaldiode
configuration,

Tj = 110C Energy DissipatedLower Leg Upper Leg

(mJ) (mJ) Conventional MOSFET 1.2 0.533 MOSFET plus external 0.2
0.035

diodes BUK637-500B FREDFET 0.4 0.095

Table 3.

being less than 25 % that dissipated in the lower leg. Forthe
conventional device the diode loss is more significant,equal to 44
% of the power dissipated during turn-on in thelower leg. The
energy value presented above representonly the losses during
turn-on, in addition to these are theon-state losses which for the
external diode configurationinclude the extra power dissipated by
the series diode.
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Fig.10. Simplified circuit output stage circuit diagram (One
phase shown)

20 kHz ACMC with FREDFETSThe three device options discussed
above have each beenimplemented in a 20 kHz AC Motor Control
circuit. Theinverter provides a three phase 1 kVA output from a
singlephase mains input. A simplified diagram of one of the
outputstages is presented in Fig.10.Figure 11 shows the current
waveforms as the load currentcommutates from the upper leg
(anti-parallel diode inconduction) to the lower leg (turn-on of the
MOSFET) foreach device option. In each case the load current is 4.5
A.Fig.11a illustrates the large overshoot current obtained
withaconventional device whileFig.11b showswhat is achievedwhen the
two external diodes are incorporated. FinallyFig.11c shows the
current waveform for the FREDFETimplementation where the current
overshoot is kept below1.5 A by the built-in fast recovery diode of
the device.

ConclusionsIt has been shown that the FREDFET compares
favorablyin ACMC systems compared with the standard MOSFET.The
normally employed extra diodes can be omitted thussaving
considerable costs in the system. The fast internaldiode is seen to
be comparable with the normally used fastepitaxial rectifiers and
enables a simple ultrasonic ACMC.

Fig.11. Current waveforms in 20 kHz ACMC(t=200ns/div;
ID=2A/div).
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3.1.4 A Designers Guide to PowerMOS Devices for MotorControl

This section is intended to be used as a designers guide tothe
use and selection of power MOSFETS and FREDFETSin a.c. motor
control (ACMC) applications. It is particularlyconcerned with the
variable speed operation of inductionmotors using pulse width
modulation (PWM) techniques.One of the most important
considerations in the design ofACMC inverters is the optimum choice
of power switchingdevice and heatsinking arrangement. Other factors
whichrelate to the losses in the power switch are switching
speedand design of suitable gate drive circuits. This
sectionaddresses each of these factors and presents a series
ofdesign graphs relating system operating temperature todevice type
and heatsink size for systems rated up to 2.2kWand operated from a
single phase supply.It should be noted that this article refers to
some productswhich may not be available at this time.

IntroductionVariable speed control of induction motors is a
widespreadrequirement in both industrial and domestic
applications.The advantages of an induction motor drive over
alternativesystems such as d.c. motor controllers include:

-high reliability and long life-low maintenance
requirements-brushless operation-availability of standard
machines.

With the advent of power switching devices able to providethe
required ratings for ACMC applications and theavailability of fast
PWM pattern generation circuits theseadvantages have lead to an
increasing number ofapplications where the inverter-fed induction
motor systemproduces a cost effective drive. Before considering in
detailthe use of MOSFETs and FREDFETs in ACMC inverters itis worth
briefly considering the principles and operation ofthe induction
motor, the PWM method of voltage controland the characteristics of
the switching devices.

The induction motorInduction motors are three phase machines
where thespeed of rotation of the stator field (the synchronous
speed,Ns) is determined by the number of poles, p, and thefrequency
of the applied voltage waveforms, fs.

(1)

Torque production in an induction motor is due to theinteraction
of the rotating stator field and currents in therotorconductors.
Torque is developedwhen the rotor speedslips behind the synchronous
speed of the stator travellingfield. Fig.1 shows the torque-speed
characteristic of aninduction motor where s is the speed of the
stator field(s=2pifs) and r is the rotor speed. The difference
betweenthe two is usually relatively small and is the slip speed.
Thesolid portion of the characteristic is the main region
ofinterest where the motor is operating at rated flux and atlow
slip. In this region the rotor speed is approximatelyproportional
to the stator supply frequency, except at verylow speeds. The
operating point of the motor on itstorque-speed characteristic is
at the intersection of the loadtorque line and the motor
characteristic. For small amountsof slip and at constant airgap
flux the motor torque isproportional to the slip speed.

Fig.1 AC induction motor, Torque-Speed characteristic.

Fig.2 Torque-Speed characteristics, Variable speedoperation.
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In avariable speed system the motor is operatedon a seriesof
torque-speed characteristics as the applied frequency isincreased.
Fig.2 shows a set of characteristics for threeconditions, s1, s2
and s3. The corresponding rotorspeedsare r1, r2 and r3. However in
order that the airgap flux inthe motor is maintained at its rated
value then the appliedvoltage must be reduced in proportion to the
appliedfrequency of the travelling field. This condition for
constantairgap flux gives the constant v/f requirement for
variablespeed control of a.c. induction motors. At low speeds
thisrequirement may be modified by voltage boosting thesupply to
the motor in order to overcome the increasedproportion of iR
voltage drop in the motor windings whichoccurs at low speeds.

