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BACKGROUND QF TH NVENTION
1. Field of the Invention:

5 The present invention is directed to power
semiconductor devices and, more particularly, to a method
and circuit designed to protect power circuits, for

example, power converting/inverting circuits, against
phase to phase, phase to earth and shoot through short
10 circuit faults as well as against over current faults.

Very generally, the present invention deals
with the problem of protecting devices such as IGBT’s and
other non-latching power semiconductor devices that are
used in high power applications, where these devices can

15 become damaged under certain over current conditions.-
For the sake of brevity, the description which follows
will refer to IGBT’s, it being understood that the method
and circuit of the present invention are applicable to
power semiconductor devices generally.

20 2. Description of the Related Art:

IGBT inverters are popular for a variety of
power conversion applications. In one application, these
inverters serve to convert a DC bus voltage into single
or three phase AC voltage outputs. IGBT’s have limited

25 overload capacity or fault tolerance. Hence, fast acting
detection and protection circuits are required to sense
any fault, e.g. a short circuit, and shut off the gate
drive to the power device in the event of a fault fast
enough to prevent destruction of the device.
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power conversion applications. In one application, these inverters serve to
convert a DC bus voltage into single or three phase AC voltage out puts.

| GBBT's have limted 25 overl oad capacity or fault tol erance. Hence,
fast acting detection and protection circuits are required to sense any
fault, e.g. a short circuit, and shut off the gate drive to the power

device in the event of a fault fast enqugh to prevent destruction of .the

devi ce. -2- Faults related to excésdéve currents can be br oadl y
classified as short circuit faults and over current faults. Short circuit
faul ts occur where the current 5 carrying power device is forced to

carry excessive anounts of current, usually through a path not involving
the load connected to therRPMEY XONMMAIS Y el iive Qi ddndd RS

current, the voltage across the device rises to a high value, which val ue
depends on the classified as short circuit faults and over
current faults.
Short circuit faults occur where the current
5 carrying power device is forced to carry excessive
amounts of current, usually through a path not involving
the load connected to the power conversion circuit. Due
to the large current, the voltage across the device rises
to a high value, which value depends on the DC bus

10 voltage, the impedance and other devices in the fault
path, as well as on device’s intrinsic characteristics.
The high voltage across the device, in turn, causes
excessive power losses within the device, which causes it
to overheat and destruct. Therefore, it is necessary to

15 quickly shut off the power circuit upon occurrence of a
short circuit fault to prevent its destruction.

The aforementioned class of short circuit
faults can itself be subdivided into three subcategories:
a) Phase to phase short circuit: This type of

20 fault occurs when two {(or more) outputs of the inverter
are shorted. Short circuit current flows from the
positive bus to the negative bus of the circuit through
the power devices carrying the fault current.

b) Phase to earth short circuit: This type of

25 fault occurs when one (or more) of the outputs of the
inverter is (are) shorted to earth. Current can flow
either from the positive DC bus to earth or from the
negative DC bus to earth, depending upon the device that
is conducting the short circuit current.

30 c) Shoot through fault: If two devices in the
same leg of an inverter circuit (e.g. series-connected
devices) are turned on simultaneously, or a device is
turned on to conduct current into a conducting or shorted
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10 vol tage, the inpedance and other devices in the fault path, as well
as on device's intrinsic characteristics. The high voltage across the
device, in turn, causes excessive power |osses within the device, which
causes it to overheat and destruct. Therefore, it is necessary to 15

qui ckly shut off the power circuit upon occurrence of a short circuit fault
to prevent its destruction. The aforenentioned class of short circuit
faults can itself be subdivided into Thtee subcategories: a) Phase to phase
short circuit: This type of 20 fault occurs when two (or nore) outputs
of the inverter are shorted. Short circuit current flows fromthe positive
bus to the negative bus of the circuit through the power devices carrying
the fault currepi,,: t r sh ' i 1. | o}

fault occurs V\h&e]%lv%ér)lée %)?é%r%ﬁ%f i%I"}(l’e %%J%%%%is&%fé\%%% |t?1v£é¥<?§? %%Z?%?%)
shorted to eartfEomuthenposifl Ve ohei ¥9cihd magativedeus | verpahutheo earth

or fromthe negfdy¥€edG RUEhé Os&Ré t Neg de el A wOP, tmaexéhﬁ@{ébafaﬁ&
00
wi

conducting the shor rcuit current. 30 c t hr ough
faul t |? t WO ﬁ%vﬁ%ﬁéi?ﬁ ?ﬂeﬁ phase to phase fault and,)as be 9
5 shown, can be sensed and treated as a phase to phase
fault.

Over current faults occur when one or more of
the devices in the inverter carry a current lower than
the short circuit current, but higher than the continuous

10 current carrying capacity of the device. This type of
fault current usually flows between two (or more) outputs
of the inverter, through the load connected between them.
Since the magnitude of current is lower than the short
circuit current, the voltage across the device is more or

15 less dependent upon the inherent characteristics of the
device. The associated losses are therefore lower than
those encountered during short circuit conditions. These
types of faults can be tolerated for comparatively longer
times, compared to short circuit currents. For this

20 class of faults, it is desirable to have an over current
protection with inverse time characteristics so that
devices do not shut off during temporary overloads which
can be safely tolerated by the power devices.

It is known to detect short circuit and over

25 current faults using the following two general
approaches. A first approach involves desaturation
sensing. During a short circuit, the voltage across the
device rises to a high value determined by the DC bus
voéltage of the inverter, the impedance and the presence

30 of other devices in the fault path, as well as on the
inherent characteristics of the device. Hence, high
voltage across the device when the device has been turned
on can be interpreted as a short circuit fault, which can
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sane leg of an inverter circuit (e.g. series-connected devices) are turned
on sinultaneously, or a device is turned on to conduct current into a
conducting or shorted -3- device of the same | eg, excessive current
flows through fromthe positive bus to the negative bus through the devices
in the sane leg. Effectively, this type of fault is simlar to a phase to
phase fault and, as will be 5 shown, can be sensed and treated as a
phase to phase fault. Over current faulsgts occur when one or nore of the
devices in the inverter carry a current |ower than the short circuit
current, but higher than the continuous 10 current carrying capacity of
the device. This type of fault current usually flows between two (or nore)
outputs of the inverter, through the |oad connected between them Since the

magni t ude of ciPEENPS b RECK ieh & IFENERE cdrcuditt teudrdiiats st t age

across the devide@n ofM¥he @Power device(s) through control signals
. passing between the power devices and the control
circuit. Interfacing these signals is not trivial
5 because the potential difference between their operating
voltages can be on the order of hundreds of volts.
Therefore, the signals are fed to and from the control
circuit through some form of galvanic isolation, usually
optocouplers. As is known, in the typical inverter some

10 of the devices are connected to the high side of the DC
bus and other devices to the low side thereof. Each high
side device must therefore use at least one optocoupler
for feeding signals to and from the control circuit.

