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3-Phase Motor Drive Inverters Are Designed
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New 1200-V high voltage integrated circuit technology and design advances enable a whole new class of
3-phase motor drive inverters that set new benchmarks for efficiency, compactness and ruggedness. The
new IC, IR2233, reduces gate drive component counts by 88%, PCB space by 66% and production cost by
33% as compared to discrete circuits for a 460VAC 3-HP inverter.

Variable frequency drive (VFD) is an essential
element of energy saving, variable speed inverter
drives for AC induction, AC synchronous,
brushless DC and AC motors. To a large extent,
power conversion components determine the effi-
ciency, size, ruggedness and manufacturing cost
of the VFD inverter. The critical power building
blocks for the VFD solution include:
¢ High voltage power semiconductors (three-phase
input rectifier and three-phase IGBT inverter stage)
e Gate drive circuits
e System power supply
e Current, voltage and temperature sensing
elements with associated protection circuits
e DC bus capacitor
e Surge suppression
e Mechanical interface

Typical construction of the inverter drive would
partition the power semiconductors with the cur-
rent and temperature sensing elements in one power
assembly or module connected to a p.c. board popu-
lated with gate drive, protection, system power
supply, interface and other control circuits. Figure
I is a block diagram of a typical power stage for a
three-phase inverter. The achievable power rating
of the inverter is governed not just by the IGBT
devices but also by the coupling of the gate drive
circuit. Ruggedness of the inverter stage is largely
a function of the protection strategy and associ-
ated circuits. With advanced packaging techniques
for the power assembly, the size of the inverter is
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often determined by the size of the control, protec-
tion and driver p.c. boards. Older generation gate
drive circuits typically used optocouplers with a
number of discrete devices that tend to result in
high component count and a large amount of board
space. The new generation of efficient, rugged and
compact inverters look to higher

levels of integration for the gate drive and protec-
tion circuits along with efficient coupling to the
power stage. The solution lies in configuring highly
integrated gate drive circuits into a single mono-
lithic IC, except for the added complication of the
need to process high voltage signals along side low
voltage circuits inside the same IC chip.

1200V HVIC Technology

A monolithic high voltage integrated circuit
(HVIC) technology is required to integrate all the
circuits that drive and protect high voltage
MOSFETs or IGBTs in
a high side or bridge topology. A 600V rating is
required for inverter designs operating from 200-
230VAC and a 1200V rating is required for
460VAC. Such an HVIC technology requires inte-
gration of
analog control circuits and high voltage level shift-
ing devices together with the capability of the ana-
log circuits operating from a floating supply rail
that can move around from below ground to above
the high voltage DC bus.



The new 1200V HVIC technology is
based on thesame devicestructure of the
well established00V version. Anumber of
devices are available in this mixed
technology processsing n-epitaxial layer on
p-substrate structure as shownFigure 2.
High voltage lateral DMOS (LDMOS), both
n-channel and p-channel types, havigh
breakdown voltages and low input
capacitances. Thegreideal devicesor level
shifting circuits. CMOS and bipoladevices
are used for control circuits. Therimary
application forthe technology is for power
control circuits, therefore the CMOS and
bipolar devicesare rated to operafeom up
to 20V, which isthe typical requirement for
the maximum gate drive voltage ofpower
MOSFET or IGBT. Circuit integration is
accomplished through a combination of
junction isolation forthe LDMOS, bipolar
and CMOS deviceepitaxial islands and
selfisolation between CMOS devices for
high density integration.

The high breakdown voltages of the
LDMOS devicesare achieved through the
use of lateral charge control in trdrain
region. Additional structural and doping
tricks are used to shape and reduce the
surface Hield to movethe breakdown point
into the bulk betweenthe nepitaxial and
p-substrate junction. Hence thechnique
allowsthe use of thirepitaxial layerfor very
high voltage breakdown to above 1200V.
The thin epitaxial layer inturn allows low
cost integration of bipolar and CMOS
devices onthe same chip with higlvoltage
devices.

Individual epitaxial islands can also be
isolated with high voltage termination gtat
CMOS circuits built inside the epitaxial
island carfloat up to the breakdown voltage
with respect to the substrate potential that is
typically biased athe ground potentiallhis
feature allowghe integration of CMOS gate
drive circuit to drive a n-channdiigh side

switch with a floating reference the source
terminal, which isthe topology required for
the power stage of a three-phase inverter.