The PWM Inverter

A variable voltage, variable frequency three phase supplyfor the
a.c. induction motor can be generated by the use ofa pulse width
modulated (PWM) inverter. A schematicdiagram of the system is shown
in Fig.3. The systemconsists of a rectified single phase a.c.
supply, which isusually smoothed to provide the d.c. supply rails
for themain switching devices. Alternate devices in each
inverterleg are switched at a high carrier frequency in order
toprovide the applied voltage waveforms to the motor. Duringeach
switching cycle the motor current remainsapproximately constant due
to the inductive nature of theAC motor load.

Fig.3 PWM inverter, block diagram.

In the circuit of Fig.3 the main switching devices areMOSFETs
and each MOSFET has a freewheeling diodeconnected in antiparallel.
The motor load current isdetermined by the circuit conditions. When
the load currentin a particular phase is flowing into the motor
thenconduction alternates between the top MOSFET and thebottom
freewheel diode in that inverter leg. When the loadcurrent is
flowing from the motor then the bottom MOSFETand top diode conduct
alternately. Fig.4 shows a typical

Fig.4 PWM phase voltage waveform.

sinusoidal PWM voltage waveform for one motor phase.The three
phases are maintained at 120 relative to eachother.Both the
frequency and amplitude of the fundamentalcomponent of the output
voltage waveform can be variedby controlling the timing of the
switching signals to theinverter devices. A dedicated i.c. is
usuallyused to generatethe switching signals in order to maintain
the required v/fratio for a particular system.(1) The PWM
algorithmintroduces a delay between the switching signal applied
tothe MOSFETs in each inverter leg which allows for the
finiteswitching times of the devices and thus protects the
systemfrom shoot-through conditions.Additional harmonic components
of output voltage, such asthe third harmonic, can be added to the
PWM switchingwaveform.(2,3) The effect of adding third harmonic to
theoutput voltage waveform is to increase the amplitude of
thefundamental component of output voltage from a fixed d.c.link
voltage. This is shown in Fig.5. The third harmoniccomponent of
output phase voltage does not appear in theoutput line voltage due
to the voltage cancellation whichoccurs in a balanced three phase
system. Using thistechnique it is possible to obtain an output line
voltage atthe motor terminals which is nearly equal to the voltage
ofthe single phase supply to the system.For many applications the
PWM ACMC system is operatedat switching speeds in the range 1kHz to
20kHz and above.Operation at ultrasonic frequencies has advantages
thatthe audible noise and RFI interference are considerablyreduced.
The advantages of PowerMOS devices overbipolar switching devices
are most significant at theseswitching speeds due to the low
switching times ofPowerMOS devices. Additional advantages include
goodoverload capability and the fact that snubber circuits arenot
usually required. It is usually straightforward to operatePowerMOS
devices in parallel to achieve higher systemcurrents than can be
achieved with single devices. This isbecause the devices have a
positive temperaturecoefficient of resistance and so share the load
current
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Fig.5 Addition of third harmonic to output voltagewaveform.

equally. The simple gate drive requirements of PowerMOSdevices
means that a single gate circuit can often be usedfor a range of
devices without modification.

MOSFETs and FREDFETs in ACMCOne of the features associated with
the transfer ofconduction between the switching devices and
thefreewheel diodes in an inverter circuit is the reverserecovery
of the freewheel diode as each conductingMOSFET returns to its
on-state. Reverse recovery currentflows due to the removal of
stored charge from a diodefollowing conduction. Fig.6 shows the
device current pathsin an inverter leg when conduction is
transferred from thetop diode to the bottom MOSFET.

The switching waveforms are shown in Fig.7 where thediode
reverse recovery current is Irr and the time taken forthe reverse
recovery currents to be cleared is trr. Theamount of stored charge
removed from the body of thediode is represented by the area Qrr.
The reverse recoverycurrent flows through the MOSFET which is being
turnedon in addition to the load current and thus causes
additionalturn-on losses. The amount of stored charge increases
withincreasing temperature for a given diode. Both themagnitude of
the reverse recovery current and its durationmust be reduced in
order to reduce the switching losses ofthe system.

This effect is important because inherent in the structure ofa
power MOSFET is a diode between the source and drainof the device
which can act as a freewheeling diode in aninverter bridge circuit.
The characteristics of this diode arenot particularly suited to its
use as a freewheel diode dueto its excessive charge storage and
long recovery time.These would lead to large losses and
overcurrents duringthe MOSFET turn-on cycle.

Fig.6 Inverter bridge leg.

Fig.7 Diode reverse recovery waveforms.

Fig.8 Circuit to deactivate MOSFET intrinsic diode.

