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METHOD OF CONTROLLING THE SWITCHING DI/DT
AND DV/DT OF A MOS-GATED POWER TRANSISTOR

EACKGROUND OF THE INVENTION

The present 1nvent10n 1s directed to clamped
- inductive load circuits and, more particularly, to
clamped inductive load circuits in which a MOS gate
controlled ("MOS-gated") power transistor is switched on
and off. - | | |

Power transistor devicee, while'turﬁing on or
off, divert the flow of current and reconfigure the
voltage distribution of a power conversion circuit. MOS-
gated transistors, such as MOSFETs or IGBTs, perform this
operation within a fraction of a microsecond at very
rapid voltage and current slevw rates. The fast switching
wavefronts of their waveforms are desirable for reducing
switching losses and for increasing operating frequency
but also have the adverse effect of generating-unwanted

-'!electromagnetic interference (EMI) in the surrounding -

environment. In'environmente where the EMI '
susceptibility is critical or where EMI interference
requlated by legislation, it is desirable to )
independently adjust the voltage and current wave%orms to
meet these requlrements w1thgpt unnecessarily inéreasing
‘the switching losses.
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BACKGROUND COF THE | NVENTI ON - The present invention is directed to
cl anped inductive load circuits and, nore particularly, to clanped '

i nductive load circuits in which a MOS gate controlled ("MOS-gated") power
-transistor is switched on and off. - Power transi-stor devices,
while turning on or off, divert the flow of current and reconfigure the
voltage distribution of a power conversion circuit. MOS- gated
transistors, such as MOSFETs or | GBTs,, performthis operation within a
fraction of a mcrosecond at very rapld vol tage and current sl ew rates.

The fast switching wavefronts of their waveforns are desirable for reducing
switching | osses and for i.ncreasing operating frequency but al so have the
adver se effect of generating unwanted el ectromagnetic interference (EM) in

the surrounding enw ronneetlamdeta %\sueewen&eaahe&echae EM aSliv'iﬁ_Féi:t' bl lity
is critical or whe erence  requl at ed islation, it
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. frequency. Most power conversion circuits are clamped
~ inductive load circuit. Fig. 1A shows a simplified
representation of a clamped inductive load circuit in
which a MOSFET 103 goes in and out of conduction. The
. switching transient can be divided into a number of
intervals, shown in Fig. 1B and 1C, wherein the current
rise interval and the voltage fall interval follow each
other and can be controlled independently. o
. While the gate drive circuit feeds current to
the gate, the gate_voltege.rises in the manner of a
capacitor being charged, shown as interval 1 in Fig. 1B. -
When the gate voltage V,, reaches the threshold voltage of
the MOSFET 103, the drain current I; increases and
diverts current away from the freewheeling diode 102, as
shown in interval 2. " As long as the diode 102 carries
current, the drain voltage is clamped to the supply
voltege. When all the current (plus reverse recovery
current, if any) is transferred from the diode to the
MOSFET, the drain voltage falls to its final, fully
"enhanced, value. Hence, the drain voltage only begins to
fall after the drain curfent rise is completed which
allows separate’ controi of both waveforms. This process
-'1s described in detail .in International Rectifier _ '
Application note AN—944._ "A New Gate Charge Factor Leads
to Easy Drive Design for Power MOSFET Circuits". |
During the drain current rise, shown in _
interval 2, the drain current is proportional to the gate
voltage, and the rate of rise of the gate voltage
determines the switching di/dt. Since the gate
capacitance of MOSFET 103 behaves as capac1tor 103B - the



-<2- o A cl anped i nductive load circuit is a power circuit whose
I'oad i nductance prevents its current from being brought to zero within a
cycle of the operating frequency. Mst power conversion circuits are

.cl anped inductive load circuit. Fig. 1A shows a sinplified representation
of a cl anped i nductive | oad circuit in which a MOSFET 103 goes in and out
of conduction. The swi tching transient can be divided into a nunber of

intervals, shown in Fig. 1B and 1C, rein the current rise interval and
. the voltage fall interval fol | ow each ther and can be controlled
I ndependently. -~ Wil e the gate drive circuit feeds current to the

gate, the gate voltage rises in the manner of a capacitor being charged,
shown as interval 1 in Fig. 1B
' current rise time can be controlled by controlling the

quantity of current supplied to the gate. The reverse
recovery of the diode prolongs interval 2.

During the drain voltage fall, shown as
1nterval 3, the output capacltance 103A and the reverse
transfer capacitance 103C of MOSFET 103 discharge. The
rate at Vhlch these two capacitances are ‘discharged
determine the rate at which the drain voltage falls.
While the output capacitance discharges rapidly through
the channel resistance, the reverse transfer capacitance
only discharges through the gate drive circuit. The flat
portion of the gate voltage curve shown in interval 3
indicates that the current supplied to the gate terminal
is almost completely delivered to the reverse transfer
capacitance whereas the voltage across the input
capacitance does not change. Thus, the value of the
dv/dt here can be controlled by supplying an appropriate
amount of current to the gate. )

At the end of interval 3, the sw1tch1ng
transient is completed and any additional current
supplied to the gate does not change the draln voltage or
draln current, as shown in interval 4.

The turn-off process is generally a mlrror
image of the turn-on process. First, the gate voltage V,
is reduced'to a value that barely maintains the drain

icurrent, as deplcted in interval 1 of Fig. 1C. Then, the
voltage across the device rises, while the drain current
is constant, as shown in interval 2. When the voltage
across the MOSFET 103 exceeds the supply voltage by a
value equal to the diode voltage qrop, the diode starts

" conducting and load current is transferred from the
MOSFET through the dlode, as shown in interval 3. As
when the device turns on, the rise in drain voltage and



Waen the gate voltage V[err] reaches the threshold voltage of the MOSFET
103, the drain current Id increases and diverts current away fromthe
freewheel i ng di ode 102, as shown in interval 2. As long as the diode 102
carries current, the drain voltage is clanped to the supply vol tage. Wen
all the current (plus reverse recovery current, if any) is transferred from
the di ode to the MOSFET, the drain vol t age faIIs toits final, fully
enhanced, .val ue. Hence, the drain voltage only begins to fall after the
drain current rise is conpl et ed whi ch- o 1ows separate control of both

waveforns. This process is described in detail in International Rectifier
Application note AN-944: "A New Gate Charge Factor Leads to Easy Drive
Design for Power MOSFET Circuits". Duri ng the drain current rise,

and the rate ofchs 2l Sh R GERnt SRhE HREaN R SR 20
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. charging of the reverse transfer capacitance through'the
gate circuit impedance- 104, and the subsequent drain
current fall time is determined by the discharging of the
input capacitance. A.vqltage overshoot is often present
at the drain when interval 2 ends which prolongs this
interval. _

MOS-gated devices with a significant minority
carrier component of current, such as IGBTs, MCTs and
‘other derivatives, behave somewhat différehtly at turn-
off because their current fall time is influenced by the
recombination of the minority carriers. Similarly, the
current rise time during their turn-on is influenced by
the carrier 1n]ect1on efficiency.

