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— Important Notice —

(DThe information and data related to the product in this document are provided only to
illustrate some of the applications and usage examples. Minebea Power Semiconductor
Device Inc. (hereinafter called “MPSD”) assumes no responsibility for any losses or
damages incurred by you or third parties arising from the use of this information and data.
MPSD hereby expressly disclaims any warranties against and liability for infringement or
any other claims involving patents, copyrights, or other intellectual property rights of third
parties, by or arising from the use of this information and data described in this document.
No license, express or implied, is granted hereby under any patent rights, copyrights or
other intellectual property rights of MPSD or third party.

@MPSD shall not be liable for any failures of the product or secondary damages incurred by
you or third parties due to the use of the product beyond its absolute maximum ratings,
natural disasters, wars, riots, civil disturbances, other force majeure, accidents during
storage by transportation companies or warehouse operators, or other reasons beyond our
control. In principle, if a failure occurs within six months of product delivery due to reasons
attributable to MPSD, and the customer promptly notifies MPSD and seeks compensation,
we will provide a replacement product free of charge or compensate up to the sales price
of the product. MPSD shall not be responsible for any other compensations.

(®When disposing of or processing the product and packaging materials, please comply with
the laws and regulations of each country or region. You are responsible for carefully and
sufficiently investigating applicable laws and regulations that regulate the inclusion or use
of controlled substances, including without limitation, the RoHS Directive and REACH
Regulation, and using MPSD's products in compliance with all these applicable laws and
regulations. MPSD disclaims any and all liability for damages or losses occurring as a
result of your noncompliance with applicable laws and regulations.

@The use of the products and the technologies described in this document is prohibited for
the following purposes:
+ Re-provision to those who have purposes that hinder the maintenance of international
peace and security.
+ Self-use or allowing third parties to use for the above purposes.
You shall comply with any applicable export control laws and regulations promulgated and
administered by the governments of any countries asserting jurisdiction over the parties or
transaction.

®If a claim for damages is made against you by a third party due to defects in MPSD's
products (referred to as defects as defined in the Product Liability Law and similar laws in
various countries), and you have paid the claim, you may claim compensation for damages
with a significant causal relationship to such defects from MPSD. The amount of
compensation shall be determined through consultation between you and MPSD, taking
into consideration the nature and price of MPSD's products and your products, the degree
of responsibility for damages on both you and MPSD, and shall be limited to the total
transaction price for one year from the initial shipment of MPSD's products to you.




— Important Notice —

However, if any of the following apply, MPSD shall not be held responsible:

(1) If, at the time of delivery of MPSD's products to you, MPSD could not have
discovered the defect in MPSD's products based on the scientific and technological
standards at that time.

(2) If the defect occurred as a result of following your instructions related to the design, and
there was no negligence on the part of MPSD in the occurrence of the defect.

(3) If you have failed to design the safety of MPSD's products in consideration of the normal
expected failure rates and failure modes for MPSD's products.

(4) If the defect occurred due to manufacturing in compliance with the standards set by the
public authority that must be adhered to.

(5) If the defect occurred due to non-compliance with the conditions related to the
modification of MPSD's products, or the conditions for use, storage, disposal, etc., as
specified by MPSD(including but not limited to handling instructions, warnings, and
precautions stated in the product manual, catalog, specifications, etc.).

(6) If the defect occurred after the delivery of MPSD's products to you.

(7) If MPSD's products are used in a manner that poses a high risk of harm to life or body, or
a high risk of significant material damage, without obtaining our prior consent.

Furthermore, if MPSD is directly claimed for damages by a third party and MPSD makes the
payment, MPSD may seek compensation from you for the amount exceeding our share of
the burden based on the preceding clause.




Safety Precautions

Improper handling of the product may cause malfunctions. Please be sure to read this document
thoroughly and use the product correctly.

Safety-related precautions are indicated by the headings shown below. These are combinations of
safety warning symbols and the headings "Danger," "Warning," "Caution," and "Notice."

This is a safety warning symbol. It is used to alert you to potential hazards that could
cause harm to people. To avoid possible injury or death, follow the safety messages
that accompany this symbol.

& Danger : Indicates a hazardous situation which, if not avoided, will result in death or
serious injury.

Warning : Indicates a hazardous situation which, if not avoided, could result in death or
serious injury.

& Caution : Indicates a hazardous situation which, if not avoided, could result in minor or
moderate injury.

Notice : Indicates information considered important, but not hazard-related (e.g., messages
relating to property damage).

M Serious injuries mentioned above refer to those that result in lasting effects such as
blindness, injuries, burns (high or low temperature), electric shock injuries, fractures,
poisoning, and those requiring hospitalization or long-term outpatient care for treatment.
Moderate or minor injuries refer to injuries, burns, electric shock injuries, etc., that do not
require hospitalization or long-term outpatient care for treatment. Non-personal injuries
refer to damages unrelated to personal injury, such as property damage, product
malfunction or breakage, data loss, and other non-personal injury-related damages.
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Safety Precautions

< Common Safety Precautions >

@ When designing electronic circuits, please ensure that the device is used within the specified
"absolute maximum ratings" under any external condition changes (within the guaranteed range).
Additionally, for pulse applications, ensure that the ratings do not exceed the "safe operating area
(SOA).“

@ Semiconductor products may experience malfunctions or failures with a certain probability, so
please pay sufficient attention to safety design, such as redundant design and malfunction
prevention design, to prevent the occurrence of expanded damage even in the event of a failure.

@ When using the product, be sure to obtain prior written approval from MPSD after contacting us.
For any uncertainties, please inquire at our sales office.

@ Perform actual load tests that cover the conditions of current, voltage, frequency, pulse width,
etc., that may occur in actual high-current load tests.

@ IGBT modules integrated into power conversion systems, such as inverters, undergo repeated
temperature fluctuations due to self-heating caused by power dissipation. These temperature
variations subject the IGBT modules to thermal stress. Ensure that the modules are operated under
conditions where the IGBT module lifetime limited by thermal stress is equal to or longer than the
designed service life of the equipment. For further details, please refer to Section 3-7-5, "Power
cycle lifetime in actual devices".
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Safety Precautions

The following warning labels are related to semiconductor devices. Failure to comply with these
warning labels may result in a risk of death or serious injury. Please note that the order of this list
does not indicate the order of importance. Each item is equally important.

/A Warning Page

(7-1-1. Warning about package rupture)
@If a load short-circuit or arm short-circuit occurs, turn off the IGBT module
within a short period (approximately a few microseconds).
The package may burst.

7-1

(7-1-2. Warnings for Burns and Electric Shock)
@ While the power is on, do not touch or approach the product. There is a 7-1
risk of burns and electric shock.
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Safety Precautions

The following caution labels are related to semiconductor devices. Failure to comply with these
caution labels may result in minor injury or material damage only. Please note that the order of this
list does not indicate the order of importance. Each item is equally important.

/A\ Caution Page

(Chapter 2. Specification Details)
@ When designing electronic circuits using semiconductor devices, ensure
that the specified 'absolute maximum ratings' of the device are not

exceeded under any external condition changes. Additionally, for pulse 21
applications, ensure that the ratings of the 'safe operating area
(RBSOA/RRSOA)" are not exceeded.
(7-2. Cautionary Notes)
@ After IGBT failure, ensure that short-circuit current does not flow for an 71

extended period (approximately several hundred microseconds). There
is a risk of smoke and fire.
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1. Please note that the contents of this document are subject to change without notice.

2. Before using the product, please read the "Product Specifications,” "Application Notes," and
"Instruction Manual” or "Precautions for Use" carefully and use the product correctly.