In inverter applications the internal diode of a MOSFET
isusually deactivated by the circuit of Fig.8. Conduction bythe
internal MOSFET diode is blocked by the seriesSchottky diode (D3).
This series device must carry all theMOSFET current and so
contributes to the total conductionlosses. The external diode,
usually a fast recovery epitaxial
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diode (FRED), carries the freewheel current. This device
ischosensuch that its low values of Irr and trr reduce the
overallswitching losses.The FREDFET is essentially a MOSFETwith a
very fast built-in diode, and hence can replace thenetwork of Fig.8
with a single device giving a very compactACMC inverter design
using only six power switches.(4)Thereverse recovery properties of
a FREDFET diode aresimilar to those of a discrete FRED thus giving
aconsiderably neater circuit without any loss in
switchingperformance.

ACMC design considerations

Voltage ratingThe first selection criteria for a PowerMOS device
in aninverter application is the voltage rating. For a 240V
a.c.single phase supply the peak voltage is 340V. Assumingthat the
rectifier filter removes the voltage ripplecomponents which occur
at twice the mains frequency, anddependent on the values of the
filter components andrectifier conduction voltage, then the dc link
voltage will bearound 320V. Devices with a voltage rating of 500V
willallow sufficient capability for transient overvoltages to
bewell within the capability of the device. Thus the dc linkvoltage
is given by:

Vdc = 2.Vac (2)where Vac is the rms ac input line voltage.The
output phase voltage, shown in Fig.4, switchesbetween the positive
and negative inverter rail voltages.The mean value of the output
voltage is Vdc/2. Neglectingthe delays which occur due to the
finite switching times ofthe devices then the maximum rms output
phase voltageis given by:

(3)

and hence the rms output line voltage is:(4)

Comparing equations (2) and (4) shows that:Vline = 0.866.Vac
(5)

This shows that the fundamental rms line output voltage is13%
less than the rms ac input voltage. Adding thirdharmonic to the PWM
output waveform can restore this rmsoutput voltage to the ac input
voltage. In a practical systemthe effect of switching delays and
device conductionvoltages can reduce the output voltage by upto
10-15%.

Current ratingThe nameplate rating of an induction motor is
usuallyquoted in terms of its power (W) and power factor (cos).The
VA requirement of the inverter is found from the
simpleequation:

Power(W) = .cos.VA (6)where is the efficiency. In terms of the
rms motor linevoltage (Vline) and output current (IL):

VA = 3.Vline.IL (7)The efficiency of small ac induction motors
can be quitehigh but they usually run at quite poor power factors,
evenat rated conditions. For small induction motors (
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Fig.9 MOSFET capacitances and basic gate driver

Turn-on (Fig.10)A turn-on gate voltage pulse commences at t0.
The gatevoltage vGS rises as current flows into the device via
RGG.CGS starts to charge up until vGS reaches its threshold
valuevGS(TO) at time t1. The device is now operating in its
activeregion with a relatively high power loss. The MOSFETcurrent,
rises as a function of vGS-vGS(TO) and causes acorresponding fall
in the diode current. Thus the rate of fallof diode current, and
hence the amount of diode reverserecovery current, is controllable
by the rate of rise of vGS.At time t4 the diode has recovered and
the MOSFET currentis equal to the load current, IL. VGS is clamped
to vGS(IL) andso the gate current is given by:

(9)

This current flows through CGD, discharging it and so therate of
fall of output voltage is given by:

(10)

The fall in vDS commencing at time t3 is not linear,
principallybecause CGD increases with reducing vDS. At time t5 CGD
isfully discharged and the device is on. The gate voltagecontinues
to charge up to its final value, vGG. It is usual tohave a value of
vGG significantly higher than vGS(IL) becauserDS(on) falls with
increasing vGS. Additionally a high value ifvGG speeds up the
turn-on time of the device and providessome noise immunity.

Switching losses occur during the period t1 to t5. Theminimum
turn-on time is usually governed by the dv/dtcapability of the
system. Reducing the turn-on timeincreases the amount of diode
reverse recovery current andhence increases the peak power
dissipation, however thetotal power dissipated tends to reduce.

Fig.10 MOSFET turn-on waveforms

Fig.11 MOSFET turn-off waveforms

Turn-off (Fig.11)Unlike the conditions which occur at turn-on
there is nointeraction between the switching devices at turn-off.
Theswitching waveforms are, therefore, relativelystraightforward.
The gate voltage is switched to ground or,if very fast turn-off is
required, to a negative voltage. Duringthe delay time t0 to t1 the
gate voltage falls to the valuerequired to maintain the output
current, IO. From time t1 tot2 the gate supply is sinking current
and CGD charges thedrain up to the positive rail voltage. VGS then
continues tofall and so the device current falls between times t2
and t3,At t3 the gate voltage falls below its threshold value and
thedevice turns off. The rate of rise of output voltage is:
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(11)