Further, the prior art desaturation detection

15 scheme cannot by itself sense and provide over current
protection. Hence, over current protection is typically
added with some form of current sensing such as by using
a shunt, a Hall effect current transformer, a high
frequency DC current sense element, or the like.

20 ' The second of the two known approaches for
sensing short circuits involves current sensing. In
accordance with this approach, DC current is sensed in
the positive, negative or both DC buses using some form
of current sensing as current shunt, Hall effect sensors,

25 etc. Sometimes, a current transformer (CT) is provided
at the output for differential sensing of P-E (phase to
earth) faults. Many current sensing schemes are known.
One of these schemes provides a current sensor both in
the positive as well as in the negative DC buses. This

30 requires providing a separate current sensor in the
positive and negative buses, and a separate detection
circuit for each sensor. Sensing and detection circuits
operating with the high side DC bus must use some form of
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15 | ess dependent upon the inherent characteristics of the device. The
associ ated | osses are therefore | ower than those encountered during short
circuit conditions. These types of faults can be tolerated for
conparatively |onger tines, conpared to short circuit currents. For this 20
class of faults, it is desirable to have an over current protection with

I nverse time characteristics so that devices do not shut off during
tenporary overl oads which can be safel ygtolerated by the power devices. It
Is known to detect short circuit and over 25 current faults using the
foll owi ng two general approaches. A first approach involves desaturation
sensing. During a short circuit, the voltage across the device rises to a
hi gh val ue determ ned by the DC bus voltage of the inverter, the inpedance
and the presen@l3d®nic igolathion deyicuwey alde donditt ipatsh taastheel | as on

the inherent CRAYAGIA IS{iapied. t Mo QY I GG IR ar i) cwéi@eﬁe@r%ﬁs the
devi ce when the device has peen turned on can be interpreted as a short
circuit fault, (i @& shynt in the positive bus with an optocoupler; (b)
a Hall effect current sensor in the positive bus; (c) a
5 high frequency DC CT (HFDCCT) in the positive bus. The
isoclated output of a fault through the positive bus in
isclated or non isolated output of a fault to a negative
bus is fed to control circuit, which detects and cuts off
drive signals to the gates of the power handling devices
10 in the event of any fault.
Another known current sensing scheme employs a
single current sensor, connected for additive sensing.
That is, a single current sensor is used with the
positive and negative DC buses acting as two primaries in
15 additive fashion. The currents from the positive as well
as the negative DC buses are both passed through the same
sensor. During normal, overload and phase to phase short
circuit conditions, the output of the sensor is
proportional to the sum of the positive and negative bus
20 currents, each scaled by the number of respective turns
on the primary. During phase to earth faults, the sensor
output is proportional to the fault current scaled by the
respective number of primary turns of the positive or
negative DC buses. The isolated output of the sensor is

25 fed to the control circuit, which detects and cuts off
gate drive signals in the event that any fault is
detected.

Yet another prior art scheme involves the use
of one proportional and one differential current sensor.
30 The proportional current sensor (isoclated or non-
isolated) is used to monitor either the positive or
negative bus current. The output sensor is used to
detect phase to phase short circuit and/or over current
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-4- then be fed back to a control circuit to initiate shut dowm of the
power device(s) through control signals passing between the power devices
and the control circuit. Interfacing these signals is not trivial 5

because the potential difference between their operating voltages can be on
the order of hundreds of volts. Therefore, the signals are fed to and from
the control circuit through some form of galvanic isolation, usually
optocouplers. As is known, in the typlicgal-inverter sonme 10 of the
devices are connected to the high side of the DC bus and ot her devices to
the | ow side thereof. Each high side device nmust therefore use at |east one
opt ocoupl er for feeding signals to and fromthe control circuit. Further,
the prior art desaturation detection 15 schenme cannot by itself sense
and provi de ovédawlfisentThr oiselated didfifererdvial cmrent prenser i bvh dsed

typically addedgvipgldy fane dxd rHPff&:}’ér{ﬁrHl LT LKL SHERRS JWs 1510 anghunt,
a Hall effect current transforner, a _high frequency DC current sense
el ement, or t hdagakive buses or at the outputs of the inverter. The

output of this differential current sensor is used to
5 detect phase to earth faults.
211 of the aforementioned prior art schemes use
some form of isolation, for example, optocouplers, to
couple signals reflecting fault conditions to control

circuits.

i0 - Y OF E INVENTION
One object of the present invention is to
provide a method and circuit to protect power devices
against wvarious short circuit and over current faults
which has a simpler construction and uses fewer parts.

15 Another object of the invention to provide a
method and circuit for power circuit protection which
reduces the number of galvanic isolators needed for
detecting and controlling power devices.

A further object of the invention is to realize

20 a circuit and method which provides local protection for
the high side power devices, and in which high side
faults are latched when they are sensed on the low side
power devices, to avoid the use of isolated sensing or
feedback signals from the high side to the low side as is

25 required by other methods of protection against faults on
high side power devices.