Typlcally, re51stors are 1ncorporated into the
gate drive circuit to slow down the switching. An
additional resistor 201 and diode 202, as shown in
Fig. 2B, may be added to the circuit of Fig. 1A to change
the wave form at turn-on and at turn-off and,
particularly, to limit the reverse recovery current from
the diéde. 'Because different respective current values
are needed to obtain the desired di/dt and dv/dt, the
selection of the added resistor fequires a compromise

_ between obtaining the desired di/dt and obtaining .the
‘desired dv/dt. The added resistors in the gate drive
circuit also make the circuit more prone to dv/dt induced
turn-on,'namely'an unwanted conduction caused by a
transient current in the drain that is coupled to the
gate through the reverse transfer capac1tance.

By contrast, the dicde 202 shunts the re51stor
201 shown in Fig. 2A ‘and bypasses the r951stor, thus
prov1d1ng.a low impedance path for fast transients
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: 3- current rise tine can be control | ed by controlling the quantlty of
scurrent supplied to the gate. The reverse recovery of the diode prol ongs
i nterval 2. During the drain voltage fall, shown as interval 3,
. the output capacitance 103A and the reverse transfer capaci tance 103C of
MOSFET 103 discharge. The rate at which these two capacitances are .
di scharged determne the rate at which the drain voltage falls. Wile the
out put capacitance discharges rapidly through the channel resistance, the
reverse transfer capacitance only drs&harges through the gate drive .
circuit. The flat portion of the gate voltage curve shown i-n interval 3
indicates that the current supplied to the gate term nal is al nost
conpletely delivered to the reverse transfer capacitance whereas the
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of providing turn—off waveshaping.
control of dv/dt was attempted by Siliconix
using a gate driver ICQ'such as an Sig91o0. As shown in
Fig. 3, the voltage slew rate is sensed using a small
capacitance 308 connected to the drain of power device
310. . The sensed dv/dt is controlled by a feedback loop.

. The circuit however, uses a linear loop which is prone to
oscillations. The chip also provides control of the peak
current, but di/dt in the power device is controlled only
when appropriate feedback is provided. .

- Additionally, the short-circuit protection
scheme used in this circuit typically turns off the power
transistor in two steps to avoid voltage overshoots
frequently associated with fast turn-off of a large

" current. The gate voltage is initially reduced to
approximately half its initial value and then is ﬁqtally
shut off. This approach allows a power device to be
turned off slowly, rather than in two steps, from a short
circuit condition. The circuit, however, does not .
control di/dt during switching because they are intended
to protect the device from the overvoltage transient
associated with the turn-off of a fault, such as short
circuit, are triggered by the fault and are otherwise

inoperative during normal operation. Such methods are
.descrlbed in "IGBT Fault Current Limiting C1rcu1t" by R.

' Chokhawala and’ G. Castlno, IR IGBT Data Book IGBT—B, page
E-127. ' o

It therefore is desirable'to provide a circuit
which both drives a MOS-gated power transistor device and
controls both the sw1tch1ng di/dt and the sw1tchlng '

av/dt.



anount of current to the gate. - At the end of interval 3, the
SMAtChIng transient is conpleted and any additional current supplied to the
gate does not change the drain voltage or drain current, as shown in
tnterval 4. ' - The turn-off process is generally a mrror image of
the turn-on process. First, the gate voltage V[err] is reduced to a value-
that barely maintains the draln current, as depicted in interval 1 of Fig.
1C. Then, the voltage across the deV|ce rises, while the drain current is
constant, as shown in‘interval 2. Wiefl The voltage across the MOSFET 103
exceeds the supply voltage by a value equal to the diode voltage drop, the:
di ode starts conducting and load current is transferred fromthe MOSFET -
t hrough the di ode, as shown.in interval 3. As when the deV|ce turns on, t he

rise in drai nsy@hiRPEORMHE INVENTION |

The present lnventlon controls the sw1tch1ng _

dl/dt and dv/dt of a MOS gate controlled power transistor
'by_respectlvely controlllng the voltage and current
wavefronts of the waveform. Both open loop and closed
loop control are available. The dl/dt is sensed in a
lossless and inexpensive manner.

According to an aspect of the invention, open
loop control of the switching di/dt and switching dv/dt
at turn-on the MOS~-gated device is provided by coupling a

' common terminal of a current geherator circuit, which
provides a current tc'the'gate'of the MOS device, to a
first resistor for controlling the di/dt. When a
negative dv/dt is detected, the common terminal of the
current generator circuit is decoupled from the first
resistor and is then coupled to a second resistor for
controlling the switching dv/dt. The first and second
resistors are, ih turn, coupled to the source terminal of
the MOS-gated device. An analogous operation using this
circuit provides turn-off control of the switching dv/dt

~and the sw1tch1ng dl/dt of the Mos—gated power device.

According to another aspect of the invention,

_ closed loop control is provided by further measuring the

' :sw1tch1ng dv/dt and the switching di/dt which are then
fed back to the circuit to control the current supplled

. to the gate of the Mos-gated device. _ '

| According to a further novel aspect of the
~invention, the value of the switching di/dt is determined

'-by measuring the voltage difference across the length of
a calibrated wire bond hav1ng a predetermlned length and

"dlameter.
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=4- the fall in drain current occur sequentially. The drain voltage
Fise tine is thus substantially deternmined by the charging of the reverse
transfer capacitance through the gate circuit inpedance 104, and the
.subsequent drain current fall tinme is determ ned by the discharging of the
i nput capacitance. =~ A vol tage overshoot is often present at the drain when
i nterval 2 ends which prolongs this interval. MOS- gat ed devi ces
wth a significant mnority carrier cqonponent of current, such as | GBTs,

. MCTs and other derivatives, behave'§bﬂéﬁhat differently at turn- off
‘because their current fall tine is influenced by the reconbination of the
mnority carriers. Simlarly, the current rise tinme during their turn-on is

i nfluenced by the carrier injectian efficiency. - : Typically,

" resistors are incorpora i ate sdr] ' | § et t he
switching. = An additi ong%ﬁreg;itfsétatc?ry}fglggﬁdégygagéé%%, Egs%ghgo%%élgﬁ 1g. 2B,

may be added &BVeREienr wiildl aprargntiAres thanfeliavingy desemhniiiauraf on

and at turn-otheaifivention which refers to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The'invention'will now be described in greater
~ detail in the following'detailed'descriptibn with
o reference to the drawings in which: | -

Fig. 1A is a schematic diagram showing a known -
clamped inductive load circuit; Fig. 1B illustrates the
turn-on waveforﬁs of the power transistor of the circuit
of Fig. 1A; and Fig. 1C illustrates the turn-off .
wvaveforms of the power transistor of the circuit of Fig.