Parasitic turn-onIn a high frequency system the device switching
times arenecessarily short and so the rates of change of
inverteroutput voltage are high. The high values of dv/dt
whichoccur when one device turns on can cause a sufficientlyhigh
voltage at the gate of the other device to also turn iton. The
coupling occurs via CGD and CGS. If the rate ofchange of output
voltage due to one device turning on isgiven by dvDS/dt then the
voltage that would be seen at thegate of the other device if it
were left open circuit is:

(12)

If CGS is shorted out by a zero impedance, then clearlydVGS/dt
can be reduced to zero. In practice achieving a zeroimpedance in
the gate-source circuit is extremely difficultand dVGS/dt will not
be zero. In the worst case this risinggate voltage will turn the
device fully on and a destructiveshoot-through condition occur. If
the conditions are lesssevere then the MOSFET may only turn on for
a short periodof time giving rise to an additional overcurrent in
the turn-oncycle of the device being switched. Parasitic turn-on,
as thiseffect is referred to, must be prevented by either
limitingdvDS/dt or by ensuring that vGS is clamped off. In
systemswhere the off-state gate-source voltage is negative then
thepossibility of parasitic turn-on can be reduced.

Gate drive circuits for ACMC invertersThe previous section
discussed device switchingwaveforms using a resistive gate drive
circuit. In this sectionvariousalternativegate drive circuits for
ACMC applicationsare presented and compared.The discussion assumes
thateach MOSFET gate drive circuit is isolated and driven
usingaCMOS buffer capable of sinking and sourcing the requiredgate
current. In unbuffered gate drive circuits the leakageinductance of
an isolating pulse transformer can increasethe gate impedance, thus
reducing the maximum possibleswitching rate and making the MOSFET
more susceptibleto parasitic turn-on. A zener diode clamp protects
thegate-source boundary from destructive overvoltages.Identical
drivers are used for the top and bottom devices ineach inverter
leg. The gate drive circuits presented herewere tested using
BUK638-500A FREDFETS andBUK438-500A MOSFETS in a 20kHz, 2.2kW
ACMCsystem.Figure 12 shows the simplest arrangement which
givesindependent control of the turn-on and turn-off of theMOSFET.
Increasing the gate impedance to reduce dVDS/dtlevels will raise
the susceptibility to parasitic turn-onproblems. The gate-source
voltage can be clamped off

Fig.12 Gate drive circuit with different turn-on andturn-off
paths

Fig.13 Gate drive circuit with improved parasitic
turn-onimmunity

more effectively if the dynamic impedance between gateand source
is reduced as shown in the circuit of Fig.13. Theadditional
gate-source capacitance ensures that vGS doesnot rise excessively
during conditions when parasiticturn-on could occur (Equation 12).
The external capacitorCGS must be charged up at turn-on. If CGS is
made too largethen the current required may be beyond the rating of
thedrive buffer. The speed-up diode, D2, ensures that theturn-on is
not compromised by CGSand RGGR. At turn off theadditional
capacitance slows down dID/dt since thegate-source RC time constant
is increased. Itmust be notedthat one effect of the turn-off diode,
D1, is to hold theoff-statevalue of vGS above 0V, and hence
somewhat closerto the threshold voltage of the device.

An alternative circuit which may be used to hold theMOSFET
off-state gate-source voltage below its thresholdvalue is shown in
Fig.14. The pnp transistor turns on if thegate-source voltage is
pulled up via CGD and CGS and thusthe device remains clamped
off.
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Fig.14 Alternative gate drive circuit with improvedparasitic
turn immunity

Parallelling of PowerMOS devicesMoving to a system using
parallelled MOSFETs requiresonly slight modifications to the gate
drive circuit. Oneconsideration may be the capability of the drive
buffer toprovide the currents required at the switching instants.
Theswitching speed of the system can be maintained. using alower
impedance gate drive. It is recommended that smalldifferential
resistors, as shown in Fig.15, are used to dampout any oscillations
which may occur between the switchingdevices and the rest of the
circuit. The circuit of Fig.13 canbe modified for operation with
parallelled devices to thatshown in Fig.16.

Circuit layout considerationsThe effects of poor circuit design
and layout are to increaseRFI and noise and to compromise the
performance andspeed of the system due to stray inductances.
Theprecautions which must be taken to minimise the amountof stray
inductance in the circuit include:- positioning the gate drive
circuits, especially zener diodes

and dv/dt clamping circuits as close as possible to thepower
MOSFETs.

- reducing circuit board track lengths to a minimum andusing
twisted pairs for all interconnections.

- for parallelled devices, keeping the devices close to
eachother and keeping all connections short and symmetrical.

Fig.15 Gate drive circuit for parallelled devices

Fig.16 Gate drive circuit for parallelled devices withimproved
parasitic turn-on immunity

Modelling of parasitic turn-on

Using the simple MOSFET model of Fig.9 it is possible tostudy
the susceptibility to parasitic turn-on of alternativegate drive
circuits. Considering the switching instant whenthe bottom MOSFET
is held off and the top MOSFET isswitched on, the voltage across
the bottom MOSFETswings from the negative inverter rail to the
positive one.The switching transient can be modelled by an
imposeddvDS/dt across CGD and CGS and hence the effect of
gatecircuit design and dvDS/dt on vGS can be studiedusing
simpleSPICE models.