The arrangement of tHegic and analog
control, low side gate drive, high sidegate
drive andlevel shifting circuits in thesame
junction isolated HVIC chip requires
understanding of thdiasing and transient
conditions to ensur@roper operation. The
various parasitic diodes inside tlehip are
shown in Figure 3. The substrate diode must
not beallowed toturn on orlatch-up would
occur. Also the individual breakdown
voltages of the variousigh voltage and low
voltage diodes mustnot be exceeded
otherwise avalanche induced CMOS latch-up
would also occur.

1200V Three-Phase Gate Drive IC

A new architecture for theate drive
circuits of a 460VAC three-phase inverter is
created by using the 1200V HVIC
technology. The firsproduct is the IR2233
that provides in a single chatl the circuits
necessary to interface between the
microcontroller and the three-phase IGBT
power stage. Theblock diagram and the
application circuit forthe 1R2233driving a
three-phase IGBT inverter stage is shown in
Figure 4. A functional angin compatible
600V version, IR2133, is alsavailable for
200-230VAC three-phase inverter designs.
The die plots for the 1200V 1R2233 and
600V IR2133 are shown in Figure 5.

Major functional blocks inthe 1R2233
include:
» Threehigh side floatinggatedrives and
associatedlevel shifting circuits from
ground to floating references
Three low side gate drives and associated
level shifting circuits from logicground
to power ground reference
» Current sensing amplifier
» Overcurrent trip comparator



» Timing, sequencing, fault argrotection

logic
* Interface andiltering circuits to analog

and digital inputs

The high-sidegatedrive functional block
includes push-pullCMOS drivers designed
to drive IGBT, undervoltage lockout, dv/dt
filter and level shifting. The common mode
capability is up tal200V (as measureidom
VB1, VB2 or VB3 to COMpin) andthat
means thathe entiregate drive circuit is
referenced to a floatingode (VS1, VS2 or
VS3 pin) that can move belowround to a
high voltage potentiahot exceedingl200V.
In the application circuitthe high sidegate
drive is referenced tthe emitter node of the
high sidelGBT, which is alsothe output of
the bridge circuit. Thefloating supply
(VBS=VB-VS) is derived from &ootstrap
diode and capacitor (Figured). The
allowable swing belowground is up to the
floating bias voltage (typically 1520V)
beyond thatthe internal substrate diode
would turn oncausing a latclup condition
as shown in Figure 3. dle that thelevel
shifting circuit is designed to shift
information fromgroundlevel tothe floating
circuit, one limitation is that the circuit
would not changestate when VS is more
than 5V belowground. Thatmeans that the
high sidecircuit cannot be commanded on
whenthe output of the bridge is in thewer
diode recovery transient state.

Specialcare haseentaken todesign-in
immunity fromthe full spectrum of transients
at the IGBT emitter nod&.ypical dv/dt rate

for three-phase IGBT inverter stage can

range from IV/nsec up to 50V/nsec. The
internal dv/dt filter circuit rejects false
turn-on or turproff pulses induced by dv/dt

transients. Additional application precautions

have to bdaken to insure thahe fast dv/dt
transients wouldchot cause afailure of the
IGBT or freewheelingdiode everthough the
IR2233 is operating correctly.

In the bootstrap configuration, the
charge in thefloating capacitor can be
depleted ifnot refreshed periodicallywhich
canoccur if thehigh sidelGBT is left on for
a long period. The undervoltage lockout
circuit, UVBS, would turroff the gatedrive
if VBS is below 8.3V. This protects the
IGBT from going into ahigh dissipation
mode.

Another application consideration is the
overcharging of thebootstrap capacitor,
which can occur if the high side IGBT
emitter node swings substantially below
ground, thecharging impedance is low and
the value ofthe bootstrap capacitor ssnall.

In this condition, overcharging cartcur so
that the voltage, VBS, appearing across the
gatedrive circuit can exceed 25V, causing a
potential CMOSavalanche induced latch-up
condition. The solution is toninimize stray
inductance in the IGBT emitter current path,
and choose the righvalue of bootstrap
capacitor and charging impedance.