1A.

Figs. 2A and 2B show known circuits for slowing
down the turn-on and turn-off of the power transistor of
the circuit of Fig. 1A. ' | o

Fig. 3 is a functional block diagram showing a
known circuit having closed loop dv/dt sensing and
overcurrent protection. o _

Fig. 4A illustrates a circuit arréhgement for
controlling the switching di/dt and dv/dt according to an
aspect of the presént invention; Fig. 4B shows the turn-
on waveforms of thefpowerltransistor_of the circuit of
_Fig.'4A; and Fig. 4C shows:the turnfdff'waveforms of_the’

..'circuit.of Fig. 4A. o _ o
" ' Fig. 5a shows an example of an implementation-
' of the clamp of the circuit of Fig. 4A; and Fig. 5B shows
an exanple of an implementation of the detection and
switching circuit of the circuit of Fig. 4A. o

Fig. 6 illustrates a circuit arrangement for
'senéingnswitching di/dt gccofding'to another aspect of
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partlcularly, tolimt the reverse recovery current fromthe di ode. Because
different respective current values are needed to obtain the desired di/dt
and dv/dt, the selection of the added resistor.requires a conpromn se
bet ween obtalnlng the desired di/dt and obtaining the desired dv/dt. The
added resistors in the gate drive circuit also make the circuit nore prone
to_dv/dt induced turn-on, nanely an unwanted conduction caused by a
transient current in the drain that |s coupled to the gate through the
reverse transfer capacitance. : 8 By contrast, the diode 202 shunts
the resistor 201 shown in Fig. 2A and bypasses the re5|stor thus providing
~a | ow i npedance path for fast transients '
-5-

the invention in which a known value of a wire bond

1nductance is used.

"DETAILED DESCRIPTIQN OF THE INVENTION

Referring flrst to Fig. 4A, there is shown a

| circuit according to an aspect of the invention in which

| opeh'loop control of the current and voltage'wavefronts
is provided. Here, a gate driver circuit 400, which may
be an IC, controls'the,gete of power ftransistor 418
which, in turn, drives a load circuit (not shown).
Though a power MOSFET is shown, the invention is also
applicable to other MOS gate controlled devices such as
IGBTSs. - | - | |

' The gate driver circuit 400 includes a current
generator circuit 411 which receives a gate drive signal
Veoare @and supplies a gate drive current to the gate of
MOSFET 418. The current generator circuit 411 charges or
discharges the gate of the MOSFET 418 using one of two
possible values of gate drive current which are
determined by, in this example, di/dt control resistor
413 and dv/dt controliresistor 414 which control the
current and voltage waveforms, respectively. '
‘Specifically, the common terminal of the current
generating circuit 411 is connected to a switch circuit
~which connects the common terminal of the current
generating circuit 411 to one of the resistors 413 and
414 which are, in turn, connected to the source terminal
of the MOSFET 418. A known switching circuit may be used

" here. | o ' o

' Inltlally, after the power tran51stor 418 has
been turned off in a previous sw1tch1ng ‘cycle and after

" the turn-off transient has passed, a low impedance short
between the gate and the source of MOSFET 418 is provided
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injected fromthe drain, but elininafes the possibility of prOV|d|ng

tturn- of f waveshapi ng. Control - of ‘dv/dt was attenpted by
Siliconix using a gate driver IC, such as an Si 9910. As shown -in Fi g.
.3, the voltage slewrate is sensed using a snall capaci t ance 308 -
connected to the drain of power device 310. The sensed dv/dt is
control l ed by a feedback | oop. "The circuit however, uses a linear |oop
which is prone to oscillations. The chip also provides control of the
peak current, but di/dt .in the poweﬁ3deVice Is controlled only mhen
appropriate feedback I S provided. Addi tionally, the

short-circuit protection schene used in this circuit typically turns off
t he power transistor in two steps to avoid voltage overshoots

frequently assqcigted mith fast tu N-0f f |.ar rrent.. The, e
vol tage is initi% q'1 DL OBy ‘% q“d:ta@s&} f%Ff 4i]té; i i lfa%\‘?g% and
then.is totall )d:.scliarcgem‘ ftheTtgestea-rjp:r-cmirad |capa . eowes . dethee to be

turned off sl o@\%bser&q,[tet}ﬂ‘:{] skﬁ%ﬂﬁa% “raldiiordd EPch HHY lopedtd nfﬁ’gw o8 ng

-condition. The contr

because they. art® itheestder axs slas betqqé’ed@w'ce fromthe overvol t age
transient  associated wph the-d-od sidueiice? JotHe SdnuRs :Séloéé

follows.

First, the hard clamp is released'by turning
off MOSFET 416. Preferably, the MOSFET 418 is controlled
by a D-type flip—-flop 420, shown in Fig. 5A, which
controls the clamp MOSFET as a functlon of the gate drive
SLgnal Voare- :
The current generating circuit is then

connected to the external di/dt control resistor 413. A
first gate drive current, whose value is determined by
the value of the di/dt control resistor 413,'is'supplied
to the gate of MOSFET 418 from the current generator
circuit 411. The desired current value is maintained
over the operating temperature range as is compliance of .
the gate drive supply, as shown as intervals 1 and 2 in
Fig. 4B. During this interval, the gate-~to-source
voltage and drain current ramp up to their maximum values
in a manner similar to that shown in Fig. 1B but with the
di/dt being controlled bY_résistor 413.
_ Once the gate-to-source voltage and drain
current reach their maximum values, the supplylvpltage
.begins to fall. The resulting negative dv/dt is detected
and triggers the output of a second value of the gate
drive current by the current generator circuit 411 for
providing dv/dt contfol, shdwn as intervals 3 and 4. The
new value of the gate.drive current is set by switching
the terminal of circuit 411 from di/dt control resistor
413 to external dv/dt control resistor 414, |



circuit, are triggered by the fault and are otherwi se .inopeéerative during
normal operation.. Such methods are described in "I GBT Fault Current
Limting Grcuit” by R Chokhawal a and G Castino, IR | GBT Data Book -

. | GBT-3, page E-127. ' It therefore is desirable to provide a circuit
whi ch both drives a MOS-gated power ‘transistor device and controls both
“the switching di/dt and the switching = dv/dt. B '

6 SUWARY -OF THE INVENTION - In accordance with a first aspect of the’
present invention there is provided-a&ontrol circuit for controlling the
switching di/dt and switching dv/dt of a MOS gate controlled power: devi ce,
said MOS gate controll éd device prOV|d|ng a supply voltage to a Ioad o
circuit; said control : L _

| Preferably, the negative dv/dt is detected

_using a negative dv/dt detecting capacitor 417 and
resistor 415, which may be coupled to a diode 420, which
supply a negative dv/dt signal to an arrangement of D-
type flip-flops 430 and 432, shown in Fig. 5B. _The,flip—
flops 430 and 432 supply control signals which control
the switchlng between resistors 413 and 414.