3. When using the product, be sure to contact MPSD in advance and obtain MPSD’s prior written
approval.

4. The information and data related to the product in this document are provided only to illustrate
some of the applications and usage examples. MPSD assumes no responsibility for any losses
or damages incurred by you or third parties arising from the use of this information and data.
MPSD hereby expressly disclaims any warranties against and liability for infringement or any
other claims involving patents, copyrights, or other intellectual property rights of third parties, by
or arising from the use of this information and data described in this document. No license,
express or implied, is granted hereby under any patent rights, copyrights or other intellectual
property rights of MPSD or third party.

5. MPSD shall not be liable for any failure of the product or secondary damages incurred by you or
third parties due to the use of the product beyond its absolute maximum ratings, natural
disasters, wars, riots, civil disturbances, other force majeure, accidents during storage by
transportation companies or warehouse operators, or other reasons beyond our control. In
principle, if a failure occurs within six months of product delivery due to reasons attributable to
MPSD, and the customer promptly notifies MPSD and seeks compensation, we will provide a
replacement product free of charge or compensate up to the sales price of the product. MPSD
shall not be responsible for any other compensations.

6. Reproduction or duplication of any part or all of this document without MPSD permission is
strictly prohibited.

7. When disposing of or processing the product and packaging materials, please comply with the
laws and regulations of each country or region. You are responsible for carefully and sufficiently
investigating applicable laws and regulations that regulate the inclusion or use of controlled
substances, including without limitation, the RoHS Directive and REACH Regulation, and using
MPSD's products in compliance with all these applicable laws and regulations. MPSD disclaims
any and all liability for damages or losses occurring as a result of your noncompliance with
applicable laws and regulations.

8. The use of the products and the technologies described in this document is prohibited for the
following purposes:
(1)Re-provision to those who have purposes that hinder the maintenance of international peace
and security.
(2)Self-use or allowing third parties to use for the above purposes.

You shall comply with any applicable export control laws and regulations promulgated and

administered by the governments of any countries asserting jurisdiction over the parties or
transaction.
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<About RoOHS>
The RoHS (Restriction of Hazardous Substances in Electrical and Electronic Equipment) Directive is
a regulation on hazardous substances enforced by the EU (European Union) on July 1, 2006, which
prohibits the inclusion of specific hazardous substances in electrical and electronic equipment.

Currently, the regulated substances are lead (Pb), cadmium (Cd), hexavalent chromium (Cré*),
mercury (Hg), polybrominated biphenyls (PBB), polybrominated diphenyl ethers (PBDE), bis(2-
ethylhexyl) phthalate (DEHP), benzyl butyl phthalate (BBP), dibutyl phthalate (DBP), and diisobutyl
phthalate (DIBP).

Regarding the regulatory concentration (threshold), cadmium is limited to 0.01wt% (100ppm), while
all other prohibited substances are limited to 0.1wt% (1000ppm). Products containing these 10
substances above the threshold (0.01% for Cd, 0.1% for others) cannot be sold within the EU.
However, exemptions are granted for applications where technical substitution is difficult.

In relation to RoHS compliance for IGBT and Diode modules, lead (Pb) contained in the solder used
to connect each chip and DCB is particularly relevant. For information on the RoHS compliance
status of our high-voltage IGBT and Diode modules, please refer to the status list published on our
website.
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Preface

This instruction manual provides specifications, main characteristics, various design guidelines
(gate circuits, heat dissipation, protection circuits), and precautions for the use of high-voltage IGBT
and Diode modules.

The contents of this instruction manual are subject to change without notice due to revisions and
updates. For the latest information (detailed specifications and applications for each product), please
refer to our website (https://www.minebea-psd.com).

If you have any questions, please contact our sales office listed below.

Minebea Power Semiconductor Device Inc. Business Operations Division, Sales Department
1-9-3 Higashi-Shimbashi, Minato-ku, Tokyo 105-0021, Japan

(within MinebeaMitsumi Tokyo Cross Tech Garden)

TEL: (03) 4564-4415

Explanation of Terms and Abbreviations
For the terms and abbreviations used in this instruction manual, please refer to the table below.

Terms/abbreviations Original word
IGBT Insulated Gate Bipolar Transistor
MOSFET Metal Oxide Semiconductor Field Effect Transistor

FWD Freewheeling Diode



https://www.minebea-psd.com/
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1. IGBT module
1-1. Type designation

MB N 1200 E 33 E

1-2. Manufacturing lot number

L Chip type (ex. A, B, C, etc., or nothing)

Rated voltage( x 100V)
(ex. 17:1,700V, 25: 2,500V, 33: 3,300V
45: 4,500V, 65: 6,500V)

Package type
(ex. H: High insulation package type)

Rated current(A)
(ex. 1200:1-=1,200A or I=1,200A)

Number of arms, or circuit configuration
(N:1, M:2, B:6in1, L:Chopper)

Module type
(MB: IGBT, MD: Diode)

In addition to the above format, the nameplate displayed on the product will also show the

following manufacturing number.

Example of a manufacturing lot number
4 06404

Our internal control number
(assembly lot - manufacturing number)

1-1

Year of production
(last digit of the year in AD)



1-3. Basic Structure of the Module

Figure 1.1 shows a schematic cross-section of the internal structure of the IGBT module, specially a

single pack module..

C terminal E terminal
nut / Control terminal
terminal%der J esin
X case
jr%_\ solder

\ \ | /
Al Wire die insulating plate

electrode

Figure 1.1 Schematic cross-section of the IGBT module.

1-4. IGBT structure

Figure 1.2 shows a schematic cross-section of the IGBTs. The IGBT structure is very similar to that
of a power MOSFET (n-channel). Both IGBT and power MOSFET have a Nch-MOSFET region on

the surface side. There are two types of Nch-MOSFET structures: planar and trench gate. The

power MOSFET has an N-/N* structure in the vertical direction. In contrast, the IGBT has an N-/P*

structure which forms a pnp transistor.

Gate oxide

——— Poly-silicon \

Nch-MOSFET E: Emitter
pnp transistor G: Gate
- C: Collector

P+

T T T T TTT T T TTT T T T T TT

I A A A A A A A A

C

(a) Planar gate structure (b) Trench gate structure

Figurel.2 Schematic cross-section of the IGBTs
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1-5. Equivalent circuit and operating principle of the IGBT
1-5-1. Equivalent circuit of IGBT

Figure 1.3 shows the symbol and the equivalent circuit of the IGBT. In the equivalent circuit, the
base-emitter resistance(r,) of the npn transistor is designed to be very small to prevent the
occurrence of latch-up phenomenon by malfunction of the npn transistor. In an IGBT module, diode
is usually connected to IGBT in parallel, and in this case, the diode symbol is connected in parallel

with the IGBT.

Equivalent circuit

symbol c

o
C

r d (MOS)
PR | 7
G o—|
™
E
E

Figurel.3 IGBT symbol and equivalent circuit

1-5-2. Operating principle of the IGBT

Figure 1.4 shows the operating principle of the IGBT. MOSFET is turned on by first applying a
voltage to gate-emitter electrode. As a consequence, the MOSFET's drain current flows as the base
current of the pnp transistor. This base current turns on the pnp transistor, and the IGBT reaches its
ON state. When the gate-emitter voltage becomes below the Gate-Emitter Threshold (a zero or
minus biased), the MOSFET's current and the base current of the pnp transistor will be cut off, thus
causing the IGBT to reach an OFF state. Since the IGBT is a composite device of a MOSFET and a
pnp transistor, making them into a single chip can significantly reduce the resistance during current

conduction by a phenomenon called “conductivity modulation”.