A still further object of the invention is to
provide a method and circuit for protection of
semiconductor power devices which is cost effective and

30 which increases efficiency due to the use of a single
current sensor when a resistive sensing element is used.
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20 The second of the two known approaches for sensing short
circuits involves current sensing. In accordance with this approach, DC
current is sensed in the positive, negative or both DC buses using sone
formof current sensing as current shunt, Hall effect sensors, 25 etc.
Sonetinmes, a current transfornmer (CT) is provided at the output for
differential sensing of P-E (phase to earth) faults. Many current sensing
schenes are known. One of these scherfed provi des a current sensor both in
the positive as well as in the negative DC buses. This 30 requires
providing a separate current sensor in the positive and negative buses, and
a separate detection circuit for each sensor. Sensing and detection

circuits operating with the rﬁz@{#eﬂ@&n@@n@i&n@%s@? £SO ¢y m of - 5-
gal vanic isolation to Qonv%%gfl conditions to the control circuits. These
circuits can b&eSSIMiFHBY e Y PriPLs ALkt SCheRS FESSE Foeh PSaMrTenae

optocoupl er; (RBf faults, and thereafter feedback a signal reflecting
the fault to a control circuit to cause shut down. &
5 more efficient circuit can be obtained if the following
two conditions are appreciated.
1. All of the aforementioned faults
(except for the phase to earth from the positive bus to
earth) can be sensed on the negative bus.

10 2. If the high side devices are turned
off by local protection circuits, the occurrence of a
phase to earth fault from the positive bus to earth
transfers to the negative bus where it can be detected
(due to the inductance in the fault current) through the

15 diode connected in parallel across the low side power
devices. In due course, after the low side power device
turns on, the fault current transfers and manifests
itself as a negative bus to earth fault condition, where
it can be detected.

20 The aforementioned objectives and recognition
have led to the present invention which uses a current
sensor in the negative bus, and only desaturation
detection and a local shut off scheme for the high side
transistors. Feeding or coupling of signals between the

25 high side and a control circuit is not required.

Thereby, in the event of either an over current
fault, a phase to phase short circuit fault, or a phase
to earth fault through the negatiwve bus, the current
sensor in the low side senses the fault current and

30 communicates the same to a control circuit which produces
control signals which turn off the gate signals to the
power devices. During a phase to phase short circuit
fault, desaturation detection shut down procedure on the
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a Hall effect current sensor in the positive bus; (c) a 5 hi gh
frequency DC CT (HFDCCT) in the positive bus. The isolated output of a
fault through the positive bus in isolated or non isolated output of a
fault to a negative bus is fed to control circuit, which detects and cuts
off drive signals to the gates of the power handling devices 10 in the
event of any fault. Another known current sensing schene enploys a single
current sensor, connected for additive gsensing. That is, a single current
sensor is used with the positive and negative DC buses acting as two
primaries in 15 additive fashion. The currents fromthe positive as
wel | as the negative DC buses are both passed through the sane sensor.
During normal, overload and phase to phase short circuit conditions, the

out put of the JeBbrside pkpperde okalreart mE AursrAed Hhglosis i sbigmely
negative bus 2Q1ower XM Ehe EPEAcEIsH asbdug td¥e thehairdnt espeeinye turns

; . &b
oroport|onal { e S (36 (FHLnToUeh Tty (TR | b et 198
primary turns afuddentposénsirey sshuteghdvy edi@duiseo effedisaf Atsr, out put of
the Sensgf 1S causing the FAULT pin to become active and latching the

fault, thereby stopping all gate input signals. This
allows the circuit to latch the fault condition and to
cut off input signals to all devices.

In the event of a phase to earth short circuit

10 fault through the positive bus, desaturation detection
shut down of the high devices cuts off the drive signal
for the particular IGBT device exhibiting high wvoltage,
preventing the failure of the high side device on a cycle
by cycle basis. Current then commutates to the low side

15 diode due to inductance in the fault path. The direction
of current is from negative bus to earth. If the
inductance in the fault path is low enough, current may
become zero before the low side transistors turn on. The
current commutates from the low side diode to the low

20 side transistor, flowing from earth to negative bus. The
aforementioned current sensing circuit then becomes
active as previously explained by either sensing the
current flowing from the negative bus to earth to the low
side diode or the current flowing from earth to the

25 negative bus, depending upon the sensing method used.

In any event, the method of the present
invention does not require any isclated fault signals and
feedback to be coupled from the high side devices to a
control circuit for effective operation of a protection

30 circuit. Nonetheless, it should be recognized that if it
is desired to include such isolation circuits for some
reason, optocouplers or other isoclated scheme can be
added easily.
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25 fed to the control circuit, which detects and cuts off gate drive
signals in the event that any fault is detected. Yet another prior art
schenme involves the use of one proportional and one differential current
sensor. 30 The proportional current sensor (isolated or non- isolated)
is used to nonitor either the positive%r negative bus current. The out put
sensor is used to detect phase to phase short circuit and/or over current
faults. The isolated differential current sensor is used to neasure the
differential current in the positive and negative buses or at the outputs

gf the inverter. The out mhe?gauﬁt s&%ﬁf fag{de{;ﬁé%g‘rt%%[se%tﬁ %%%S%rreis%n‘és?? to

detect phase to eart, menti oned“prior a
schenes use sod@viesitihost Widdl fidanme fappamedipltaomoshec Sedilewdng o coupl e
signals refl ecljelgrfigitilor” Yt MThvieditGR WAlicH Te'tekS to the

accompanying drawings.

5 BRIEF DESCRIPTION OF THE DRAWINGS
Figs. 1A, 1B and 1C show the same prior art

inverter circuit, respectively illustrating a phase to
phase short circuit fault, a phase to earth short circuit
fault and a shoot through fault.

10 Fig. 2 shows a first prior art protection
circuit.

Fig. 3 shows another prior art short circuit
protection circuit. _

Fig. 4 shows a further prior art protection

is circuit.

Fig. 5 shows yet another prior art protection
circuit using proportional and differential current
sensors.

Fig. 6 is a schematic of a protection circuit

20 for a high power device in accordance with the present
invention. _

Figure 7 is a schematic diagram of an embodiment of the
invention.