Both the high-side and low-side
differential mode gatedrive voltages (HO
and LO) can be akigh as 20V.The gate
drive sourcingcurrent capability is 250mA
and thesinking currentcapability is 500mA.
Crossover distortion isninimized to allow
efficient transfer of gate chargewith
minimum EMI. The gate drive stage is
capable of driving effectively up to a size 5
IGBT. Figure 6 shows thegate drive
waveform drivingthe 1200V IRGPH50KD2
CoPack IGBT for the inverter stage of a
3HP motor. Acritical design parameter in
the gatedrive stage is théatch-upimmunity
from reversecurrent due todisplacement
current feedbackfrom the IGBT output
stage. The CMOSutput stage islesigned
with latch-up immunedevice structures and
layout techniques to allow reverseirrent
substantially exceeding 500mAwithout
causing latckup. External Schottkyclamp
diodes are not required for protection.



The grounding system insidée IC is
designed to providenigh noise mmunity.
The substrate of thehip is tied tathe power
ground potential or the COM pin. Eablgh
sidegatedrive has itown floating reference
and associatedevel shifting circuit from
COM to VBS . The three lowside gate
drivesare referenced to the COM picevel
shifting from logicground (VSS) to power
ground (COM) is used tachieve high noise
immunity for the logic circuit. Theseparate
VSS and COMpins also provide convenient
connection points for a currensensing
resistor.

The current sensemplifier amplifies
phase legurrentfrom a low-value precision
sensingresistor in the power return path.
The two inputs (CA+, CA-) and th@utput
(CAO) of the amplifier are available as
external pins tosimplify noise filtering. All
three pins have5.5V clamp diodes to limit
the voltage excursion. The curresense
amplifier has al5V/usecslew rate and less
than 10mV offset.

The input (HIN and LIN) tooutput (HO
and LO) logic is active low,which means
that the output is out of phase with the input.
Protection logic includes:

* Simultaneous conduction prevention
(HO and LO for thesame channelannot
be on at the same time)

* Logic level shutdown (SD)

* Analog level shutdown (ITRIP)

* Under-voltage shutdown (UVBS and
UVCC)

» Fault reporting (FAULT)

» Fault clearing (FLT-CLR).

Figure 7 shows thiagic timing diagram.
The logiclevel shutdown is used to interface
with the system controller andhe analog
level shutdown is used to interface witical
overcurrent or over-temperatureensing
amplifier output. The FAULT pin is an
open-drainoutput that turns orwhenever
fault conditionsoccur from SD, ITRIP and

UVCC. The chip will stay off until the
FLT-CLR pin is pulledlow to clear thetault
mode. All the logic pins have5.5V clamp
diode togetherwith pull-up or pull-down
resistor (Figure 8) thaallow the chip to
interface with optocouplers, open-collector
or 5V CMOS output devices.

The dead-time circuit igiternally set to
200nsec dead-timsyhich allowsthe system
controller to have aigh level of control
flexibility. All the logic input pins(HIN and
LIN) have a 300nsetiltering time and the
shutdown pins (SD, ITRIP) have 400nsec
blanking time. This allowsthe chip to
operate in noisy environments.

The monolithicchip is assembled in a
customized 44-pin PLCC packagéligh
voltage and low voltaggins are separated
with missing pins taken out from the package
to increase voltage creepage distance.

POWIRTRAIN Integrated Power Stage

The [R2233 had been successfully
implemented in anntegrated power stage
(calledthe POWIRTRAIN IRPT2051) for a
460VAC, 3-HP motor (Figure 9). The
1200V rated power module includes
three-phase rectifier, brakdGBT and
freewheeling diode, three-phase IGBT
inverter stagehigh and lowrails 25mQ low
inductance current shunts angositive
temperature coefficient thermistor (PTC). All
the power components are housed inside a
compact epoxy encapsulated case with an
injection moldedshell and leadframe casing.
The bottom plate, composed of thack of
an insulated metaubstrate (IMS)provides
mating surface with &eat sink. Thedriver
board operatewith thepowermodule and it
contains the IR2233gate drive circuit,
protection circuit, feedback signals, brake
function and local power supply.