Typical data sheet values of CGD and CGS for a 500VMOSFET were
used. The simulated results assumeconstant dvDS/dt, that freewheel
diode reverse recovery canbe neglected and that the off-state gate
drive buffer outputis at 0V with a sink impedance of around 5. In
practicethe dvDS/dt causing parasitic turn-on is not constant and
isonly at its maximum value for a small proportion of thevoltage
transition. Thus the results shows here representa worst-case
condition for the alternative gate drive circuitsused to clamp vGS
to below its threshold value, typically 2Vto 3V. (The simple
circuit model used here ceases tobecome valid once vGS reaches
vGS(TO) (time t1 in Fig.10)when the MOSFET starts to turn on.)

Fig.17 shows the relevant waveforms for the circuit of Fig.9with
RGG=100. The top waveform in Fig.17 shows animposed dvDS/dt of
3.5V/ns and a dc link voltage of 330V.The centre trace of Fig.17
shows that vGS rises quickly(reaching 3V in 25ns); at this point
the MOSFET would startto turn on. The bottom trace shows the CGD
charging currentsinking through the gate drive resistor RGG. For
the circuitof Fig.12with RGGF=100 and RGGR=10, Fig.18 shows thatthe
gate source voltage is held down by the reduced driveimpedance but
still reaches 3V after 35ns.

RGGF 47RRGG 10R

RGG 10R

CGS20nF

RGGF 47RRGG 10R

RGG 10R
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Fig.17 Parasitic turn-on waveforms for circuit of Fig.9

Fig.19 Parasitic turn-on waveforms for circuit of
Fig.13,CGS=10nF

Fig.21 Parasitic turn-on waveforms for circuit of
Fig.16,CGS=20nF

Fig.18 Parasitic turn-on waveforms for circuit of Fig.12

Fig.20 Parasitic turn-on waveforms for circuit of
Fig.13,CGS=4.7nF

Fig.22 Parasitic turn-on waveforms for circuit of Fig.16,Ls=20nH
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Figure 19 shows the response of the circuit of Figure 13with
CGS=10nF. Here the gate-source voltage is held downduring the
parasitic turn-on period and so the MOSFETstays off. If the value
of CGS is reduced to 4.7nF then theresults given in Fig.20 show
that vGS reaches 3V after 55nsthus reducing immunity to parasitic
turn-on.Figures 21 and 22 show the conditions for parallelconnected
MOSFETs using the circuit of Fig.16. In Fig.21,for RGG1=47, RGG=10
and CGS=20nF, the bottom tracein the figure shows that a potential
parasitic turn-oncondition is avoided and vGS is held below its
thresholdvalue. The bottom trace in Fig.21 shows most of
theparasitic turn-on current is taken by CGS. Figure 22 showsthe
effect of stray inductance between the gate drive circuitand the
PowerMOS device. The circuit of Fig.16 has beenmodified by the
addition of 20nH of stray inductancebetween the gate node and the
dv/dt clamping network.During switching of the top device with
dv/dt=3.5V/ns thestray inductance develops over 0.6V due to
coupling viaCGD. Clearly this could significantly affect the
performanceof the drive during normal turn-on, and increase
theprospect of the bottom MOSFET being subject to parasiticturn-on
problems.These results show that immunity to parasitic turn-on
canbe greatly improved by alternative gate circuit design. TheSPICE
modelled circuits show the worst case conditions ofconstant dvDS/dt
and show that vGS can be held below itsthreshold voltage using the
circuits shown in the previoussection. Experimental measurements
have confirmedthese results in a prototype 20kHz ACMC system.

Device losses in ACMC invertersIt is important to be able to
calculate the losses which occurin the switching devices in order
to ensure that deviceoperating temperatures remain within safe
limits. Coolingarrangements for the MOSFETs orFREDFETs in an
ACMCsystem will depend on maximum allowable operatingtemperatures,
ambient temperature and operatingconditions for the system. The
components of loss can beexamined in more detail:

MOSFET Conduction lossesWhen a MOSFET or FREDFET is on and
carrying loadcurrent from drain to source then the conduction i2R
losscan be calculated. It is important to note that the
devicecurrent is not the same as the output current,
asdemonstratedby the waveforms ofFig.23. The figureshowsa
sinusoidal motor load current waveform and the top andbottom MOSFET
currents. The envelopes of the MOSFET

currents are half sinusoids; however the actual devicecurrents
are interrupted by the instants when the loadcurrent flows through
the freewheel diodes. For thepurposes of calculating MOSFET
conduction losses it isacceptable to neglect the gaps which occur
when thefreewheel diodes are conducting for the following
reasons:

Fig.23 Motor current and device current waveforms in aPWM
inverter

-When the motor load current is near its maximum valuethe
switching duty cycle is also near its maximum andso the proportion
of time when the diode conducts isquite small and can be
neglected.-When the motor load current is near zero then
theswitching duty cycle is low but the MOSFET is onlyconducting
small amounts of current. As the MOSFETcurrent is low then the
contribution to total conductionloss is small.