DETAILED DESCRIPTION OF THE PREFERRED ODIM
Fig. 1 illustrates a known inverter circuit 10,
which operates with a positive DC bus 12 and a negative
25 DC bus 14. The potential difference between the buses 12
and 14 is high, sometimes 600 volts DC or higher. The
inverter 10 is supplied with three phase AC line power,
in a manner so that a first phase thereof is applied at
an input 16 between the anode of a diode 22 and cathode
30 of the diode 28; the second phase is supplied at a input
terminal 18 between the respective anode and cathod§ of
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10 SUMVARY OF THE | NVENTI ON One object of the present invention is to
provide a nethod and circuit to protect power devices agai nst various short
circuit and over current faults which has a sinpler construction and uses
fewer parts. 15 Anot her object of the invention to provide a
met hod and circuit for power circuit protection which reduces the nunber of
gal vani ¢ i solators needed for detecting and controlling power devices. A
further object of the invention is te teatize 20 a circuit and net hod
whi ch provides |ocal protection for the high side power devices, and in

whi ch high side faults are | atched when they are sensed on the | ow side
power devices, to avoid the use of isolated sensing or feedback signals
fromthe high side to the |ow side as is requi.red b ot her net hods
of protection Qd&dr?ss( FH A% tﬁ’b’ﬁ &idﬁ\ﬁep d&s 2pRidEd 2% @0 her
obj ect of the iimpent i2an betvlanrprtrhe despeattilred anodeC ahdica thaxdeprodt dtid on

of sem conduct rg%%‘ge& eat ?_ﬁem"ﬁ& ]a%o&%%t %fg:%%t \i%d%r;dziiO 24 a‘?@%

i ncreases effi usé o
are commonly connected to the p051t1ve DC bus 12, whereas
5 the anodes of the low side diodes 28, 30 and 32 are

connected to the negative DC bus 14. A voltage
integrating (smoothing) capacitor 34 is provided between
the buses 12 and 14. ’
In a well known manner, the positive phases of
10 the power applied at the input 16, 18 and 20 are
rectified by the diodes 22, 24 and 26, producing a
positive DC voltage at the bus 12, while the negative
phases are rectified by the diodes 28, 30 and 32,
resulting in a negative DC voltage at the bus 14. The DC
15 voltage potential between the buses 12 and 14 is used as
an input DC voltage source for the power devices, for
example, IGBT’s 36-46 which produce therefrom three
phase, high frequency pulsed energy {(AC) voltage outputs
at outputs terminals U, V and W. These outputs are
20 obtained by turning the power devices 36-46 on and off at
a high frequency and in a manner whereby the two devices
associated with each output U, Vv, and W, for example, the
devices 36 and 42, are turned on mutually exclusively,
again in a well known manner. Although not shown, it is
25 widely known that the devices 36-46 are controlled by
applying control signals to their gate electrodes 36a,
38a, 40a, 42a, 44a and 46a, respectively. The circuit 10
of Fig. 1 also shows the known free wheeling diodes
36b~46b, which are associated with the powef devices 36~
30 46, respectively.
The inverting circuit 10 of Fig. 1 can be
catastrophically destroyed in the event that a short
circuit develops between any of the outputs U, V, W, as
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current sensor when a resistive sensing elenent is used. -7- The present
I nvention arises fromthe recognition that prior art schenes sense the
occurrence of faults, and thereafter feedback a signal reflecting the fault
to a control circuit to cause shut dowmn. A5 nore efficient circuit can
be obtained if the followng two conditions are appreciated. 1. Al of the
af orenenti oned faults (except for the phase to earth fromthe positive bus
to earth) can be sensed on the negat+veirbss. 10 2. |If
the high side devices are turned off by local protection circuits, the
occurrence of a phase to earth fault fromthe positive bus to earth
transfers to the negative bus where it can be detected (due to the

i nductance in the fault current) through the 15 di ode connected in

paral | el acrosdndicated graphisaddydyi tbe. 1inedde exbendingt betweea | ow
si de power deVieg®puts U and V in Fig. 1. Since in the ordinary

operation of the inverting circuit 10 both power devices
36b and 44b are turned on for periods which partially
5 overlap, the short 50 results in phase to phase short
circuit current flowing from the positive DC bus 12 to
the negative DC bus 14 through IGBT'’s 36 and 44 as
indicated by the current path line 52.
A phase to earth short circuit fault current
10 path is illustrated in Fig. 2. This type of fault can
result from the output U being shorted to earth as
indicated by the line 54, or by the output W being
shorted to earth as indicated by the line 56. The short
circuit current path line 58 represents a phase to earth
15 short circuit current flowing when the device 42 is
turned on, while a phase to earth short circuit current
flowing from the positive DC bus 12 to earth when the
device 40 is turned is indicated by the line 60.
A shoot through fault results when both devices
20 in any leg of the inverting circuit 10, for example
devices 36 and 42, are turned on simultaneously. The
short circuit current path is indicated by line 62.
A first prior art protection circuit for the
aforementioned short circuit and shoot through over
25 current conditions is depicted in Fig. 2, which
illustrates the power devices 36-46 together with a
protection circuit which includes a respective gate drive
desaturation detector 64 which has an output 66 for
driving the gate of its respective power device and
30 inputs 68 and 70 for sensing the voltages across the
collector and emitter junctions of the power device. 1In
the event of short circuit, collector emitter voltage
rises; this voltage rise is detected by a localized
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turns on, the fault current transfers and manifests itself as a negative
bus to earth fault condition, where it can be detected. 20

The af orenenti oned objectives and recognition have led to the present

i nvention which uses a current sensor in the negative bus, and only
desaturation detection and a | ocal shut off schenme for the high side
transi stors. Feeding or coupling of signals between the 25 hi gh si de
and a control circuit is not required.{dhereby, in the event of either an
over current fault, a phase to phase short circuit fault, or a phase to
earth fault through the negative bus, the current sensor in the |ow side
senses the fault current and 30 comuni cates the sane to a control
circuit which produces control signals which turn off the gate signals to
the power devi peotebddionyg cirngudde 6ido phich shats dowouithaftaparticular