Then, the second current is turned off when the
voltage supplied by ‘the current generator 411 reaches the
value of the gate supply voltage, namely at the limit of
compliance of current generator, or at some other
suitable predefined limit. ' '

' Advantageously, the circuit shown in Fig. 4A
includes no feedback loops and operates without
instability. The circuit also operates in a
predetermined gate drive current mode in each of the
intervals. Though the values of the preset resistances
413 and 414 are dependent upon the specific MOSFET device
used and the load circuit being driven, the method is
generally applicable to other load circuits. The
transition from one mode to the next mode is triggered by
the respective di/dt and dv/dt events of the circuit.

The turn-off sequence is now described as
follows: | : - ' o .

First, the gate of MOSFET 418 is discharged at
‘a rate determined by the dv/dt control resistor 414,
shown as intervals 1 and 2 in Fig. 4C. Here, the drain-
to—source'voltage and the drain current behave in a
manner similar to that of intervals 1 and 2 of Flg. ic,
but the dv/dt 1s controlled by resistor 414.

Then, when the’ source-to-drain voltage across
the power MOSFET 418 reaches the value of the supply
voltage, the current output.of-the current generator 411



circuit conprising:” a current generator circuit having an out put
‘coupled to a gate termnal of said MXS gate controll ed device for supplying

a current to.said gate term nal; - afirst resistor having a first

. resistance and being coupled to a source terninal of said MOXS gate
control |l ed device; . a second resistor having a second resistance -and
coupled to said source terminal; and °~  a switching circuit for coupling

a common termnal of said current gqu%a;or circuit to a respective one of
said first and second resistors for controlling the switching dv/dt and for
coupling sard common termnal to another of said first and second resistors
foor controlling the switching di/dt. -.In accordance with a second
aspect of the present invention there is provided a nethod of controlling

the switchingi &l dklin €4 § CHERENEVEiuef bR é@iﬁ&ﬁiﬂgcﬁféﬁOEkﬁgrﬂﬁi'Ce
said MOS gate controlled deV|ce gonéiqél e SL$§ﬂ e to_a circuit;
sai d method CoRPHFEPhgtthetQt 8PEeTR /% Rrakols ar%ﬁ+? F §drer 3for
circuit for sshppiyiiy intexrvabs 3oandgate mdrinqctmiﬁigntervamtruhbed power
to s first rorhP S8 PgRERDy SRELERL £2 COMEELILE y DERE' BhRhelhe™ ! !
device for sumsister #¥3+st current to said gate of sald MOS gate
control l ed device and tfi4ed¥rter, when the gate voltage falls below

“the threshold voltage, the hard clamp tran51stor 416 is

turned on.

In the above example,.it is assumed that the
values of dl/dt and the dv/dt are the same at turn-on and
at turn-off. However, different values may alternatlvely
be assumed for the turn-on and turn-off di/fdt, if
necessary, to limit the reverse recovery of the diode.

' It should also be noted that the .current
generator circuit 411 "sinks" the gate drive current
during turn-off and sources the gate drive current during
turn-on. '

' The invention is also appllcable to providing
closed loop control of the current and voltage waveforms,
as described below -

Closed_loop control of current or voltage
wavefronts requires the measurement of the di/dt or
dv/dt. Measuring dv/dt is relatively simple and can be
carried out using a small capacitance 417 that is
connected to the drain of MOSFET 418 as described above

" and shown-in Fig. 4A. Measuring the di/dt, however,
typically required a more complex and expensive _
arrangement. When the value of the device current is
used to operate the circuit, the same current feedback
signal can also be used to control the current rise and

 fall times, namely the di/dt. When this signal is not
available and the addition of a current feedback is not



controlling the switching dv/dt of said circuit; decoupling said
current generator circuit from . 6a
said first resistor-and coupling said current generator circuit to a second
resistor for supplying a second current to said gate and t her eby

controlling the switching di/dt of said circuit; and . tern1nat|ng t he
supply of . said second current when said gate voltage reaches a
pr edet er m ned val ue. In accordance with a third aspect of the present

i nvention there is provided a nethod-ot2centroll'ing the switching di/dt and
dv/dt of a MOS gate controlled device; said MOS gate controlled device
controlling a supply voltage to a load circuit; said nethod conprising the
steps of: - di scharging a gate term nal of said MOS gate controlled

devi ce by cou Lln connon ternlnal current generator
y p gl?ieg open loop me%%o%s are used in the manner

described above. _

According to another aspect of the 1nventlon, a

51mp1e lossless and inexpensive approach for sensing

- di/dt is provided by a hybrid circuit using a calibrated
wire bond 540, 542,-shown"in_Fig. 6. A bonding wire of

" predetermined length and diameter has a known value of
inductance and will develop a voltage difference across
it that is proportional to the value of di/dt.
Typically, a wire bond in a power hybrid device is 10 mm
-long and has an inductance of 5 to 10 nH, and when
conducting a current having a di/dt of 0.1 to 0.5 A/ns,
"typically develops a 0.5V to 5V voltage difference across
its length. This voltage difference can be supplied to
di/dt feedback circuit 500 to control the current
supplied to the gate of devices 508 and 526, which may be
MOS-gated devices, to attain the desired di/dt using
known feedback methods.. -

_ This same technique can be applied to a
discrete device that is provided with a kelvin source or
emitter connection. The voltage developed across the
inductance of the source or emitter wire bond is sensed
across the kelvin source wires, as shown in Fig. 6.
Because the length of the bonding'wire is controllable
with very'good accuracy by the manufacturing process, the .
di/dt can be measured with high ‘accuracy.

The measured value of di/dt according to. the
invention .can be used in conjunction with the previously
described measured value of dv/dt to provide closed loop
control using a circuit similar to that shown in Fig. 4A.
However, the resistors 413 and 414 are replaced with an
arrangement of operational amplifiers to control the
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Gircuit to a first resistor which is coupled to a source terninal of said
MOS gate controlled device and thereby controlllng the rate of discharge;
decoupling said current generator circuit fromsaid first resistor and
.coupling said current generator to a second resistor and thereby

controlling said switching di/dt of said circuit; and cl anpi ng said
gate term nal when the voltage at said gate tern1na| is below a
predet erm ned val ue. In accordance with a fourth .aspect of the present

invention.there is provided a contreol 18ircuit for controlling the swtching
di/dt of a MOS gate controllfed device forned in a substrate, said MOS gate
control | ed device providing a supply voltage to a load circuit; said
control circuit conpri sing: a current generator circuit having. an

ity o e R B IR B ST e e

pr edet er m nedvadngsh and dlaneter and coupled to one of a source ternlnal

and a drain termnal of said, MBS gal §.coNtLO &AL A0 Cq i@ hen
descrlbed in relation to particular embodiments thereof,
many other variations aﬁdﬂmodifications'and other uses
will become apparent to those skilled in the art. It is
preferred, therefore, that the presént invention be
limited not by the specific disclosure hereln, but only
by the appended claims.