Thus if the MOSFET is assumed to be conducting loadcurrent for
the whole half-period then the conduction lossescan be calculated
using the current envelope of Fig.23.These losses will be
overestimated but the discrepancy willbe small. The conduction
losses can be given by:

PM(ON) = IT2.RDS(ON)(Tj) (13)where IT is the rms value of the
half sinusoid MOSFETcurrent envelope.and: RDS(ON)(Tj) =
RDS(ON)(25C).ek(Tj-25) (14)where k=0.007 for a 500V MOSFET, and
k=0.006 for a500V FREDFET.

IT is related to the rms motor current, IL, by:

(15)

i L

i T1

i T2

Load current

Top MOSFET current

Bottom MOSFET current

IT =Imax2 =

IL2
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Fig.24 Selection graphs for a 1.7A motorNB. Device selection
notation: 1X655-A denotes a single BUK655-500A FREDFET, etc.
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Additionally in a MOSFET inverter the series blockingSchottky
diode (D3 of Fig.8) has conduction losses. Thecurrent in this diode
is the main MOSFET current and soits loss is approximated by:

PSch(ON) = Vf(Tj).IT (16)

Diode conduction lossesIn a MOSFET inverter the freewheel diode
losses occur ina discrete device (D2 of Fig.8) although this device
is oftenmounted on the same heatsink as the main switchingdevice.
In a FREDFET circuit the diode losses occur in themain device
package. The freewheeling diode carries the

gaps of current shown in Fig.23 during the periods whenits
complimentary MOSFET is off. Following the argumentused above the
diode conduction loss is small and can beneglected. Using this
simplification we have effectivelytransferred the diode conduction
loss and included it in thefigure for MOSFET conduction loss.

MOSFET switching lossesDuring the half-cycle of MOSFET
conduction the loadcurrent switched at each instant is different
(Fig.23). Theamount of current switched will also depend on the
reverserecovery of the bridge leg diodes and hence on the
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Fig.25 Selection graphs for a 3.4A motorNB. Device selection
notation: 1X655-A denotes a single BUK655-500A FREDFET, etc.
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temperature of the devices. The total turn-on loss (PM(SW))will
be a summation of the losses at each switching instant:

(17)MOSFET turn-off times are usually only limited by
dv/dtconsiderations and hence are as short as possible. Theturn-off
loss of the MOSFETs or FREDFETs in an inverteris small compared
with the turn-on loss and can usually beneglected.

Diode switching lossesDiode turn-off loss (PD(SW)) is calculated
in a similar manner

to the MOSFET turn-on loss. The factors which affect thediode
turn-off waveforms have been discussed earlier.Diode turn-on loss
is usually small since the diode will notconduct current unless
forward biassed. Thus at turn-onthe diode is never simultaneously
supporting a high voltageand carrying current.

Gate drive lossesSome loss will occur in the gate drive circuit
of a PowerMOSdevice. As the gate drive is only delivering short
pulses ofcurrent during the switching instants then these losses
arenegligibly small.

PM(SW) = n = 0

f(Tj, In)

269


	
Motor Control Power Semiconductor ApplicationsPhilips
Semiconductors

Fig.26 Selection graphs for a 6.8A motorNB. Device selection
notation: 1X638-A denotes a single BUK638-500A FREDFET, etc.
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System operating temperaturesIn this section the device losses
discussed in the previoussection are calculated and used to produce
a design guidefor the correct selection of Philips PowerMOS devices
andappropriate heatsink arrangements for ACMC applications.The
following factors must be take into account whencalculating the
total system loss, PLOSS:

-Device characteristics-Switching frequency-Operating
temperature-Load current-Number of devices used in
parallel.-Additional snubber or di/dt limiting networks.

PLOSS = PM(ON)+PM(SW)+PD(SW)+PSch(ON) (18)

For the results presented here the device parameters weretaken
for the Philips range of 500V MOSFETs andFREDFETs. The on-state
losses can be calculated fromthe equations given above. For this
analysis the deviceswitching losses were measured experimentally
asfunctions of device temperature and load current. As thereare six
sets of devices in an ACMC inverter then the totalheatsink
requirement can be found from:

Ths = Tahs + 6.PLOSS.Rth(hs-ahs) (19)

Tj=Ths + PLOSS.Rth(j-hs) (20)270
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Fig.27 Selection graphs for a 10A motorNB. Device selection
notation: 2X638-A denotes two parallelled BUK638-500A FREDFETs,
etc.
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Equations 18 to 20 can be used to find the heatsink
size(Rth(hs-ahs)) required for a particular application which
willkeep the heatsink temperature (Ths) within a required
designvalue. Results are plotted in Figures 24 to 27 for
motorcurrents of IL = 1.7A, 3.4A, 6.8A and 10.0A. These
currentscorrespond to the ratings of several standard
inductionmotor sizes. The results assume unsnubbed devices,
anambient temperature of Tahs=40C, and are plotted forinverter
switching frequencies of 5kHz and 20kHz.