desaturation deg@e! LR awesdFWAYREEEUEBUYR LR desatBfeedback
receiving section 76 of control circuit through feedback
isolator 72. Control circuit shutdown logic 78 receives
S system shutdown signal through line 74 from desaturation
feedback detection 76 and cuts off gate drives T1 to T&
being fed to all transistors. These sensed voltages are
fed through a feedback isoclator 72 to a control circuit
74 in which a base emitter saturation feedback section 76
10 determines the magnitude of the sensed voltage and a shut
down logic section 78 produces controls Ti-T6 for
controlling the gates of the power devices. As an
example, the control signal Tl is shown to be supplied
over line 80 and through the signal isolator 82 to the
15 gate drive circuit 64. These signals can be used to turn
off the power devices; power device 36, for example, is
turned off by a signal which causes the gate drive 66 to
become inactive.
As should be readily apparent, the circuit
20 blocks 64, 72 and 82 are repeated for each of the power
devices 36-46. The protection circuit of Fig. 2 further
includes a current sensor 84 which is located in the
negative DC bus 14 for sensing over current conditions,
i.e. currents exceeding the maximum current expected to
25 be drawn by the load. This condition is communicated
over line 85 to the control circuit 74, which causes the
circuits 64 and 82 to react as previously described.
' The conventional circuit of Fig. 3 includes
current sensors 86 and 88, respectively sensing current
30 in the positive and negative DC buses 12 and 14, a signal
isolator 90 for the current sensor 86 and an optional
isolation circuit 91 for the current sensor 88. As
before, the control circuit 92 has a gate drive section
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high side is nade to react at a speed that is slightly slower than the
reaction speed of the current sensing shut down at the |ower side.
Therefore, the |l ow side current sensing shut down cones into effect first,
5 causing the FAULT pin to becone active and | atching the fault,

t hereby stopping all gate input signals. This allows the circuit to latch
the fault condition and to cut off input signals to all devices. In the
event of a phase to earth short circuit;slQ fault through the positive
bus, desaturation detection shut down of the high devices cuts off the
drive signal for the particular |GBT device exhibiting high voltage,
preventing the failure of the high side device on a cycle by cycle basis.
Current then comutates to the | ow side 15 di ode due to inductance in
the fault path.whitk diuppitiesncohtroirekgnalsf (bhroegataperopsisbeecarth. |f

the inductance iEoiQEiEﬁ“Eieﬁéh@s5Stboiéhc@?gb’&@r GULIEDL §BY,pECONE ZEro

before the | ow side transistors turn_on. e current commutates fromthe
| ow side di ode to the | owA28hird, sPE&CF 3FS| APBFOAFH obf RFIYERiRErth to

negative bus. ghetaéeienenti enedserateat iSensyNo4 Cil Cehd £hen HECQNMES

5 single current sensor 100 which provides an output 102
representing the sum of the currents flowing in the
positive bus 12 and in the negative bus 14. The sensor’s
output is fed to the control circuit 106 through an
isolation circuit 104. A plurality of control signals

10 108 are provided through appropriate isclation to the
devices 36~46, as before.

In contrast to Fig. 4, the prior art protection
circuit of Fig. 5 uses a current sensor 110 which
differentially senses the net current flowing in the

15 buses 12 and 14. The output of the sensor is fed through
an isclation circuit 112 to a control circuit 114.
Another current sensor 116 is connected in series with
the negative bus to provide to the control circuit 114 an
output 118 which is proportional to the current in the

20 negative DC bus 14. In other respects, the control
circuit 114 operates like the previously described
control circuits.

All prior art protection circuit schemes use
some form of isolation between the sensing element and

25 the control circuit at least for the high side to
communicate therebetween information about fault
conditions and responsive control signals. In contrast,
the present invention which is illustrated in Fig. 6
provides a respective gate drive desaturation protection

30 circuit 120, 122 and 124, for each of the high side power
devices 36, 38 and 40. The need to use isolation
circuits has been obviated. The low side power devices
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active as previously explained by either sensing the current flowing from
the negative bus to earth to the |low side diode or the current flowing from
earth to the 25 negati ve bus, dependi ng upon the sensing nmethod used.
In any event, the nethod of the present invention does not require any

I solated fault signals and feedback to be coupled fromthe high side
devices to a control circuit for effective operation of a protection 30
circuit. Nonetheless, it should be regqgnized that if it is desired to

i nclude such isolation circuits for sonme reason, optocouplers or other

| sol ated schene can be added easily. -9- O her features and advant ages
of the present invention will becone apparent fromthe foll ow ng
description of the invention which refers to the acconpanying drawi ngs. 5
BRI EF DESCRI PTI43N 4 THEd DRAVWAIGS have respective gate drive circuits

126, 128 and 130.

The control circuit 132 of the present

invention provides, in conventional manner, gate drive

5 outputs T2, T4 and T6é for the gate drivers 126, 128 and
130, respectively. The protection circuit does not
require a fault feedback path between high side gate
drive and desaturation protection circuits 120, 122, 124
and the control circuit 132. Nonetheless, if desired,

10 such a communication can be added as indicated by dashed
lines, through isclation circuits, from the high side
gate drivers and desat protection circuits to shutdown
logic section of control circuit 132. The current sensor
134 senses the current flowing in the negative DC bus 14,

15 providing an output 136 to the control circuit 132. The
protection circuit of the present invention is efficient
and requires less components compared to conventional
protection circuits. It does not regquire (but can
include) isoclation circuits for the high side gate drive

20 circuits.

As previously explained, operation of the
circuit in Fig. 6 during the various fault conditions is
as follows: in the event of either an over current
fault, phase to phase short circuit fault, or phase to

25 earth fault through the negative bus, the current sensor
134 will sense the fault current and the associated
control circuit 132 will turn off the gate signals to all
the devices. During a phase to phase short circuit
fault, desaturation detection circuit 120, 122 and 124

30 are designed to shut down the high side power devices 36,
38 and 40 after a delay which is long enough to ensure
that a current sensor 134 will become operative first,
causing the FAULT pin to become active and the latch to

SPEC\DC13103



Figs. 1A, 1B and 1C show the sane prior art inverter circuit, respectively
illustrati-ng a phase to phase short circuit fault, a phase to earth short
circuit fault and a shoot through fault. 10 Fig. 2 shows a
first prior art protection circuit. Fig. 3 shows another prior art short
circuit protection circuit. Fig. 4 shows a further prior art protection 15
circuit. Fig. 5 shows yet another prior art protection circuit using
proportional and differential current” séhsors. Fig. 6 is a schematic of a
protection circuit 20 for a high power device in accordance with the
present invention. Figure 7 is a schematic diagram of an enbodi nent of the
i nvention. DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENT Fig. 1

illustrates a kQEX‘Q LYeshpheChigHhl <10, riILCl) PBREALRS Wh Ry £PRY hia¢@hnDC
bus 12 and a negattlve "
the fault condition and cut off the input signals to all
devices. (If the high side reacted first, the fault
would continue to manifest itself each successive cycle,
5 since the fault would never be latched.)