Compared to a discretenplementation
of the gatadrive circuit,the IR2233 solution
cuts component counts from 172 to 20 and



PCB space fromB0cnf to 27cmi (Figure
10). The total productiorost of the gate
drive circuit is reduced fron$14.1 to $9.6.
Besides the advantages in added
functionality, compactness, ruggedness and
cost, the IR2233solution contributes to
higher level of qualitywith lower rework
rates and lower inventory management cost.
Designing the power module together
with the driver board focuses tlpgoblems
of achieving higher system leveérformance
instead of  individual component
performances. The resulting integrated

power stagehas higherlevel of efficiency,
ruggedness anpower densitytogetherwith
lower manufacturingost. Figure 11 shows
the performance curve of the 3H#ystem.
Additional benefits of designing the
integrated power stagend testing them as a
complete inverter system the motordrive
environment includegetting the maximum
performanceut ofthe IR2233optimization
of layout for the gate drive circuit,
improvement in noise imumity and
thoroughanalysisand counter-measures for
possible failure mechanisms.



Other gatealriver ICs areavailablefor inverterdesigntargeted fordifferent applications. The
following table summarize the current product family for motor drive inverter :

Product Family Maximum Topology | Targeted Applications
Voltage

IR2233 (New) 1200V 3-Phase Industrial Motor Drives for 460 VAC to
HP with integrated protection and
compact design

IR2130, IR2132 600V 3-Phase Industrial Motor Drives for 230 VAC to

IR2131 HP with integrated protection and

IR2133 (New) compact design

IR2110, IR2113 600V % Bridge| High performance and high power
inverters using large size IGBT or FET
switch

IR2101, IR2102, 600V % Bridge | Cost sensitive inverter designs for

IR2103, IR2104, appliance and HVAC

IR2111, IR2112

IR2125 600V High Side | Inverter Designs requiring over-current

IR2127 (New) protection for each IGBT or FET switch

IR2128 (New) and high side error reporting

Other POWIRTRAIN integrated power stages availablefor inverterdesignsfor different
applications. The current product family includes :

Part Number | 3-Phase Inputf Rated Outputf IGBT Type | Gate Drive Power
Assembly
IRPT1053 200-230 VAC 1-HP Gen3 Size§ IR2132 Chip & Wire
IRPT1056 600V on IMS
IRPT2056 200-230 VACQ 3-HP Gen4 Size4 IR2133 Chip & Wire
600V on IMS
IRPT2051 460VAC 3-HP Gen3 Size4 IR2233 Chip & Wire
1200V on IMS
IRPT5051 380-480 VAC 15-HP Gen3 Sizef Discrete SMD-10
1200V Surface Mount




Figure 1 : Block Diagram of Inverter Power Stage

P
POWER LEVEL BR Brake
linput Shunt I Resistor
R I |
Rectifier # g U
s g Inverter
3 m
o
e g v Motor
| —
T L W
Shunt A
3 N — 3
@ IJ L a | Output
@ —| @
G7 G1,.G6
Surge
; Short Earth Over
spression Ckt Fault Temp
25 W et TP :
PCB o= 9 Gate Drives
58 Protection Reset :
£® Tu
Qo oo
54 T 58
v Power Suppl <5
4 PRIy 4 0| Fault
Ifb Vfb N Vee Vdd Reset Bar Fault Bar IN1...IN7 Bar
Control Connector




Figure 2 : Device Cross Section of the High Voltage Integrated Circuit
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Figure 3 : Parasitic Diode Structures of the HVIC Chip
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Figure 4a : IR2233 Block Diagram
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Figure 4b : IR2233 Application Circuit Driving a 3-Phase IGBT Power Stage
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Figure 5a : Die plot of the 1200V IR2233

Figure 5b : Die plot of the 600V IR2133
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Figure 6 : Gate Drive Waveform of IR2233 Driving IRGPH50KD2 CoPack IGBT
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Figure 7 : IR2233 Timing Diagram
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Figure 8 : Diode Clamp Circuits for IR2233 Input and Output Pins
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Figure 9 : 460VAC, 3HP Integrated Power Stage (IRPT2051)
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Figure 10 : Gate Drive Circuit Comparison : Discrete vs. IR2233 Solution
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Figure 11 : Performance Curve for 3HP POWIRTRAIN Using IR2233 Gate Driver

Operating Conditions : Vin=460Vrms, MI=1.15, P.F.=0.8, TA=40C, Tj<145C, Ts<95C.
Zthsa limits temperature rise during 1 minute overload to 10C.
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