Two examples showing how these results may be used aregiven
below:

1) -The first selection graph in Fig.24 shows the possibledevice
selections for 500V FREDFETs in a 5kHz ACMC

system where the full load RMS motor current is 1.7A.Using a
BUK655-500A FREDFET, Ths can bemaintained below 70C with a total
heatsinkrequirement of 1.2K/W (if each FREDFET was mountedon a
separate heatsink then each device would need a7.2K/W heatsink).
The same heatsinking arrangementwill give Ths=50C using a
BUK638-500A. AlternativelyThs can be maintained below 70C using a
2K/Wheatsink (12K/W per device) and the BUK637-500B.

2) -In Fig.27 the selection graphs for a 10A system aregiven.
The fourth selection graph is for a 20kHzswitching frequency using
500V MOSFETs. Here twoBUK438-500A devices connected in parallel for
eachswitch will require a total heatsink size of 0.3K/W if the
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heatsink temperature is to remain below 90C. Thesame temperature
can be maintained using a 0.5K/Wheatsink and a single BUK417-500AE
ISOTOP device.

For different motor currents or alternative PWM
switchingfrequencies the appropriate device and heatsinkarrangement
for a particular application can be found byinterpolating the
results presented here.

ConclusionsThis section has outlined the basic principles and
operationof PWM inverters for ACMC applications using
PhilipsPowerMOS devices. MOSFETs and FREDFETs are themost suitable
devices for ACMC systems, especially at highswitching speeds. This
section has been concerned withsystems rated up to 2.2kW operating
from a single phasesupply and has shown that there is a range of
PhilipsPowerMOS devices ideally suited for these systems.The
characteristics and performance of MOSFETs andFREDFETs in inverter
circuits and the effect of gate drivedesign on their switching
performance has been discussed.The possibility of parasitic turn-on
of MOSFETs in aninverter bridge leg can be avoided by appropriate
gate drivecircuit design. Experimental and simulated results
have

shown that good switching performance and immunity toparasitic
turn-on can be achieved using the Philips rangeof PowerMOS devices
in ACMC applications . Using thedevice selection graphs presented
here the correctMOSFET or FREDFET for a particular application can
bechosen. This guide can be used to select the heatsink sizeand
device according to the required motor current,switching frequency
and operating temperature.
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3.1.5 A 300V, 40A High Frequency Inverter Pole UsingParalleled
FREDFET Modules

IntroductionVoltage source inverters which are switched using
someform of pulse width modulation are now the standard in lowto
medium rated AC and brushless DC variable speeddrives. At present,
because of device limitations theswitching (modulation) frequencies
used in all but thelowest drive ratings are restricted to a few
kHz. There ishowever a strong technical advantage in using much
higherultrasonic switching frequencies in excess of 20 kHz,
thebenefits of which include:i) The low frequency distortion
components in the inverteroutput waveform are negligible. As a
result there is nolonger a need to derate the electrical machine in
the driveas a consequence of harmonic loss.ii) The supply derived
acoustic noise is eliminated.iii) The DC link filter component
values are reduced.The device best suited for high switching
frequencies is thepower MOSFET because of its extremely fast
switching

time and the absence of secondary breakdown. However,being
surface conduction devices, high power ratedMOSFETs are difficult
and expensive to manufacture andat present single MOSFETs are only
suitable for inverterratings of typically 1-2 kVA per pole.
Although higher ratedpower devices such as bipolar transistors and
IGBTs canbe switched at medium to high frequencies, the
switchinglosses in these circuits are such that frequencies in
excessof 20 kHz are at present difficult to achieve.

Switches with high ratings and fast switching times can
beconstructed by hard paralleling several lower rated powerdevices.
MOSFETs are particularly suitable because thepositive temperature
coefficient of the channel resistancetends toenforce good
steady-state currentsharing betweenparallel devices. However to
achieve good dynamic currentsharing during switching, considerable
care must be takenin the geometric layout of the paralleled devices
on thecommon heatsink. In addition, the device characteristicsmay
need to be closely matched. As a result modules ofparalleled
MOSFETs are often expensive.

Fig.1

+

-

1 2 N

DCRail

Within each mdule: Good transient + steady state load
sharingIsolated drive circuit

Pole Output
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An alternative approach to paralleling is to use smallswitching
aid networks which overcome the constraints ofhard paralleling by
improving the dynamic load sharing ofthe individual devices. It is
possible to envisage an inverterdesign where each pole consists of
a number of identicalpole modules which share a common supply and
haveoutputs connected in parallel, as shown in Fig.1. Eachmodule is
designed to operate individually as an inverterpole and contains
two power MOSFETs with associatedisolated gate drive circuitry.
When the modules areconnected in parallel their design is such that
they willexhibit good transient and steady-state load sharing,
theonly requirement being that they are mounted on a common

heatsink. In this manner any inverter volt-amp rating canbe
accommodated by paralleling a sufficient number of polemodules.