Should there be a phase to earth short circuit
through the positive bus, the desaturation detection
devices 120, 122 and 124 will cut off the particular high
side power device (IGBT) on a cycle by cycle basis,

10 preventing the failure of that device. Current then
commutates to the low side diode due to inductance in the
fault path, the direction of current being from the
negative bus 14 to earth. For example, should the device
36 exéerience a high desaturation voltage, its over

1s current will commutate toc the low side diode 42b, which
is in the same leg of the protection circuit. If the
inductance in the fault path is low enough, the current
may become zero before the low side transistor, for
example, transistor 42, turns on. The current commutates

20 from the low side diode, e.g. diode 42b, to the low side
power device, e.g. 42, flowing from earth to the negative
bus 14. The current sense circuit 134 becomes active as
explained above by either sensing the current flowing
from the negative bus to earth through the low side diode

25 or the current flowing from earth to the negative bus 14,
depending upon the sensing method used.

Fig. 7 shows a detailed schematic of an
embodiment of the invention which has been reduced to
practice, for an application using a circuit réceiving as

30 an input single phase power. A phase to earth short
circuit is obtained by shorting the output U with a short
150 to the midpoint of a pair of series-connected
capacitors 152 and 154 which have been charged to 600
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25 DC bus 14. The potential difference between the buses 12 and 14 is
hi gh, sonetines 600 volts DC or higher. The inverter 10 is supplied with

t hree phase AC line power, in a nmanner so that a first phase thereof is
applied at an input 16 between the anode of a diode 22 and cat hode 30

of the diode 28; the second phase is supplied at a input termnal 18

bet ween the respective anode and cathgg_pf - 10 - diodes 24 and 30; and
the third phase is applied at an input 20 between the respective anode and
cat hode of the diodes 26 and 32. The anodes of the diodes 22, 24 and 26 are
commonly connected to the positive DC bus 12, whereas 5 t he anodes of
the | ow side diodes 28, 30 and 32 are connected to the negative DC bus 14.
A vol t age i nt egbatsnpc(snrhkhidey)iceapdsi tonpdises phevygded Hetiwecmanthe

buses 12 nd 1pellytalibh (IRMIGRINICL s LIS cPRRLERLEORMINGP o ch (1
element 120 in Fig. 6, which is coupled to the high side
power device 36. The device 156 may be a commercial
5 circuit marketed by the International Rectifier
Corporation as part IR 2125. Device 156, in conjunction
with an external capacitor, provides the high side delay
discussed previously.
A corresponding gate driver 158, for example an

10 International Rectifier part IR 2117, provides the gate
drive for the low side power device 42. Reference
numeral 160 comprises the current sensor 134 of Fig. 6.
It is designed to sense the current in the negative DC
bus 14.

15 Although the present inwvention has been
described in relation to particular embodiments thereof,
many other variations and modifications and other uses
will become apparent to those skilled in the art. It is
preferred, therefore, that the present invention be

20 limited not by the specific disclosure herein, but only

by the appended claims.

SPEC\DC13103



rectified by the diodes 22, 24 and 26, producing a positive DC voltage at
the bus 12, while the negative phases are rectified by the diodes 28, 30
and 32, resulting in a negative DC voltage at the bus 14. The DC 15

vol tage potential between the buses 12 and 14 is used és“aﬁ_ihﬁuf'DC“

vol tage source for the power devices, for exanple, I
produce therefromthree phase, high fr guency pul sed j!ﬂﬁmmﬂage
outputs at outputs terminals U, V and gv These outputs aret

by turning the power devices 36-46 on and off at a high frequency and in a

manner whereby the two devices associated with each output U, V, and W for
exanpl e, the devices 36 and 42, are turned on mutually exclusively, again

in a well know®§gEQE§ng%§&%¥£¥§xmn shown, it is 25 wi dely known t hat

t he devi ces 36- are contro appl ng contro SI nals to their gate
el ectrodes 36a, 38a, 40al-42a? Eﬁﬁy éa ShTRO%ET cuit 10 of
Fig. 1 al so shewdtichd ngh@avifdes whm@kusgn§|odes 36b 46b whi ch are

associ ated with the power q&%%&%%&%jcf%%ult fgg,regggg&glvg!goggyfllne

inverting circuit 10 of
AC input and for rectifying the same to provide an input

5 DC voltage at a DC bus;

at least one pair of series-connected power
devices including a first and a second power device,
connected between a high side and a low side of said DC
bus;

10 a control for activating said power devices on
a mutually exclusive basis to produce an alternating
output veoltage from said input DC voltage;

a gate drive desaturation detecting circuit as
explained earlier, if a magnetic sensor is used, it will

15 not be connected in series, can we say current sensing
element connected to said low side;

a current sensing circuit element connected to
said low side of said DC bus for sensing a current
flowing through said low side DC bus;

20 a control circuit coupled to said current
sensing circuit element for sensing an over current
and/or a short current flowing in said low side DC bus
and being effective to turn off said low side power
device through a gate drive device; and

25 wherein said gate drive desaturation detection
circuit is effective to protect said high side first
power device on a cycle by cycle basis against an over
current condition until an input into said first power
device is disabled in response to a control signal from

30 said control circuit.
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catastrophically destroyed in the event that a short circuit devel ops

bet ween any of the outputs U, V, W as ‘indicated graphically by the line
50 extendi ng between outputs Uand Vin Fig. 1. Since in the ordinary
operation of the inverting circuit 10 both pomer—devices-36b and 44b are
turned on for periods which partiall the short 50 resu

in phase to phase short circuit curreni flomﬁng f ﬁﬂﬂ““u " LH DC bus 12
to the negative DC bus 14 through | GBT ¥ 36 and 4 t he
current path line 52. A phase to earth short circuit fau t current 10

path is illustrated in Fig. 2. This type of fault can result fromthe
out put U being shorted to earth as indicated by the |ine 54, or by the

out put W being shorted tg ear tﬂ@g,ﬂdt@&q_roqp A duie lgfe138n the short
circuit current ggth l.ine 58 represents ase tq earth l short

circuit currenf® Paﬁﬁé‘mqﬁngﬁe\ﬂ%ﬁ?q &£ §aey SdF Uit 1% thffase to

earth short ci phaske powesntline input and including additional
rectifying elements for rectifying all phases of the
5 power line input to produce said input DC voltage, and
further including a second and a third pair of power
devices.