6b a feed back circuit for controlling the current supplied by said
current generator circuit as a function of a value of the di/dt neasured
acrass said wire bond. The present invention controls the switching
di /dt and dv/dt of a MOS gate controlled power transistor by respectively

controlllng t he vol tage and current wavefronts of the—maveieLnL~BQLh_@pen

| oop and cl osed | oop control are available. The di/dt
| ossl ess and i nexpensive manner. = - ln ',{16:. i nventi on l Hﬂﬁum -
of the switching di/dt and sw tching dv/ at turn-on i ce

I's provided by coupling a comon_ term nal of a current generator circuit,
whi ch provides a current _to_the gate of the MOS device, to a first reS|stor
for controlli S M ‘a negative dv/dt is detected ‘the conmon
term nal of the current lgenehabﬁhtf:bn.cuttcuitdﬂﬁﬁuébﬁdrélmﬁrngheh‘el rst

Gui toh ng- dv/ EPAESREnE: HE/ 8, BReCeRR R Een kAot S HORLBR  Cobpl od 1o
t he source tecanhmbldédt hewkEsSdguieg, deaideMOfngabal cgotxodpedateyicesi ng
‘this circuit providing a supply voltage to a load circuit; said

control circuit comprlslng.

a current generator clrcult having an output
coupled to a gate terminal of said MOS gate controlled
device for supplying'a current to said gate terminal;

‘a first resistor having a first resistance and
being coupled to a source terminal of said MOS gate '
controlled device; o

a second resistor having a second resistance

and coﬁpled to said source terminal; and

a switching circuit for coupling a common
terminal of said current generator circuit to a
respective one of said first and second resistors for

'controlling the switching dv/dt and for coupling said
common terminal to another of said first and second
resistors for controlling the switching di/dt.

2. - The 01rcu1t of clalm 1, further comprlslng
negative dv/dt detection circuit. '

3. The circﬁit of claim 1, further comprising
a clamp circuit coupled between said gate terminal and a
'source terminal of said MOS gate controlled device.:

4. - The circuit of claim 3, further comprising
a clamp control circuit for controlling said clamp
circuit as a function of an applied gate signal.

5. - The circuit of claim 1, further comprising
a switching circuit for controlling the coupling . of said



provi des turn-off control of the switching dv/dt and the switching di/dt of
t he MOS-gated power devi ce. According to a“OthQL—§§E§EL*EL_L?§€___

i nvention, closed |oop control is provided by further neasuring

switching dv/dt and the switching di/dt which are tk’ﬂl’"ﬁfﬂ"w

circuit to control the current supplled to the gate “ﬂﬂ#ﬂ

devi ce. According to a further novel ‘aspect of t e invént fons e value

of the switching di/dt is .determined by neasuring the vol tage difference
across the length of a calibrated wire bon¥ Having a predetern1ned | engt h

and di aneter. 7-
- common terminal of said current generator c1rcu1t to_sald

one of said resistors as a function of a detected

negative dv/dt.

6. A method of controlling the switching
di/dt and switching dv/dt of a MOS gate controlled
device; said MOS gate controlled device controlling a
supply voltage to a circuit; said method comprising'the
steps of:

providing a current generator ‘circuit for
-supplying a current to a gate of said’ Mos gate controlled
power device; '

coupling a common terminal of said current
generator circuit to a first resistor which is coupled to
a source terminal of said MOS device for supplying a
first current to said gate of said MOS gate controlled
device and thereby controlling the switchihg dv/dt of
-said circuit; , _
decoupling said current generator circuit from
said first resistor and coupling said current generator
circuit to a second resistor for supplying a second
current to said gate and thereby controlling the
switching di/dt of said circuit; and o

terminating the supply of said second current
when said gate voltage reaches a predetermined value. |

) ‘7. A method of controlling the switching
di/dt and dv/dt of a MOS gate controlled device; said MOS
gate controlled device controlling a supply voltage to a
load circuit; said method comprising the steps of:

discharging a gate terminal of said MOS gate
controlled device by coupling a common terminal of a
current generator circuit to a first resistor which is
" coupled to a source terminal of said MOS gate controlled
‘device and thereby cohtrolling the rate of discharge;



Gt her features and advantages of the present invention will apparent from
the follow ng description of the invention which refers to the acconpanyi ng
drawi ngs. - BRI EF DESCRI PTI ON OF THE DRAW NGS . Wil |
now be descrlbed in greater detail -in the follown Wb ption
with reference to the drawi ngs in which: anﬂm ngmfﬂmtic
di agram showi ng -a known clanped inductive load circaitt Hg.n ustrates
the turn-on waveforms of the power transistor of the circuit of Fig. IA
and Fig. 1Cillustrates the turn-of f - waveforms of the power transjstor of

the circuit of Fig. 1A decouFllng0$?§ A p0§£§ﬁg53%590&9r8h?5uEE5 mf OF

sl owi ng down the turn- on and turn- transi stor
circuit of Figsaih first resistopy and, @@xmtsﬁlcwlé%ktﬂﬁgﬁaﬁﬁgﬁow ng

a known circuige h\ddwbrd 0sedibesp awd dﬁhéﬁﬁlﬁf NEbrit¥b DVERE Us4 €4t
protecti on. ust at es C|rcg%t arrangenent for

control ling tkﬁ?%ﬁﬁQ%ﬁﬁré§4ﬁ¢¥ﬁ£aﬁﬂl v?HE'ﬁEbbFHT g to an aspect of the
present invention; Fig. ciampimg sabdtgate tﬂrmmn&ﬁ(Mhﬁncﬁheheomhage at

transistor of §J¥a(ﬂééé“éefﬁinal is below a predetermined value.

8.  The method of claimls or_7, further
comprising the step of detecting a negative value of the
switching dv/dt prior to decoupling said current -
generator circuit from said first resistor.

9. A control c1rcuit for controlllng the
_sw1tching di/dt and the switching dv/dt of a MOS gate
controlled device formed in a substrate, said MOS gate
. controlled device providing a supply voltage to a load
circuit; said control circuit comprising:
| a current generator circuit having an output
coupled to a gate terminal of said MOS gate controlled
device for supplying a current thereto;
a calibrated wire bond having a predetermined
length and diameter and coupled to one of a source
'  terminal and a drain terminal of said MOS gate controlled
dev1ce, and '
a feed back circuit for controlling the current
supplied by said current generator circuit as a function
of a value of the di/dt measured across said wire bond.

10. The method of claim 9 wherein the di/dt is
. measured by determinlng the voltage dlfference across the
_ length of said callbrated w1re bond.