1 ]
! I

| |
i G E i G E
L*‘Fe e n <
P “' “' e : electron \" “’=:> Conductivit;
h e n | h : hole / v f\ll ‘\RN\ m(:)lcliulll:t;:)]:ly
n ﬁ ; ] v N I\ l ﬁ
¥ N\ p+ v N\

., r,

LA
Turn-on Steady-state on

Figurel.4 Operating principle of the IGBT

1-3



1-5-3. IGBT device technology

Figure 1.5 shows a cross-sectional schematic diagram of the conventional trench gate structure
and the side gate structure IGBT developed to reduce losses. In the side gate structure, a wider
trench is formed compared to the conventional IGBT. This reduces the feedback capacitance “Cres”,
which enables fast switching and reduces losses. Figure 1.6 shows the trade-off improvement
between the on-voltage Vg, and turn-off loss E, in a 3.3kV-rated IGBT. A 25% reduction in

Vcesan Was achieved when compared at the same E .

thick oxide layer

\ p ﬂ p
Cres | Cres
trench gate side gate
floating p-layer wide trench
n- n-
Collector Collector \
Trench gate structure side gate structure
(conventional) (new)

Figurel.5 Cross-sectional schematic diagram of the conventional trench gate structure
and the side gate structure IGBT

1.5
g
g o i Trench gate
i':'; R 25% lower "'*-‘._@150% 600A
] @
;_ i Side gate -
=05 | 600A,150°C
= i
S

0.0

2.5 3.0 3.5 4.0

Vcesat (V)600A,Tj=150°C

Figurel.6  Trade-off between Vg, and turn-off loss E
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2. Items listed on the specification sheet

A Caution

@®When designing electronic circuits using semiconductor devices, ensure that the specified
"absolute maximum ratings" of the device are not exceeded under any external condition
variations during operation. Additionally, for pulse applications, ensure that the ratings of the
"safe operating area (RBSOA - RRSOA)" are not exceeded.

2-1. Example of the specifications

An example of the specifications in following Table 2.1

A) Absolute Maximum Ratings (Table 2.1, item D)
Absolute maximum ratings apply to electrical, mechanical and thermal conditions that must be
adhered to in order to prevent IGBT module destruction. Such conditions are generally
expressed in terms of the maximum or minimum parameter values or to regions of Safe
Operation Area (SOA). (If the module operates outside the listed scopes, it may break down.)

B) Electrical Characteristics (Table 2.1, item )
The electrical characteristics for IGBT module are set under certain measurement condition and
its outcome is expressed in maximum, typical, and minimum values. These values are divided
into three main characteristics; which are static characteristic, dynamic (switching) characteristic,
and thermal characteristic.

C) Other cautions and notes (Table 2.1, items 3 and @)
Precautions on the maximum rating and other matters are listed.

Table 2.1 Specification example(MBM450FS33F).

IGBT MODULE pec.No.IGBT-SP-14035 R7 P1

MBM450FS33F

Silicon N-channel IGBT 3300V F version

Module type

FEATURES I G

E1AUX %
* High current density package ° 1 C2E1

* Low stray inductance & low Rth(j-c)
+ Half-bridge (2in1) 6 || pa

. &
+ Built in temperature sensor E2AUX
+ Scalable large current easily handled by paralleling |
* Equipped with current sensing terminals ' t‘-" E2main
= = Ez.
ABSOLUTE MAXIMUM RATINGS (Tc=25°C ) Circuit diagram _
Item Symbol Unit MBM450F S33F
Collector Emitter Voltage Vces \' 3,300
Gate Emitter Voltage Vees V +20
DC I 450
Collector Current Tms o A )
DC Ir 450 — D
Forward Current 1ms IFm A 900
Junction Temperature Tujop °C -50 ~ +150
Storage Temperature Tsig °C -55 ~ +150
Isolation Voltage Viso Vrms 6,000(AC 1 minute)
Serew Toraue Terminals (M3/M8) M Nem 0.8/15
q Mounting (V6) M 6.0 @) _
Motes: (1) Recommended Value 5.5+0.5N-m } ®
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Table 2.1 Specification example(MBM450FS33F).
ELECTRICAL CHARACTERISTICS

Item Symbol | Unit | Min. | Typ. | Max. Test Conditions
. j - - 0.30 |Vce=3,300V, Vee=0V, T,=25°C
Collector Emitter Cut-Off Current lces mA - 5 50 [Vee=3.300V. Ver=0V. T,,=150°C
Gate Emitter Leakage Current Ices nA -500 - +500 |Vge=+20V, Vce=0V, Tyy=25°C
) . = 2.25 - lc=450A, Vge=15V, T.j=25°C
Collector Emitter Saturation Voltage Veesat " 550 | 3.05 | 350 Jlo=A50A Vore15V Ty =150°C
Gate Emitter Threshold Voltage VaEgn) \V 5.5 6.5 7.5 |Vee=10V, lc=450mA, T,;=25°C
Input Capacitance Cies nF - 24 - |Vee=10V, Vee=0V, f=100kHz, T\j=25°C
Internal Gate Resistance Reiiny [o] - 6.2 - |Vee=10V, Vee=0V, f=100kHz, T\j=25°C
Turn On Delay Time taton) - 0.48 - |Vec=1800V, Ic=450A
Rise Time 1 s - 0.12 - |Ls=40nH
Turn Off Delay Time taot) i - 110 | - |Re(onfoff)=6.802/120Q  (2)
Fall Time 1 - | 130 | - |Vee=+15V,T=150°C
- | 2.25 — [Ie=450A, Vee=0V, T,=25°C
Forward Voltage Drop Ve V' [Z70 [ 2.45 [ 2.80 [I-=450A. Vee=0V. Ty =150°C
Reverse Recovery Time tor us - 1.10 - ¥cijL%2gV’ Ir=450A, Ls =40nH
)
Turn-on Loss per Pulse Eon JIP - 0.73 - |Vec=1800V, lc=450A, Ls =40nH
Turn-off Loss per Pulse Eoit JIP - 0.63 - |Rc(on/off)=6.802/1200  (2)
Reverse Recovery Loss per Pulse En JIP - 0.68 - |Vee=+15V, Ty=150°C
L ) Vee=2200V,Ls=40nH
Short Gircuit Puise Width tsc ps [ 10 ] - " |Relon/off)=6.8/68Q Vee==15V,Tvj=150'C
Stray Inductance Module Lsce nH - 9 - Between C1(main) and E2(main)
NTC-Thermistor Resistance Rzs k(2 - 5 - |Te=25°C
Deviation AR/R % -5 5 |Tc=25°C
B-constant Bizsis0) K - 3375 - Between 25C and 50C
IGBT Rth(j-c) - - 0.035 .
Thermal Impedance FWD Rth(j-c) KW - - 0.055 Junction to case
Contact Thermal Impedance Rth(c-f) | KW - 0.02 - |Case to fin (per 1 arm) _J

Notes: (2) R value is a test condition value for evaluation, not recommended value.
Please determine the suitable R value by measuring switching behavior and checking results with the respective SOA.
* Please contact our representatives at order. * For improvement, specifications are subject to change without notice.
* For actual application, please confirm this spec sheet is the newest revision.
* ELECTRICAL CHARACTERISTIC items shown in above table are according to IEC 60747-2 and IEC 60747-9.
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2-2. Technical term

The terms used in specifications and other documents in the following.

Table 2.2 Maximum ratings

TERMS

SYMBOLS

DEFINITIONS

Collector

Emitter voltage

VC ES

Maximum Collector-Emitter (hereinafter called C-E) voltage
with Gate-Emitter (G-E) shorted

Gate Vaes Maximum G-E voltage with C-E shorted
Emitter voltage
Collector current I Maximum DC collector current of IGBT
lcrum Maximum pulse collector current of IGBT
Forward current I Maximum DC forward current of FWD(Freewheeling Diode)
lerm Maximum pulse forward current of FWD
12t 12t Joule integral of the overcurrent allowed by the diode
commercial sine half-wave (50, 60 Hz), specified in 1 cycle
Maximum junction Tyjmax Temperature at which the device can operate without causing
temperature malfunction
Operating junction Toiop Temperature at which the device can be operated continuously
temperature
Storage Temperature Tsig Range of allowable temperature for storage of IGBT module
without electric load
Isolation voltage Viso The maximum allowable sinusoidal voltage RMS value

between the electrodes and the heat sink mounting surface

when all electrodes of the IGBT module are shorted.