3. The protection circuit of claim 2, wherein
the second pair of power devices includes a high side
power device and a low side power device and wherein each
said high side power device has a respective gate drive

5 and desaturation detector associated therewith and each
said low side device has a gate drive circuit associated
therewith.
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flowing fromthe positive DC bus 12 to earth when the device 40 is turned
I's indicated by the Iine 60. A shoot through fault results when both

devi ces 20 in any leg of the inverting circuit 10, for exanpl e devices
36 and 42, are turned on sinultaneously. The short circuit current path is
indicated by line 62. Afirst prior art protection circuit for the

af orenenti oned short circuit and shoot through over 25 current
conditions is depicted in Fig. 2, which illustrates thelBokét4devices 36-46
together with a protection circuit whi'ch includes a respective gate drive
desaturation detector 64 which has an output 66 for driving the gate of its

respective power device and 30 I nputs 68 and 70 for sensing the
vol t ages across the l‘fEﬂTH@I:thfD mcmn tRSIR JWH@I@IG)TPQWER pmmvmmn ce. In
the event of short ; ST 3%t GERCUIT{ ANDQVER RRENT HLESv ol t age

rise is detected by a Iocallzed - 12 -

ABSTRACT OF THE DISCLOSURE

A fault protection circuit for protecting
IGBT’s and other non-latching semiconductor devices in
power circuits, for example, power converting/inverting
circuits, against phase to phase, phase to earth and
shoot through short circuit faults as well as against
over current faults. The circuit provides local
protection for devices on the high side of such power
circuits, and transfers the fault to the low side where
it is detected and appropriate control circuitry is
activated to latch the fault, thereby avoiding the need
for isolcated sensing or feedback to protect the high
side devices as well as the complete power circuit.

(]
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protection circuit 64, which shuts down that particular | GBT and sends//ez-ﬁ
f eedback through to desat feedback receiving mhb@nag@e@ Gedatrol circuit

t hrough feedback isolator 72. Control circuit 78 receives 5

syst em shut downsi gnal through line 74 from des m ack detection

76 and cuts off gate drives Tl to T6 being fed tors. These
sensed voltages are fed through a feedback isolator 72 to a control circuit

74 in which WEE_LZQ turation feedback section 76 10 det er m nes

t he magnit uge~ ﬁ«-@l tage and a shut dofiE | ogic section 78 ;
produces controls : eyt ces. As

78 |

an exanple, the conf}0l :5 LN gaﬁand
through the si gnal/\ "solgt/or /8'2 t o] | rcui t,» ese
signal s can 26 usell to turn of f theﬁ) ‘dﬁ:\;le és:’y’éﬁagv\er/ d%m ,?Qﬁeé
exanpl e, is# off 55y a signal i ch ca FI Q__Ni BG t ome
| nacti ve. A?/g eadi lly appar enty é Clrcusty 2 0GKS 64, 72
and 82 are peat ed for each jof t1e3go &v ce§,3-6~4§_lr]9 pr I_e_g_.,tw.)n
circuit of Bg. _ :

i ——
%'23 | 20 | 72
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includes a current sensor 84 mhlch |s | ocat edgil.B }hpaam
' curr

sensi ng over

current expected to 25

conmuni cat ed

current conditions, i.e.
be dramm by t

over line 85 to the control

he nmaxi num
ditionis
mhlch causes the

he |
cir

circuits 64 and 82 to react as previously descrlbed “The conventi onal

circuit of Fig. 3 includes current sensors 86 and 88,

current 30

i sol at or 9Qckaqgy,.t he current sensor 86 and an op
epir/29Be0r 85,

Sl I

for the curge
drive secti

in the positive and negat

As before,

t he control
ich supplies control

respectively sensing

bus 2 _and-14.—a signa
LLGZEEiLSEIETIbD/CIFCUIt 91
circuit 92 has a gate

ive DC

Sl

opri ate

Lghad-s—(-HR-eugh—apaT
i sol ation el ene ts) to the power devé&®s 36-46. A third, prior art lapproach
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representi}lng the sumof the currents flowng in the positive bus 12 and-"%nf'/'?/ﬁ
the negative bus 14. The sensor's output is fed to the control circuit 106
through an isolation circuit 104. A plurality of control signals 10 108

are provided through appropriate isolation to the devices 36-46, as before.

In contrast to Fig. 4, the prior art protection circuit of Fig. 5 uses a
current sensor...110 whi.ch._differentially senses_the.net current flowng in

the 15 buses 12 and 14. The output of the sensor is fed through an
isolation circuit 112 to a control circuit 114. Another cur rég'n_zmgs-ordllG

I's connected in seri e.sayg}fk,t)a% negativ S/HO prow de to the control

circuit 114 an output 118 @hieh is ,propor lonal to t current in the 20

negati've DC bus 14.0—Tm ot FTCcurt ITA Opev at es
li ke the previously descrii bed cdnt mgart prior Ert prot ecti on
ol

. ~L

circuit schemes use sone lformof is ron bet wee ;zge sensing el enent and
25 the control circuijt at—t+east<fomf—tie high pi.de to clonmuni cat,e
t her ebet weren i nformati on abo;t flaul t LN l _
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: . VAl A
conditions and responsive control signals. In contrast, the present