?*—%~=;~____;___~_h—h
This Sheet Has

i mm i ﬁif“’



Fig.” 4A; and Fig. 4C shows the turn-off -wavefornms of the circuit of Fig.

4A. " Fig.” 5A shows an exanpl e of an |nplenentat|on of the clanp of
the circuit of Fig. 4A; and Fig. 5B shows an exanpl e of an |nplenentat|on
.of the detection and switching.circuit of the circuit of Fig. 4A

Fig. 6 illustrates a circuit arrangement for sensing sw tching di/dt
accordi ng to another aspect of - -8-
the invention in which a known value of a wire bond -

' - 17 -

METHOD OF CONTROLLING THE SWITCHING DI /DT

AND DV/DT OF A MOS-GATED POWER TRANSISTOR . -

ABSTRACT OF THE DISCIOSURE

 The sw1tch1ng dl/dt and switchlng dv/dt of a
MoSs gate controlled ("MOS-gated") power device are
controlled by respectlvely controlling the voltage and
current waveforms. Open loop control of the turn-on of
the MOsS-gated devicé'islprovided by coupling a common
terminal of a current generator circuit, which provides a
current to the gate of the MOS device, to a first
resistor for controlling the switching dv/dt. At the
detection of a negative dv/dt, the common terminal of the
ccurrent generator circuit is then coupled to a second
resistor for controlling the switching di/dt. The first
and second resistors aré, in tufn, coupled to the source
terminal fo the MOS-gated device. An analogous operation
provides turn-off control of the MOS-gated power device.
Closed loop control is also provided by measuring the
switching dv/dt and the switching di/dt which are then
fed back to the circuit to control the current supplied
to the gate of the MOS-gated device. The switching di/dt
can be measured by measuring the voltage difference

: across “the length ‘of a calibrated wire bond hav1ng a
. predetermlned length and dlameter.

Figure 6



i_.nduct ance i s used.
Referring first to Fig. 4A

of the invention in which open | oop control
.,wavefronts is provided. Here,
IC, controls the gate of power transistor 418 which,
Though a power;
MOS gate controlled devices such as | GBTs.

circuit (not shown).
applicabl e to other

The gate driver circuit 400 includes a current generator ci

receives a gate drive signa

of the curre
a gate driver circuit 400,

FET is shown, the

Vlerr] and supplies a gate

in turn,

the gate of MOSFET 418. The .current generator circuit 41

DETAI LED DESCRI PTI ON OF THE | NVENTI ON
there is shown a circuit according to an aspect

nt and vol t age

whi ch may be an
drives a | oad
|nvention i-s al so

ijteiy A%L yhich -
rive current” to
charges or

di scharges the gatemzicz2gig%£FEﬁ;418 ng one of two p®s
gate drive current i ngﬂzby— in this exa

resistor 413 and dv/dt control

al ues of

cen/ G

vol t age wavef or s,

resi stor 414 which r ol
respectively. Speci fically, é%i;f .

brdf t he

current generating circuit 411 is connected to a “swi tch ich
connects the common terminal of the current. general/ng o
of the resistors 413 and : /)
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414 mhiéh-are, in tufn, connected to the source term nal of the MOSFET 418.

A known switching circuit nmay be used here. Initially, after -the
power transistor 418 has been turned off in a previous smntchlng cycl e and
aft’er the turn-off transient has passed, a |ow inpedance short between the

'gate and the source of MOSFET 418 is provided
-9- by turning on a hard cl anp tran&l%tor 416 mhlch rapi dly dlscharges

't He gate-to-source capacitance. The
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subsequent swi t chi ng transitions from one operatlng node to. the other are
‘descri bed bel ow. The turn-on sequence of the circuit is as

fol | ows: - First, the hard clanp is rel eased by turning of f MOSFET
. 416. ‘Preferably, the MOSFET 418 is controll®ed by a D-type flip-flop 420,
shown in Fig. 5A, which controls the clanp MOSFET -asa-function of the gate
drive signal V[err]. The curregs generating circuit is then
connected to the external di/fdt contRol resistor 413. A first gate drive
current, whose value is determ ned t he -val ue of the di/dt. control
resistor 413, is supplied to the gatg®* of MOSFET 418 fromIhe current
generator circui-t 411. The desired chLent val ue i 38 mai i ned over the
operating tenperature- range as is ¢ WWange of the gate\drlve supply, as

shown as intervg |
| rarr'p’ up.to thelr Xi mum val Ees in
%’rn%‘Fig—rEFL but. with th ,dlﬂ;? bei ng }a :

fad

gate-to-source volt

a manner simlaf\to
controll ed by resisfor 413. ﬁﬂ ) Oncd .t hel gate-to- e vol t age [af
drain current r¥agch [ ngk T : , thq suppl y volggge begi ns tloy
fall.. The resultj ected and triggérs the outh f a
second val ue of {h?% tha current generator Ci rcui% 411
for o S : T _ . _ N
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provi ding dv/dt control, shown as intervals 3 and 4. The new val ue of the
gate drive current is set by switching the termnal of circuit 411 from
di/dt control resistor 413 to external dv/dt control resistor 414. _

-10- - ~ Preferably, the negative dv/dt is detected using a
negative dv/dt detecti ng capacitor 417 and resistor 415, which may be
coupled to a diode 420, whi ch supply a- ng ative dv/dt signal to an. ..
arrangenent of D type flip-flops 430 an 432 shown in Fig. SBVBThe f||p-

Sfrr=_ L4 8
| S ol
| —T1JT?
4 0o ¢/5.'LL(, | 7 -
| HES, | ind TN U2 -
Vears - ! |
B 2/ j S
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— o | S
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<

f1ops 430 and 432 supply control signals which control the swtching
. between resistors 413 and 414. Then, .the second current is turned
of f when the voltage supplied by the current generator 411 reaches the
- value of the gate supply vol.tage, nanely at the lim't of conpliance of
current -generator, or at sone other suitable predefined Iimt.
Advant ageously, the circuit shown in Fig. 4A includes no f eedback | oops and
operates w thout instability. The circui't also operates in a predeterni ned
gate drive current node in each of theS4éntervals. Though the val ues of the

preset resistances 413 and 414 are dependent upon the specific FET
devi ce used and the | oad circuit being driven, the method is gereral |y
applicable to other loal circuits. The transition from one moge to the
next node is triggered by the respective di/dt apd dv g@ ovent,sNOf. t he
circuit. : The furn-of f sequenge is now glescr d flol} ows:
First, the gate Qf MOSFER| 418 is di sch%rged at rate ta%-reg by the
dv/dt control r |>tor 138, shown asyj terval§*l and p [ ﬁxﬁgkbne,

t he drai n-L_tyo-sayrce vo|tgge and th fai n curhept behave 5& g er
simlar t Qhat offintefwals 1 and Z\pf Fig.Ml;}%é; but % jvgjt g
controlled Wy re8istor g _ %§Then,. njthe pour feY d- /n
vol tage a rﬁsss 3 Etl , BN ;Vg K‘)
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[ 3
P .