Maximum allowable value of clamping torque when attaching
wiring materials, etc. to the terminals with the specified screws,

bolts, etc.

Maximum allowable value of clamping torque when IGBT
module is mounted onto heat sink or support, using specified

grease on screw and contact portions.

Screw Terminals
Torque
Mounting
PCB
Mounting

Maximum allowable value of clamping torque when the PCB

board mounted onto the IGBT module, using specified bolts.
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2-3. Electrical characteristics

Table 2.3 Static electrical characteristics

Term Symbol Definition

Collector cut-off current | lqgg Collector leakage current flowing through C-E with G-E

shorted and the specified voltage between C-E

Gate Emitter lges Gate leakage current flowing through G-E with the specified
leakage current voltage between G-E

Gate-Emitter Threshold | Vg G-E voltage at a specified C-E voltage and collector current
Voltage when collector current starts to flow (in threshold region)
Collector-Emitter Veesay C-E voltage at a specified collector current and G-E voltage.

Saturation Voltage

Input capacitance Cies G-E capacitance when a specified voltage is applied between

G-E and C-E while C-E is shorted in AC.

Output capacitance Coes C-E capacitance when a specified voltage is applied between
G-E and C-E while G-E is shorted in AC.

Reverse transfer Cres C-G capacitance when a specified voltage is applied between
capacitance G-E and C-E while G-E and C-E are shorted in AC.

Forward voltage drop Ve Forward voltage of diode at a specified forward current.
(Diode)

Internal gate g Gate series resistance built into IGBT modules

resistance

Gate charge Qq Total charge between given gate voltages

Stray inductance Lsce Stray inductance of IGBT modules

2-4




Table 2.4 Dynamic electrical characteristics

Term Symbol Definition
Turn-on Delay Time taon) The time from when the gate voltage reaches 10% of the
maximum forward bias value the collector current reaches
90% of the set value.
Rise Time t, Time required collector current to reach 10% to 90% of its
initial value.
Turn-on Time™ ton (1) IEC standard :td g +tr
(2) Under specified conditions, time required for collector-
emitter voltage to reach 10% of its initial value after the
moment when ON-gate voltage has reached 10% of its
final value and through the subsequent switching of IGBT
module from OFF state to ON state
Turn-off Delay Time taofr) Time required for collector current to reach 90% of its initial
value after the moment when OFF-gate voltage has reach
90% of its initial value.
Fall Time t; Time required for collector current to reach 90% from 10% of
its initial value.
Reverse Recovery t, Time required for reverse recovery current of the diode to
Time (Diode) vanish, under specified circuit and temperature conditions.
Turn-on loss Eon Loss generated during IGBT turn-on.
Turn-off loss Eoi Loss generated during IGBT turn-off.
Short circuit current lsc Maximum current during short circuit
Reverse recovery E Loss generated during FWD reverse recovery

loss

Note *1: Please refer to the data sheet for the definition of (1) or (2).

2-5




Table 2.5 Thermal characteristics

Term Symbol Definition
Thermal resistance Ring-o) Under thermal steady-state while IGBT module is
characteristics continuously energized, value of temperature difference
between junction and case per unit power dissipation at
junction.

Rin(e-n Under thermal steady-state while IGBT module is
continuously energized, value of temperature difference
between junction and heatsink(fin) per unit power dissipation
at junction when the IGBT module is attached to the heat sink
using thermal grease at the recommended torque value.

Rincr-a) Value of temperature difference between heatsink(fin) and
ambient heatsink(fin) per unit power dissipation

Table 2.6 Thermistor characteristics
Term Symbol Definition
Thermistor resistance R Thermistor resistance at specified temperature

Thermistor

leakage current

Leakage current between the thermistor terminals and other
terminals at a specified voltage when terminals other than the

thermistor are shorted.
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2-4. Characteristics Curves of the IGBT module
Taking the 3.3 kV/450 A 2-in-1 IGBT module MBM450FS33F as an example, the typical

characteristic items, contents and purpose of use are shown as follows.

2-4-1. Static characteristics

(1) The collector current vs. collector-emitter voltage characteristics (Vg-Ic characteristics)

represents the relationship between the collector-emitter voltage and collector current as a function

of the gate-emitter voltage. These characteristics are used to calculate the conduction losses of the

IGBT. Figure 2.1(a) shows the V-l characteristics at T;=25°C, and (b) shows the characteristics at

Tj:150°C. At low currents, the collector voltage Vg decreases with increasing temperature.

Conversely, at high currents, V¢ increases increasing temperature. It is important to consider these

characteristics for thermal design.
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Ig(A
o\
8

400

Collector Current,

W15y
// 13V

11

-

5y
-
7
2 4 5 8
Col lector-Emitter Voltage, Ye(V)

(a) T,=25°C

Figure2.1 Collector Current vs. Collector-Emitter Voltage Characteristics
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(b) T,=150°C

(Vce-lc Characteristics): Typical

(2) Capacitance Characteristics

Figure 2.2 shows the gate charge (Vge-Qq) characteristics. The Vge-Qq characteristics indicate

the amount of charge required to drive the IGBT and are used to determine the power supply

capacity of the driver circuit. The method for calculating the losses of the driver circuit using this

graph will be explained in Chapter 3. Additionally, the collector-emitter voltage dependency of the

parasitic capacitances of the IGBT, including the input capacitance Cies, output capacitance Coes,

and feedback capacitance Cres, are shown in Figure 2.3. These characteristics should be used

for designing drive circuits, especially dead time setting.
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Gate Voltage, Voe[V]

I
Vce=1800V i
1.=450A 1
Tvj=25"C + —
-1 -05 0 0.5 1

Gate Charge, Qg[,u ]

Figure2.2 Gate Charge Characteristics
(Vee-Qg): Typical

Figure2.3 IGBT parasitic capacitance
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10
™
£
3
S
=
é COES
g
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1
Cres
0.1

0.1 1 10

Collector to Emitter Voltage, Ve [V]

100

Figure2.4 Dependence of parasitic capacitance on collector-emitter voltage
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(3) Diode forward voltage characteristics (Vg-I- characteristics )

The VF-IF characteristics represents the relationship between the forward voltage (VF) and
forward current (IF) of the diode (FWD) connected in parallel with the IGBT. These
characteristics are used to calculate the conduction loss of the FWD. Figure 2.5 shows the VF-IF
characteristics at Tj=25°C and 150°C. Similar to the IGBT, the forward voltage VF decreases with
increasing temperature at low currents. Conversely, at high currents, VF increases with

increasing temperature. Therefore, it is important to consider these characteristics for thermal

design, just as with the IGBT.

1000

25°C " 130°C |

//
//

/

A

0 1 2 3 4
Forward Voltage, V (V)

I¢ (A)

<]
a

[=>]
=]
[=]

Forward Current,

Figure2.5 Forward characteristics of Diode

(4) Temperature Dependence of Maximum Collector-Emitter Voltage

At lower temperatures, the breakdown voltage between the collector and emitter decreases.
Therefore, it is important to verify the surge voltage during switching tests at the lowest operating
temperature. The breakdown voltage of the IGBT and diode is designed to higher than the
maximum collector-emitter voltage at the minimum junction temperature. Consequently, the
specification sheet indicates a constant maximum collector-emitter voltage across the entire range
from the minimum to the maximum junction temperature. However, some products exhibit a
decrease in the maximum collector-emitter voltage at lower temperatures, so please refer to the

specification sheet for each product.
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2-4-2. Switching characteristics

The switching characteristics of the IGBT during

turn-on and turn-off are influenced by various
parameters such as the current |5, junction

temperature T,, gate voltage Vge, and gate

resistance R,. Additionally, these characteristics are

also affected by wiring and layout. Therefore, it is

strongly recommended to measure the switching

characteristics using the actual equipment. Switching

characteristics is divided into two categories:

switching time and switching losses. These switching Ve

LS O

characteristics can be measured using the half-bridge
shown in Figure 2.6. The definitions of the dynamic Figure2.6  Switching Characteristics
characteristics items listed in Table 2.4, including Evaluation Circuit (Half-bridge)
td(on), tr, ton, td(off), tf, Eon, Eoff, and Err, are

illustrated in Figure 2.7.