I nvention which is illustrated in R 6 provides a respective gate drive
desaturation protection 30 circurt 120, 122 and 124, for each of the
hi gh side power devices 36, 38 and 40. The need to use isolation circuits
has been obvi ated. The | ow side power devices ° - 14 - 42, 44 and 46 only
have respective ge}e er¥e circuits 126, 128 and 130. The control circuit
132 of the presengg . es, —ebnﬁeﬁ'ional nggher, gate drive 5
outputs T2, T4 and T gr 3 % ‘%brs 26, [128 and 130, respeg},ively:’
The protectlon ! ulg— h betmaén hi gh
side gate drive . §9- {rcbits 120, 1p2, 124Nand the
control circuit G- ‘e | fgdesired,” 10 such at communj cation
can be added as| i rgi Oy Mimes——through—sol ation GLLCULLS*_IFOH1
t he hi gh side &5 %g :
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74

gate drivers and desat protection circuits to Essheoris HearReplacdct i on of
control circuit 132. The current sensor 134 sen flowing in
t he negative DC bus 14, 15 provi di ng an out cont rol
circuit 132. The protection circuit of the present 1 nventli is efficient

and requires l'ess"conponents conpared to coniventional \protection €ircuits.
It does not regyu | | ' ' Ef | | de

gate drive 20 circuits. As previously expl ained, ﬁperatioh'of t he
circuit in Fi 6 during the various fault conditions®s as follows: in the
event of eith an o rent fault, phg phase\%hort circuit fault,

or phase to 25 %arth fdult through the negatlive bus, the current sensor
134 will sensejthe F—ﬁ cdrrent and the gsgéciated control circuit 1

will turn off the gate skgnals to al théﬂpevices. During a phase to p
short circuiwlault, desduratioffde{ection circuit 120, 122 and 124 30 ¥
are designed™ o shut down the hi &1 de power devices 36, 38xand 40 aftlelNa
del ay which isjlong enoygh to ensur Epat glgyrrent senso i

operative first, It
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causing the FAULT pin to beconme active and tgre
i.nput® signals. This allows the circuit to | ﬁp
off the input signals to all devices. (If th [
fault would continue to manifest itself gch S ng o paged
the fault would never be latched.) Sho her ag@{bqbt;jsngeﬁor.t
circuit through the positive bus, the desatufa  APPUEE ect Vi

122 and 124 will cut off the partlcul ar highiside povver dev Z@Mn a
cycle by cycle basis, 10 preventing the flaipaAF® QFf REdH davies:
Current then comutates to the | ow side di ode™due to |nductance in the
fault path, the direction of current being fromthe negative bus 14 to

earth. For exanple, gﬁﬁ&dﬂ 48 @ﬁ@ 3DERR/ITEREAE BUWER %%i%l on
AGAIN

vol tage, its over Rl QﬁbR’iﬂ REGTPURRDCOVERT :thQWT e 42D,
which is in the sane Teg of the prot Cection Clrcurt.

G;g MT SHEETS std9 al |
|.t qe@md.t tto qagethek-cu
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A fault protection circuit for protecting
IGBT’s and other non-latching semiconductor devices in
power circuits, for example, power converting/inverting
circuits, against phase to phase, phase to earth and
shoot through short circuit faults as well as against
over current faults. The circuit provides local
protection for devices on the high side of such power
circuits, and transfers the fault to the low side where
it is detected and appropriate control circuitry is
activated to latch the fault, thereby avoiding'the need
for isolcated sensing or feedback to protect the high
side deviceS'és well as the complete power circuit.

FIG. 6




I nductance in the fault path is | ow enough, the current nmay becone zero
before the | ow side transistor, for exanple, transistor 42, turns on. The
current conmutates 20 fromthe | ow side diode, e.g. diode 42b, to the

| ow si de power device, e.g. 42, flowng fromearth to the negative bus 14.
The current sense circuit 134 becones active as expl ai ned above by either
sensing the current flowing fromthe negative bus to earth through the | ow
si de di ode 25 or the current flowing fromearth to the negative bus 14,
dependi ng upon the sensing nethod used. Fig. 7 shows a detailed schematic
of an enbodi nent of the invention whi as been reduced to practice, for
an application using a circuit recei né?as 30 an i nput single phase
power. A phase to earth short circuit is obtained by shorting the output U

with a short 150 to the m dpoint of a pair of Segj‘? connect ed capacijfjors

152 and 154 whi chp—havag—beenychateged—to0—600— ’/
—— 36 +—38 +.40
21222 J?Z“ Z‘?ZG | FAuT ﬂi i ﬂi “ ﬂ<
~ 3ba a a
1634 52  [36b 38b O [40b
183 | N [ ow
203 134 U
T 42, 344 X J‘f\
42a 46a
Zx28 2230 7x32 ﬂ/\v 42b K}%ﬁo 46b
| FAULT | 9 |
147
FIG. 1a
| | 2
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volts DC. The device 156 conprises the gate drive and desaturation
protection circuit corresponding to the elenent 120 in Fig. 6, which is
coupled to the high side power device 36. The device 156 may be a
comercial 5 circuit marketed by the International Rectifier
Corporation as part IR 2125. Device 156, in conjunction with an external
capacitor, provides the high side delay discussed previously. A
correspondi ng gate driver 158, for exanpleéfn 0 I nt ernati ona

Rectifier part IR 2117, provides the gate for the | ow side power
device 42. Reference nuneral 160 conprises the current sensor 134 of Fig.

6. It is designed to sense the current in the negative DC bus 14. 15

Al t hough the present invention has been described in relation to particul ar
enbodi ments thereof, many other variations and nodifications and ot her uses
wi || becone apparent to those skilled in the art. It is preferred,
therefore, that the present invention be 20 limted not by the specific
di scl osure herein, but only by the appended cl ai ns.

&
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17 VHAT IS CLAIMED | S 1.

swi tchi ng devi ces, conprising:

vol tage at a DC bus;

including a first and a second power devi ce,
10

aid DC bus;

%8 on a nutual

and a | ow side
sai d power devyi
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a current sensing circuit element connected to said | ow side of said DC bus
for sensing a current flow ng through said | ow side DC bus 20
a control circuit coupled to said current sensing ci rent - for
sensing an over current and/or a short current flow hREPhAGEHRI1 Swksi de DC
bus and being effective to turn off said |low side p ght a
gate drive device; and 25 wher ei n sai Aﬁﬁeﬁn
desaturation detection circuit is effective to protejct sald Zlce first
power device on a cycle by cycle basi & inst an o tijon
until an input irpggsigggd first po device is disafgled in response tq a
control signal frogugo sai d 108i rcui t . Z. e protectTon
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5 . power |line input to produce said input DC voltage, and further
including a second and a third pair of power devices. 3. The protection
circuit of claim?2, wherein the second pair of power devic j
hi gh side power device and a | ow side power device and wheg
hi gh side power device has a respective gate drive 5 g
detector associated therewith and each said | ow side devi g
drive circuit associated therewth.
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