. It he power MOSFET 418 reaches the value of the supply voltage, the current
vut put of the current generator 411 - ~ 13 changed to a second

val ue by switching fromexternal resistor 413 to external di/dt control -

. resistor 413, .as shown in intervals 3 and 4. .During this interval, the

di/dt of the drain current is controlled by the val ue of resistor 413

Thereafter, when the gate voltage falls &6l ow t he threshol d voltage t he

hard cl anp tranS|stor 416 is turned on.
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/'-/'J . . : .
I n-the above. exanple, it is assuned that the values of di/dt and the dv/dt

are the sqane @i@@&ﬂmmmsturm of fl. However, different val ues may
al t er nat i Yehynhe: @ﬁ@ﬂ‘ -gdn and turn-off di/dt, if necessary,

-----

to limt {hg geverse r e—dl ode. . I't should al'so be

noted tha QE CULl.ent” Genéizal or. “Ch b b it 411 "sinks" the gate drive current
during tufn:off g o‘t]zgé sIﬁtat

off .4 drlvgacurrent duy,i ng turn-on.

The i nven{i'dr 7% so %8p rt:afBI “pr dvi di ng cl ose peWLtontrol of the
current apd vol tage wavef orpgs, descrfi bed bel ow Cl osed | oop
control of BépEed BECEPT ?'mg%fronts requires th drrent"of the
di/dt or dv/dt. Measuri ng dv/dt is relatively sinple gan} b ﬁz)srl'ed out
using a snmall capacitance 417 that is connected aidz 1 FET 418
as descri bed above and shown in Fig. 4A. Measuring t [ however ,
typically required a nore conplex and expensive arrafge t.] Wien the val ue

of the device current is used to operate the circuit he current
f eedback signal can al so be used to control the r*’ l* and_ fall
tinmes, namely the di/dt. \When this si gndDSCs F}Q.L_.a} .ag e a

addition of a current feedback IZSDF&WE \_‘__
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i

- 12 -~ justified, openh | oop nmethods are used in the nmanner described
above. According to another aspect of the invention, a sinple

| ossl ess and i nexpensi ve approach for sensing di/dt is provided by a hybrid
circuit using a calibrated wire bond 540, 542, shown.in Fig. 6. A bonding
wire of predetermned | ength and di aneter has a known val ue of inductance
and will develop a voltage difference acpggs it that is proportional to the
value of di/dt. Typically, a wire bond in a power hybrid device is 10 mm

| ong and has an inductance of 5 to 10 nH, and when. '

DRAIN VOLTAGE

OVERSHOOT OF

1C

® @ O ® mwrervas
FIG.

1B

DIODE REVERSE RECOVERY

FIG.
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7

conducting a current having a'di/dt of 0.1 to-0.5 A/ns, typically devel ops
a 0.5V to 5V voltage difference across its-length. This voltage difference
can be supplied to di/dt feedback circuit 500 to control the current
supplied to the gate of devices 508 and 526, which nay be MOS-gated
devices, to attain the desired di/dt using known feedback nethods.

This same techni que can be applied to a.g}écrete device that is provided
with a kelvin source or emtter connection. The voltage devel oped across

t he i nductance of the source or emtter wire bond is sensed across the

kel vin source wires, as shown in Fig. 6. Because the |length of the bonding
wire is controllable with very ggpd accuracy by the nmanufacturing process,

the di/dt can be nmeasured with h accuracy. . The nmeasured val ue
of di/dt according to the inventi can be used A conjunction with the
previously described neasured v dv/dt to ovi de cl osed | oop contr ol
using a circuig.simlar $o that & ' ' esistors
413 and 414 are rgeplacedfwith an ar ngemgnt of operational &nplifiers to
control the _ (o)) -1 ' bt :
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--13 - switching di/dt and dv/dt as a function of the neasured val ues.
Al t hough the present invention has been described in relation to particul ar
enbodi nents thereof, many other variations and nodifications and ot her uses
w |l become apparent to those skilled in the art. It is preferred,
therefore, that the present invention be Ilimted not by the specific
di§closure herein, but onIy by the appeqﬂed cl ai ns.
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16

decoupl ing sai'd current generator circuit fromsaid first

resi stor and coupling said current generator to a second resistor and

thereby controlling said switching di/dt of said circuit;
.said gate term nal when the voltage at said gate ternina
The nethod of claim.6 or 7,

predet ermi ned val ue.

8.

and cl anpi ng
i s bel ow a
further .

conprising the step of detecting a negqy%ve val ue of the switching dv/ dt
prior to decoupling said current generator circuit fromsaid first

resi stor. 9.

. ‘A control circuit for-controlling ty
of a MOS gate controlled device formed in a substrate,

ﬁds

wi tching di/dt

S MOS gat e

controll ed device providing a supply voltageftola | oad cYrcuit; said
control circuit conprising: a current nerator cir¢uit having an
output coupled to a gate ternmnal of said bl | ed device for
| 40 415
B : du/dt
VGATE dv/dt B
O | % A—
| 417 = 1.
| a1 : . L—J e
A [om P L
—_— » ¢ 3 _ 1
GEN “MeN] | 4is
CLAMPl l
dv/dt — :
412 ——
i SET di/dt i SET dv/dt
413 414
. Vps= VB. l\iEG dv/dt
Vg < 0.5V MOSON | :
— | . _ di/ dt
1V MOS ON VYV
420~ CLAMP 430~ di/dt i dv/dt
| ‘ ‘ CLAMP \432
di/dt dv/dt

FIG.

oA

FIG. 5B
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A

‘supplying a current thereto; a calibrated wre bond having a

predeterm ned | ength and di aneter and coupled to one of a source term nal
and a drain termnal of said MOS gate controlled device; and . a feed

_back circuit for controlling the current supplied by said current generator -
circuit as a function of a value of the di/dt nmeasured across said wire

bond. 10. The circuit of claim9 wherein the di/dt is measured by
determining the voltage difference acr &€ the | ength of said calibrated _
wi re bond. S ' -.15 - comon term nal of

said current generator circuit to said
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Qne of said resistors as a function of a detfect MPEA@EMBI\H‘Q?%‘(E
gedf.. 72