+Vee

+Vge X 90%

N we

- QV
i Integration
| range of EOQ: | Integration
: ‘ ke cm : :
L S o X 90%"‘; ,,,,,,,,,,, | . range of Eof
low 10%77”3' 7777777 P lem X 10%"‘; """""" """" 3,,,,|CM>< 2%
< <——Sc—>i | c
tdon) i tri i Hd(off) T tf T
< | 3 *
t1 ton 0 t3 t4
t2 4
Eon = f Vee xIe x dt Eoff= Vcex Ic x dt
t1 3
(2) Turn-on Integration (b) Turn-off
;range of Err ;
Irm X 2%
0A,0V-—

t6
Err =f Vak x If X dt
1 t5
6 vak VvC
(c)recovery

Figure2.7  Definition of Switching Characteristics
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Switching time, td(on), tr, td(off), tf, trr (us)

Figure 2.8 show the collector current I dependency of the switching time and Figure 2.9 shows
that of the gate resistance R, dependency. As shown in these figures, the switching time varies with
Ic and Ry, so please consider these characteristics for designing the equipment.

For example, operation with insufficient dead time due to long switching times may lead to short-
circuiting of the upper and lower arms, increasing losses and is possible to cause device failure.
Additionally, in cases of shorter switching times, particularly short tr and tf, a high transient current
change rate (di/dt) may occur and this causes the surge voltage LsXdi/dt due to the stray
inductance Ls. This surge voltage is superimposed on the DC voltage and has the possibility to

cause deviation of the SOA and failure of IGBT.

4.0 4.0
Tvj=150°C Tvj=150"C
Ls=40nH Ls=40nH
Vee=1800V Vec=1800V
Rg(on/off)=6.80/120 1c=450A
Vge=1 15V Vge=* 15V
3.0 —~3.0
w
=
td(off) E
5
=
20 =20
2
2 td(off)
@
E
o
= tf
=
2
=
w

-
o

tr

o] 100 200 300 400 500 600 700 800 900 0 10 20 30 40 50
Collector Current, I (A) Gate Resistance, Rg(Q)
Figure2.8 Switching times - I characteristics Figure2.9 Switching times - R, characteristics
: Typical : Typical

The turn-on loss (Eon) and turn-off loss (Eoff) occur during the IGBT's switching process, while the
recovery loss(Err) occurs when the diode is recovered. Both IGBT and diode losses increase with
increasing temperature. Figure 2.10 shows the collector current I, dependency of the switching
losses. Switching losses increase with increasing Ic. Figure 2.11 shows the gate resistance Rg
dependency of the switching losses. Lower Rg results in reduced IGBT switching losses, particularly
the turn-on loss. However, because the switching times tr and tf become shorter, the transient
current change rate (di/dt) increases and a larger surge voltage Lsxdi/dt due to the stray

inductance Ls may be occurred.
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The stray inductance of the circuit includes not only the stray inductance of the power module but

also the sum of the inductance of the smoothing capacitor and the wiring (bus bar) between the

smoothing capacitor and the power module. Therefore, for determining Rg, it is necessary to

evaluate the switching characteristics using the smoothing capacitor, bus bar, and gate circuit used

in the real equipment.

25
Tvj=150°C
Ls=40nH
Vee=1800V
Rg(on/off)=6.80/120
Vee=+ 15V
2.0
m Eon
w
=1
o
£
=
5 1.5
£
o
w
[ =
o
w
@ Eoff
o
- 1.0
o
£
fﬁ Ermr
=
(2]
0.5
0.0

0 100 200 300 400 500 600 700 800 900
Collector Current, I¢ (A)

Figure 2.10 Switching losses - I characteristics :

Typical
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2-4-3. Reverse Bias Safe Operating Area(RBSOA)

IGBT can be safely turned off within the reverse bias safe operating area (RBSOA), which
represents the collector voltage (Vg) and collector current (lc) operating range for safe turn-off. An
example for the MBM450FS33F is shown in Figure 2.12.

1000

IC( to be turned off) (A)

800

600

400

200

|| [ Conditions]
Vee £2200V
Ic<900A
Reorp 2 12Q
M VGE = *£15V
Tvj=150T
Ls=<40nH
| |on pulse width = 10us
( Vee spike voltage andLs are
defined at auxiliary terminal)
|
0 1000 2000 3000
VCE( spike Voltage) (V)

(at auxiliary terminal)

VCE( spike Voltage )
IC(tobetwnedoff) - -7

~
~

Ic =

0 t

Definition of RBSOA waveform

4000

Figure2.12 Reverse Bias Safe Operating Area (RBSOA)

: Typical

2-4-4. Reverse Recovery SOA (RRSOA)

Similar to RBSOA of the IGBT, diodes also have a Safe Operating Area (SOA). The SOA for

diodes is called the Reverse Recovery SOA (RRSOA), and it represents the area and power which

the diode can be recovered without failure. An example is shown in Figure 2.13.
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(at auxiliary terminal)

: Typical
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Figure2.13 Reverse Recovery SOA(RRSOA)



2-4-5. Transient Thermal Resistance 0.1 ‘

TT
[
T
The transient thermal resistance characteristics FWDp
g
used to calculate the temperature rise of IGBTs
. — N AN T IGBT
and diodes are shown in Figure 2.14. 5 d P e
f— v
. . . ~ P
Using the transient thermal resistance, the ¢ 0ol // o
. . . s 7
temperature difference AT (K) is defined as: N 7 i
()
. Q
AT (K) = Thermal Resistance(K/W) X Loss (W) g va
7 S
. . . . o
Details will be explained in Chapter 3. £
=
:
ﬁ 0.001
E X Zth[n]*(1-exp(-t/zth[n]) ) T
— n 1 2 3 4 Unit |+
tth[n] 1.80E-01 [ 2.04E-02 |7.46E-04| 3.06E-03 sec
| Zthn,IGBT] |2.37E-02 [4.43E-03 |7.22E-04 |4.11E-03| K/W |T]
Zth[n,Diode] | 3.44E-02 | 9.50E-03 |8.74E-04|6.27E-03| K/W
oo, L LI TN IO I
0.001 0.01 0.1 1
Time : t(s)

Fig2.14 Transient Thermal Resistance

: Typical
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3. Precautions for Safe Use
3-1. Derating
To ensure IGBT module reliability, please follow each of derating listed below.
Although a three-phase inverter will be used as an example here, the idea of derating can also be
used in other applications.
(1) Voltage : Maximum peak voltage should not exceed 80% of rated voltage VCES,
and the DC voltage should not exceed 50 to 60% of VCES.
At maximum peak (non-steady-state), VCES is under 90% (peak voltage value).
Note: Use Equation (1) to calculate the rated voltage of an IGBT module for a given AC line
input voltage at the inverter.
Vegs = Vin X V2+V, 4V, +ta (1)
Vces ; Rated Voltage
V,,; Input Voltage (AC voltage)
V, ; Surge Voltage (Peak Voltage)
Vieg; Increase in DC voltage due to regenerative braking, etc.

a; Margin , Safety factor

(2) Current : Current: During the steady-state condition, IGBT module DC current should not exceed

50 to 60% of the rated DC current (repetitive current peak value).

Maximum value (non-steady-state) should not exceed 90% of the rated DC current (repetitive
current peak value). However, if derating at the junction temperature, current is derated
accordingly. In addition, 1ms rated current (Icp) in the specifications is the peak current value
including recovery current (a few ps or less) during reverse recovery of the free-wheeling diode,
and are intended to serve as protection against accidents such as load short-circuits.