Pole moduleThe power circuit diagram of an individual pole
modulewhich is suitable for the second form of paralleling is
shownin Fig.2. The design makes use of the integral body diodeof
the main switching devices and for this purpose the fastrecovery
characteristics of FREDFETs are particularlysuitable. Two snubber
circuits and a centre tappedinductance are included in the circuit.
These small switchingaid networks perform a number of functions in
the circuit:

Fig.2
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i) They act to improve the dynamic current sharing betweenthe
pole modules when connected in parallel.ii) They ensure safe
operation of the MOSFET integral bodydiode. The central inductance
controls the peak reversecurrent of the diode and the snubber
network preventssecondary breakdown of the MOSFET parasitic
internaltransistor as the integral body diode recovers.iii) They
reduce the switching losses within the main powerdevices and thus
allows maximum use of the availablerating.

Fig.3

The operation of the circuit is typical of this form of
inverterpole. The commutation of the integral body diode will
bediscussed in detail since it is from this section of theoperation
that the optimal component values of theswitching aid network are
determined. The value of theinductor L is chosen to give a minimum
energy loss in thecircuit and the snubber network is designed to
ensure saferecovery of the integral diode at this condition. For
exampleconsider the case when there is an inductive load currentIL
flowing out of the pole via the integral body diode of thelower
MOSFET just prior to the switching of the upperMOSFET. With
reference to Fig.3, the subsequentoperation is described by the
following regions:Region A: Upper MOSFET is switched on. The
current inthe lower integral body diode falls at a rate (dI/dt)
equal tothe DC link voltage VDD divided by the total inductance L
ofthe centre tapped inductance.Region B: The diode current becomes
negative andcontinues to increase until the junction stored charge
hasbeen removed, at which stage the diode recoverscorresponding to
a peak reverse current IRR.Region C: The voltage across the lower
device increasesat a rate (dV/dt) determined by the capacitance Cs
of thelower snubber network. The current in the upper MOSFETand the
inductor continues to increase and reaches a peakwhen the voltage
across the lower device has risen to theDC link value. At this
point the diode Dc becomes forwardbiased and the stored energy in
the inductor begins todischarge through the series resistance
Rc.The energy E1 gained by the switching aid networks overthe above
interval is given by:

and is ultimately dissipated in the network resistors Rs, Rc.For
a given forward current, the peak reverse current IRR ofthe diode
will increase with increasing dI/dt and can beapproximately
represented by a constant stored charge,(QRR) model, where:

Although in practice IRR will tend to increase at a
slightlyfaster rate than that given by equation (2).

Since in the inverter pole circuit

Inspection of equations (1) and (4) shows that the energyloss E1
remains approximately constant as L is varied.

During the subsequent operation of the inverter pole whenthe
upper MOSFET is turned off and the load current ILreturns to the
integral body diode of the lower device, anenergy loss E2 occurs in
the inductor and the upper snubberequal to:

This loss can be seen to reduce with L. However as L
isreducedboth IRR and the peak current in the upper MOSFETwill
increase and result in higher switching loss in the diodeand higher
conduction loss in the channel resistance of theupper device.

The value of L which gives minimum energy loss in the poleoccurs
when there is an optimal balance between theeffects described
above. Typical measured dependenciesof the total energy loss on the
peak reverse diode currentas L is varied are shown in Fig.4. The
characteristics of asimilarly rated conventional MOSFET and a fast
recoveryFREDFET are compared in the figure. In both cases
theminimum energy loss occurs at the value of L which givesa
reverse recovery current approximately equal to thedesign load
current. However the loss in the FREDFETcircuit is considerably
lower than with the conventionaldevice. The optimal value of L can
be found from themanufacturers specified value of stored charge
usingequation (4), where

IRR = 2 dIdt QRR (2)

IL

Diodecurrent

I rr

t rr

TimeQ rr

A B C

dI/dt

dIdt =

VDDL

(3)

IRR = 2VDDQRRL (4)

E2 =12 IL

2L +12CsVDD

2 (5)

E1 =12 IRR

2 L +12CsVDD

2 (1)
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Fig.4

The snubber capacitor value Cs is chosen to limit the
dV/dtacross the integral body diode as it recovers. Experiencehas
shown that a value of 1V/nS will ensure safe operation,hence:

The resistive component of the switching aid networks arechosen
in the usual manner.

Parallel operation of pole modulesThe principle behind the soft
paralleling adopted here isto simply connect the outputs of the
required number ofmodules together and feed them with a common DC
linkand control signals. The transient load sharing between
theparallel modules will be influenced by the tolerances in
theindividual inductor and snubber capacitor values and
anyvariations in the switching instances of the power devices,the
latter being as a result of differences in devicecharacteristics
and tolerances in the gate drive circuitry.These effects were
investigated using the SPICE circuit

simulation package. The SPICE representation of themodules is
shown in Fig.5, in which the upper MOSFETchannel is modelled by an
ide
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