6. A'method of controlling the switching dil/ oh & o8

MOS gate control |l ed device; said MXS gate cqngf pldi@d devpg@dce-ntd pb;i;edng’a
supply voltage to a circuit; said nethod corp 49&>p%§d .....
prooviding a current generator circuit fot SLp;g )@’b@tga:.% cu géat-tgb Ppagell &7 O

said MOS gate control |l ed power device;, - coup I|n common term ng

of said current generator_circuit to a firstj resisto : cqigplopgt to
sour ce tergﬁmw&gﬁ% for suppllyiPais @ {:ﬁgf 1 -Zr(?c--r-w--eg.i_d__.
gate ﬁf saijd/' dIVQS; ?ﬁicﬁaﬁﬁ‘ﬁd dedlvch @emmmrahgéwem/mmtgmiéejmg t he

swi t chi ng dv/dt_of s ciycuit; oupl.in sgl d current
gener at or ¥ O (LS4 fgq%qlqeéislastc&ntéq? é:n "Tqﬁ: OF FRrehting
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reaches a gredeiisrgraneshipmllyueroltage to a load circuit; said control
circuit comprising:

a current generator circuit having an output coupled to
a gate terminal of said MOS gate controlled device for
supplying a current to said gate termlnal

a first resistor having a flrst resistance and being
coupled to a source terminal of said MOS gate controlled
device;

a second resistor having a second resistance and coupled
to said source terminal; and

a switching circuit for coupling a common terminal of
said current generator circuit to a respective one of said
first and second resistors for controlling the switching
'dv/dt and for coupling said common terminal to another of
said first and second resistors for controlling the switching
di/dt.

In accordance with a second aspect of the present
invention there is provided a method of controlling the
switching di/dt and switching dv/dt of a MOS gate controlled
device; said MOS gate controlled device controlling a supply
voltage to a circuit; said method comprising the steps of:

providing a current generator circuit for supplying a
current to a gate of said MOS gate controlled power device;

coupling a comnion términal of said current'generator
circuit to a first resistor which is coupled to a source
terminal of said MOS device for supplying a first current to
said gate of said MOS gate'controlled device and thereby
controlling the switching dv/dt of said circuit; |

decoupling said current generator circuit from
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7. A nethod of controlling the switching di/dt and dv/dt of a MOS gate
controll ed device; said MOS gate controlled device controlling a supply
voltage to a load circuit; said nethod conprising the steps of:
di scharging a gate termnal of said MOS gate controll ed device by coupling
a- common termnal of a current generato§acircuit to a first resistor which
Is coupled to a source termnal of said MOS gate controll ed device and
thereby contgobligg theisebe ohadla0ititS: caig chFeRt cRPRSFRSPFOm sa
- - ngdafURLEPENn B Y EnEEF ERE cPPREFREPFOom sai d
first resebtelianto caupétagdsaedisuorefibrgsuppayingt a segendndureshnst or and
ther eby 999té£1éi£§£éa£9d thereby controlling the switching di/dt of

said circuit; and

terminating the supply of said second current when said
gate voltage reaches a predetermined value.

- In accordance with a third aspect of the present
invention there is provided a method of controlling the
switching di/dt and dv/dt of a MOS gate controlled device;
said MOS gate controlled device controlling a supply voltage.
to a load circuit; said method comprising the steps of:

_ discharging a gate terminal of said MOS gate controlled
device by coupling a common terminal of a current generator
circuit to a first resistor which is coupled to a source
terminal of said MOS gate controlled device and thereby
controlling the rate of discharge;

decoupling said current generator circuit from said
first resistor and coupling said current generator to a
second resistor and thereby controlling said switching di/dt
of said circuit; and _' '

clamping said gate terminal when the voltage at said
gate terminal is below a predetermined value.

In accordance with a fourth aspect of the present
invention there is provided a control circuit for controlling
the switching di/dt of a MOS gate controlled device formed in
a substrate, said MOS gate controlled device providing a
supply voltage to a load circuit; said control circuit
comprisging: _

a current generator circuit having an output coupled to
a gate terminal of said MOS gate controlled device for
supplying a current thereto; |

a calibrated wire bond having-a'predetermined length and
diameter and coupled to one of a source terminal and a drain
terminal of said MOS gaté'controlled device; and
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‘smntchlng di/dt of said circuit; and = clanping said gate term na
when ‘t he vol tage at said gate ternlnal I s bel ow a predeterm ned val ue.

8. The nethod of claim6 or 7, further conprising the step of detecting a
negative val ue of the sw tching dv/dt prgor to decoupling said current
generator circuit fromsaid first resisP 9. A contro
circuit for controlling the swtching d|/dt and the SMAtChIng dv/dt of a

MOS gate control l.ed .devi ce forne n_a su I | te co tr Ied
tevi e provi di AgeeduBBrS GARCHGE (07 R ohir ol LR, aF s 81

conpri si ngy said curfeﬁtcgenemat@&-nerla:t@ut;::arscwdtfulmmul]lcmgl at @ult’\mliuétalﬁ)l ed
to a gate_term, of _said M) gate cantraqlle vice for supplying a
current tﬁé?egpﬂ)?gl: measuredaagggisgr 5034 W€ g)(?ﬁl *havi ng a predeterm ned.
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bond. of the waveform. Both open loop and closed loop control are
available. The di/dt is.sensed in a 1ossless'and inexpensive
manner. |
In the invention, open 1oop control of the switching
di/dt and switching dv/dt at turn-on the MOS-gated device is
provided by coupling a common terminal of a current generator
circuit, which provides a current to the gate of the MOS
device, to a first resgistor for controlling the di/dt. When
a negative dv/dt is detected, the common terminal of the
current generator circuit is decoupled from the first
resistor and is then coupled to a second resistor for
controlling the switching dv/dt. The first and second
resistors are, in turn, coupled to the source terminal of the
MOS-gated device. An analogous operation using this circuit
provides turn-off control of the switching dv/dt and the
switching di/dt of the MOS-gated power device.
' According to another aspect of the invention, closed
loop control is provided by further measuring the switching
dv/dt and the switching di/dt which are then fed back to the
circuit to control the current supplied to the gate of the
MOS-gated device. - '
According to a further novel aspect of the invention,
‘the value of the sw1tch1ng di/dt is determined by measuring
the voltage difference acrosé the length of a calibrated wire
bond having a predetermined length and diameter.
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decoupling“said current generator cireuit from said
first resistor and coupling said current generator to a
second resistor and thereby controlling said switching di/dt
of said circuit; and

clamping said gate terminal when the voltage at said -
gate terminal is below a predetermined value.

8. The method of claim 6 or 7, further comprising the
step of detecting a negative value of the switching dv/dt
prior to decoupling said current generator circuit from said

first resistor.

9. A control circuit for controlling the switching
di/dt of a MOS8 gate controlled device formed in a substrate,
said MOS gate controlled device providing a supply voltage to
a load circuit; said control circuit comprising:

a current generator circuit having an output coupled to
a gate terminal of said MOS gate controlled device for
supplying a current thereto;

a calibrated wire bond having a predetermined length and
diameter and coupled to one of a source terminal and a drain
terminal of said MOS gate controlled device; and

- a feed back circuit for controlling the current supplied
by said current geherator circuit as a function of a value of

the di/dt measured across said wire bond.

10. The circuit of claim 9 wherein the di/dt is
measured by determining the voltage difference. across the
length of said calibrated wire bond. .
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