In particular, this value cannot be used repeatedly during faults such as load short circuit
protection that leaves thermal history. Selection of the rated DC current (rated collector current)
of IGBT module that takes into account derating can be considered by using the following

equation.

Ip=pianK+Vac+\/§X\/§X}\ --(2)
I.>Ip+B -—-(3)

|, ; Peak current A ; Current ripple ratio
P.. ; Capacity of inverter Ic ; Rated DC current (Collector current rating)
K; Overload ratio B ; Derating factor

Vac ; AC VOItege
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(3) Junction temperature: During the steady-state condition, below 80% of the rated junction
temperature (maximum value). Maximum (non-steady state) condition, the junction temperature
should be no more than 90% of the rated maximum.

Case temperature should not exceed 100°C. In addition, repetitive change in junction temperature
Tj and case temperature Tc causes stress to internal parts of the module, and depending on how
frequently they are changed, it may reduce the life of the device, so please be careful. For more

details, please refer to Section 3-7 “Thermal Resistance and Heat Dissipation Design”.

3-2. Snubber Circuit

The snubber circuit is a circuit inserted to protect the switching device (when the switching device
is turned OFF) from the surge voltage generated by the charged energy in the line inductance.
There are generally two types: a non-polar type consisting of C and R and a polar type with an
added diode. With the IGBT, the polar type with high voltage surge suppression is used. In addition,
the IGBT may be used without the snubber circuit if the main circuit line inductance is greatly
reduced and the peak surge voltage can be controlled to about 80% or less of the IGBT module's

maximum rating.

3-2-1. Types and characteristics of snubber circuits

Figure 3.1 show the types and characteristics of snubber circuits.

P line P line
_ —
- Rs |
N line N line
The capacitor Cs is Both the upper and lower Cs For each arm's switching, Cs
constantly applied with the are applied with the BUS repletely is charged and
BUS voltage, and it voltage and each operate as discharged between 0V and the
suppresses surge voltage. suppression circuit for the BUS voltage. This results in
The arrangement of Ds, Rs, upper and lower arms. This significant snubber circuit
and Cs is not restricted by type of snubber circuit is losses. This type of snubber
this configuration. This type of used for relatively high circuit is often used for devices
snubber circuit is used for current capacity devices. with narrow SOA, such as
relatively small-capacity GTOs.
devices.

Figure3.1 Types and characteristics of snubber circuits
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3-2-2. Operation of Snubber circuits
Figure 3.2 shows the circuit representing the overvoltage generation mode during the turn-off of

the lower arm IGBT, and Figure 3.3 shows the equivalent circuit of the transient state at that time.

The current loop path
due to the turn-off of the lower arm IGBT. The current path during the conduction of the lower arm IGBT.

Figure3.2  Turn-off mode of the lower arm IGBT Figure3.3  The equivalent circuit of the
transient state in the Figure3.2

Figure 3.3 shows the change in current path when the lower arm IGBT, which was previously on,
is turned off. When the lower arm IGBT is turned off, the load current flows through the upper arm's
FWD. Without a snubber circuit, because there is no designated circuit which can consume the
stored energy in Lst, this energy would cause the surge voltage of the lower arm IGBT. By applying
a snubber circuit, as shown in Figure 3.3, the storage energy in Lst is consumed by the snubber
capacitor Cs and change to the voltage. This operation serves to suppress surge voltage caused by
Lst. However, in reality, the snubber circuit also has wiring stray inductance Lsn, which leads to

some surge voltage at the turn-off of the IGBT.

3-2-3. The current and voltage waveforms when using a snubber circuit.
In the circuit shown in Figure 3.2, Figure 3.4 shows the current and voltage waveforms of the IGBT
at turn-off. The use of a snubber circuit suppresses the surge voltage caused by the wiring stray

inductance Lst to Eo + AV.

Voltage oscillation due to snubber diode recovery

l/ AV

N I L VN - E,

Surge voltage during —

the turn-off period ™~ T
of IGBT AVE

Ie 7]
Current of DC power supply Eo including
snubber circuit
~ 1
7/ \{\ -
IGBT current (turn-off period) Snubber diode recovery current

Figure3.4 The IGBT current (Ic) and voltage (Vg) waveforms with a snubber circuit
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Figure 3.5 shows the current (iDs) and voltage
(vDs) waveforms of the snubber diode Ds at turn
off of the IGBT. Each parameter can be
approximately calculated using the following
equations:

2my/LstxCs

Ts = TS (g

- Lst .
AV=ICx [= -(5)

—
(AVD (av)
IGBT ic . f IGBT vce
(Ic) (Eo)
t
(iDsp) 1
iDs _t
(Ts) |" -
[

where (1) is the IGBT turn-off current value.
AVf = Lsn X dic/dt + Vfr ---(6)
Here, ( Lsn) is the stray inductance value of the
snubber circuit from the collector-emitter terminals
of the IGBT, ( Vir) is the forward recovery voltage
of the diode (approximately 50V), and dic/dt is the
rate of current change during the turn-off period.

Tn=3XCsXRs ---(7)

vDs v _FLJ > t
(VDI.)\LLW

v

Figure3.5 Waveforms of each part of

the snubber circuit

Here, Tn represents the time required to discharge 95% of the overcharged voltage of Cs.

Additionally, Rs is selected to satisfy the condition Ts + Tn < 1/fc. In the case of a three-phase
circuit, for the Eq.s (4), Ts becomes /3 times, and for the Eq.(5), AV becomes 1/+/3 times (the

snubber circuit also works for other phases).

3-2-4. The collector current class and snubber capacitor capacity

Assuming the maximum switching current value as | and the voltage rise as AV, the snubber

circuit capacitance, Cs can be calculated as follows:

Cs = Lst x (%/)2 —(8)

+ Please use a polyester film capacitor with good frequency characteristics

for the snubber capacitor.

+ Note the thickness of the capacitor leads because charging and discharging currents may cause

the lead wires to become hot with thin wires, which may exceed the heat resistance of the

capacitor.
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3-2-5.  Snubber resistor

The capacity of the resistor varies depending on the capacity of the capacitor and the driving
frequency of the IGBT. Using the overcharged voltage AV in the snubber, the energy €5y generated
when the current | is turned off is as follows, and most of the energy is consumed by the snubber

resistor.
gy = 0.5 X Cs X AVZ  ---(9)

The resistance value is determined by the following Eq.to prevent oscillation of the collector

current when the IGBT is turned on.

Rs =2 /LC—S ---(10)

L, : Stray inductance of the snubber wiring

Additionally, since Rs serves as the resistor to discharge the overcharged AV in Cs, note its upper
limit. Depending on the carrier frequency, the voltage AV of Cs should be discharged as quickly as

possible.

3-2-6. Snubber diode

The snubber diode should have a voltage rating equal to or greater than that of the IGBT, and its
current capacity (or current rating) should be at least 1/10 ~ 1/5 of the IGBT's rating. The diode
should be of a high-speed type. If the diode has a hard recovery characteristic, be cautious as it

may cause high-frequency oscillations in the collector voltage during the IGBT's turn-off.

3-3. Gate Drive Circuit

The voltage and current waveforms during the switching of IGBTs and diodes vary depending on
the gate forward bias (+Vgg), gate reverse bias (-Vge), and gate resistance (R,). Therefore, it is
necessary to set these parameters according to the design objectives of the device. The following

are the considerations for +Vgg, -Vgg, and R,
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3-3-1. Gate forward bias : +Vge
Recommended gate forward bias voltage +Vg¢ is +15V.

(1) Design +Vge to be within the maximum gate-emitter voltage rating of 20V.

(2) Itis recommended that the gate power supply voltage variation be within +10%.

() The ycg(say during the on period decreases as +Vgg increases, which means the steady-state
losses decrease.

(4) The turn-on losses decrease as +Vge increases. However, the surge voltage during the
recovery of the opposite (anti-parallel) arm diode increases.

(5) The turn-off losses are minimally affected if the gate power supply voltage variation is within
+10%.

(6) The short-circuit current increases as +Vgg increases, which reduces the short-circuit

withstand capability.

3-3-2. Gate reverse bias : -Vge
The recommended value for the gate reverse bias voltage -V is between -5V and -15V.
(1) Design |-Vggl to be within the maximum gate-emitter voltage rating of 20V.
(2) Itis recommended to keep the variation in the gate power supply voltage within *10%.
(3) The larger the -Vgg, the shorter the turn-off time and the lower the turn-off losses. However,
the surge voltage increases.

(4)  The occurrence of dV/dt-induced false turn-on is more likely when -Vgg is small.

3-3-3. Gateresistor : R,

The R, described in the specifications is the value that, under our measurement conditions, results
in the lowest switching losses within the absolute maximum rating voltage and current at the
recommended gate voltage.

(1) As R, increases, the turn-on and turn-off delay times (td(on) and td(off)) become longer. The
turn-on rise time (tr) also increases, and the recovery surge voltage of the diode decreases. The
turn-off fall time(tf) depends on the device structure. Therefore, increasing R, have possibility to
an increase in the surge voltage during turn-off.

(2) Turn-on loss (Eon) increases with R,. Turn-off loss (Eoff) also increases with larger Ry, but its
dependency on R is smaller compared to Eon. Recovery loss decreases with Ry,

(3) Various switching characteristics are significantly affected by parasitic inductance in the circuit
configuration. In particular, the surge voltage generated during IGBT turn-off and diode recovery
is greatly influenced by stray inductance. Therefore, design R, with the stray inductance of the

circuit kept as small as possible.
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3-3-4. Prevention for dV/dt-induced false turn-on during diode reverse recovery

Figure 3.6 explains the principle of false turn-on caused by dVCE/dt during diode recovery. When
the lower arm IGBT2 is in the off state and the reverse current flows through the forward diode
FWD1 of the upper arm IGBT1, and the lower arm IGBT2 transitions to the on state, FWD1
undergoes reverse recovery. At this time, the collector-emitter voltage Ve of IGBT1 increases,
causing dVCE/dt. This dVCE/dt causes a current |5 = Cres x dVCE/dt to flow into the gate through
the reverse transfer capacitance of IGBT1. This current flowing into Ry causes the gate voltage Vg
of IGBT1 to rise. When Ve exceeds the sum of the reverse bias voltage -V of IGBT1 and the
threshold voltage, there is a possibility that the IGBT cause false turn-on. If IGBT1 cause false turn-
on, IGBT1 and 2 turn on simultaneously, leading to a short-circuit condition.

To prevent false turn-on, methods include (a) increasing the reverse bias voltage -Vgg, (D)
increasing R, to reduce dVCE/dt. Additionally, as shown in Figure 3.7, (c) adding gate-emitter
capacitance and (d) shorting the gate-emitter during the off state are also possible methods.
However, there are side effects such as (a) increased surge voltage during off state, (b) increased

turn-on losses, (c) increased gate drive losses, and (d) increased complexity of the gate circuit.

N

FWD1

- C

R, 6 AN
E—O—{ JAN
FWD2
I L v | 16812 ks !
E)S o (d) Short G-E during the off state.
Figure3.6 The principle of false turn-on caused by Vg/dt Figure3.7 False turn-on
during recovery prevention methods
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3-3-5. Gate drive power
The IGBT has a MOS gate structure and turns on

and off by charging and discharging the gate Ve
15
capacitance. The peak value of the gate current I, Vcc:lgog\, T ,
is determined by the following : 'TC\;‘_ISO'? i !
j=25°C — 1
[ = [VGE|+|-VGE] —(11) 10 "
Gp R +rg il |
+Vge: Gate forward bias i !
-V¢e: Gate reverse bias 5 I :
. . o > -
R, : Gate resistance of the drive circuit o L :
= ' -Q, 1 +Q,
rq : Internal gate resistance of the IGBT g o= 1:{1 — € - =>: —
o
module S ! I
= | T
Using the gate charge characteristic (Vge-QQ) 25 :
& N
shown in Figure 3.8, it is possible to calculate the : i
average gate current required to drive the IGBT and 10 : T
the gate drive power. : / I
! I
l6=fe X (FQqIH-Qgl)  -(12) s Ve Y/ t
fc: Carrier frequency -1 -05 0 0.5 1

+Q,: The amount of charge from OV to +V e Cate Charge, G412 C]

-Q,: The amount of charge from —Vg to OV Figure3.8 Gate Charge Characteristics
The gate drive power (P, ) is : (Vee-Qg): Typical
Paon =P =fc X{1/2 X (|Qqg|+|-Qql) X (I+Vg|*|-Vs))} ---(13)
then,
Pa=fc X (IQg[+[-Qg) X (I+Val*|-Vel}  -—-(14)
Please design the drive circuit to supply the drive current and drive power as described above.
Additionally, select the power rating a gate resistance ( Rg ) that can adequately tolerate the losses

calculated using Eq.(14).
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3-3-6. Deadtime

The dead time is explained, including the basic concept of IGBT device operation. When the upper
and lower arms turn on simultaneously, it results in an arm short circuit, causing overcurrent to flow
through the device. Please set the dead time and overcurrent protection accordingly. The
relationship between the dead time in logic and the dead time in the IGBT device is described below.
(1) Main Circuit Configuration Example

Figure 3.9 shows an example of the circuit configuration of a voltage-source inverter (single-
phase). This example includes upper and lower arms between the P-N terminals of the DC voltage
Eo. It assumes a mode where the IGBTs in the upper and lower arms alternately turn on and off. To
prevent short circuits due to simultaneous turn-on (conduction), a dead time is set in the control
signals for the off period of the upper and lower IGBTs. This period is also sometimes referred to as

the non-overlap period.

o |
— —o—/WV\——o0—
Upper arm IN Upper arm OUT .
control signal | gatedriver | o o o +
zz
To load Eo
o MA
Lower arm . Lower arm oUT
control signal i E
[¢] gate driver 5 o

Figure3.9 An example of the main circuit configuration

(2) The dead time in the logic circuit and the dead time at the IGBT output terminals (C, E)
Figure 3.10 shows the phase relationship between the control signal, driver output voltage, and
IGBT collector(C)-emitter(E) voltage. The dead time in the logic circuit (referred to as TD) is
transformed into TD' due to the delay in the driver output voltage (t1, t3 in Figure 3.10) and the
switching delay of the IGBT device (t2, t4 in Figure 3.10), resulting in a time difference.

Where t1~t4 are as follows,
tl : The delay time between the on signal and the on-drive voltage output
t2 : The delay time between the on-drive voltage and the IGBT turn-on output
t3 : The delay time between the off control signal and the off-drive voltage output
t4 : The delay time between the off-drive voltage and the IGBT turn-off output
(It is assumed that there are no differences between the upper and lower arms for each of
these delays)
The relationship between the dead time set in the theoretical (TD) and the dead time at the
IGBT's CE terminal (TD") is given by the following

TD'=TD—(t3+t4) +(t1+12) ---(15)
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The dead time (TD) in the logic circuit changes based on the magnitude of the delay times t1

to t4, resulting in the actual dead time (TD"). Therefore, please consider and verify the delays in

the driver system (t1, t3) and the delays in the IGBT devices (t2, t4).

Upper arm
control signal

Lower arm
control signal

Upper arm
gate voltage

Lowe arm
gate voltage

Upper arm
C-E voltage

Lower arm
C-E voltage

0

The dead time (TD)
in the logic circuit

Upper “ON”

I

O\

Lower “ON”

t1 |t2

t4

Tz

W
-t

t1

t2

Actual dead time

<L (1)

A

Power supply
Voltage, EO

v

- —
Power supply
Voltage, EO
Y >t

The actual each C-E voltage is as shown in the dashed line due to FWD freewheeling.

Figure3.10 The relationship between the control signal, driver voltage, and IGBT C-E voltage
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(3) Verification of dead time

(a) Verification Circuit Configuration
Figure 3.11 shows a half-bridge circuit to
explain the verification.  the circuit
operates on the assumption that the
upper arm will turn on when the collector
current of the lower arm is turn off, and
signals are sent to the upper and lower
driver circuits.

(b) How to Observe Switching Waveforms

Inductance load

Gate current(igu)

[]

[ —

Upper arm Upper arm

control signal gate driver o
Z

Lowelr arm | Lower arm VVV }

control signal gate driver (
T7r—a
veex
Lower arm gate voltage(vges) Ji'

Collector current(iBUS)

V=

Figure3.11 Verification circuit (half-bridge)

The non-overlap at the top and the bottom arm can be checked in various ways. Special care

must be taken when observing voltage waveforms with different potential levels. Any floating-

state voltage can be observed with an optical insulation cable or with a differential probe, but

these methods require elaborate care delays and other factors.

(c)Confirmation of both arm operation

Figure 3.12 shows the waveforms during
verification. The point at which the gate
voltage of the lower arm transitions to
reverse bhias (Point B) and the peak point
of the gate current of the upper arm (Point
A) are used to determine whether there is
overlap or non-overlap. If Point A
precedes Point B, it can be inferred that a
short circuit between the upper and lower
arms has occurred (refer to Figure 3.12).
When a short circuit between the upper
and lower arms occurs, the collector
current follows a pattern similar to the
dashed line in Figure 3.12, leading to
increased switching losses. In the gate
voltage waveform at this time, an increase

in the voltage value at Point B is observed.

Upper “ON’

Upper arm control signal

Lower arm control signal

Lower “ON”

Upper arm gate current I

‘ Point A

Lower arm gate voltage

Point B

PN short circuit current example

\
Y
i
5
Lower arm collector current| ‘\ t

Figure3.12 Control signals and Upper/Lower

arm gate waveforms
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(d) Typical Verification o [—

Figure 3.13 represents how a typical |(CE= ......... .......... ........
verification can be conducted in a circuit .
configuration as shown in Figure 3.11 and e cocaadesona oo
in waveform observations in Figure 3.12. : :

This example has been observed with the - (H=200ns/d)
(1) Top and bottom not short-circuited =200ns/c

control Slgnal phase of the top arm Point B Lagged behind Point A.
changed. Figure 3.13 (1) shows the non- i The voltage is up.

short-circuiting situation, while Figure 3.13

(2) reflects the short-circuited top and

Short-circuit
current

bottom arms condition.

Veex
(100V/d) K

=92 <
(2) Top and bottom short-cireuited (H=200ns/d)

Figure3.13 Upper and Lower Arm
Short-Circuited Waveform

1) Both top and bottom arms are not
short-circuited (dead time is almost Ous)
2) Both top and bottom arms are short-circuited
(300ns of short-circuit current flows through)

3-3-7. Cautions for the drive circuit power supply on the lower arm side

The drive circuit power supply on the lower arm side should be isolated for all three phases and
should not share a common ground. The emitter on the lower arm side is electrically at the same
potential under steady-state conditions. But during IGBT switching, the rate of change of the
collector current (di/dt) can reach several thousand A/us and this di/dt can induce a voltage of
several tens of volts in the inductance of the wiring that constitutes the lower arm side main circuit,
which is typically around several tens of nH. This induced voltage can adversely affect the switching
of other phase IGBTSs, such as by increasing the delay time.

Additionally, if the drive circuit power supply on the lower arm side is common, the voltage
induced in the main wiring can appear as noise between the gate and emitter of the lower arm side
IGBT of other phases through the common drive circuit power supply or common wiring. This can

lead to malfunction or unstable switching conditions.
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3-3-8. Wiring between the gate drive circuit and the IGBT terminals

(1) In order to minimize the distance between the gate drive circuit and the IGBT, directly connect
the printed circuit board with the gate and emitter sense terminals.

(2) Keep the gate wiring and the P, N, and output terminals of the IGBT as far apart as possible.
Therefore, do not cover the printed circuit board wiring above the P, N, and output terminals.

(3) When using a multilayer board for the gate drive circuit, layout of the gate wiring should not
be overlapped vertically with that of other phases in the vertical direction.

4) IGBTs are voltage-driven devices, similar to MOSFETSs, and the impedance between the
gate and emitter is very high. In such devices, if the driver is disconnected or the gate voltage bias is
unstable due to factors such as the driver-side output impedance, applying a collector voltage
causes a gate current to flow through the gate-collector capacitance (Cgc), thereby turning on the
IGBT, as shown in Figure 3.14. Therefore, when powering up, first activate the gate drive power

circuit to establish the gate voltage before applying the high-voltage power supply.

Emitter

Figure3.14 When collector voltage is applied even though the gate is open
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3-4. Dynamic avalanche

IGBT turn-off causes an increase in Vg, but beyond a certain voltage, it is suppressed and does
not rise further (refer to Figure 3.15). This phenomenon is known as dynamic avalanche. In simple
terms, during turn-off, the channel of the MOSFET part closes, and the current begins to decrease.
However, as the carriers remaining in the device disappear, they collide and ionize silicon atoms
within the device due to the carriers passing through the high electric field inside the device,
generating electron-hole pairs. These generated electrons and holes further collide with other silicon
atoms, creating electron-hole pairs. This is the dynamic avalanche. When dynamic avalanche
occurs, the current decay becomes small, and the V¢ overshoot voltage is suppressed. The voltage
at which dynamic avalanche occurs varies depending on the current. An example is shown in Figure
3.16. When a dynamic avalanche occurs, it does not necessarily destroy the IGBT immediately, but
rather the turn-off loss will be increased, and eventually the IGBT will be destroyed by latch-up.
Therefore, during turn-off, please use within the range shown in Figure 3.16. Additionally, note that
this range varies with temperature, and particularly at low temperatures, the range becomes
narrower. Furthermore, If there are individual conditions for dynamic avalanche described in the

specifications, please follow them.

Frelf) Condtanil) OMsa(D Ear(E) Wawl) Windoe(N) Ansisisia)
MBN600C20 25°C 00.03.14 1112
i H : i Time: 500ns/d.

VCE1: 500V/d.
=< 1C2: 100A/d,
VGE1: 10v/d

Figure 3.15 Example of waveforms during turn-off

700

600 e /({
500 \74

400

IC (A)

2\

300

200

<S5

collector current

100

0 500 1000 1500 2000 2500
collector -emitter voltage VCE (V)

Figure 3.16 Example of regions where dynamic avalanche may occur.
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3-5. Paralleling
3-5-1. Saturation Voltage Range [AVCE(sat)] Classify and Current Unbalanced Rate
When using high-voltage IGBTs in parallel connection, we as an option pair those with similar
VCE(sat), however this pairing condition does not guarantee the parallel connections. Current
imbalances occur because of unbalanced wiring inductance due to the physical structure of the
equipment as well as the gate drive circuit and drive conditions, please use the product only after
evaluating in advance. For more detailed information, we will decide through discussions with
customer.
The definition of the current imbalance rate a during parallel connection is as follows:
1.
a= (atTfu_z) —1) x 100(%) --(16)
Where I’ : The current value of one element
Lo © Total current with two parallel connections

This definition is generally performed at the rated current value, but in the case of the same
module, the imbalance rate a can vary significantly depending on the total current value, so please
be cautious (a tends to increase at low currents). Additionally, in series connection, voltage sharing
may not be uniform, and there is a possibility of overvoltage exceeding the voltage withstand
capability of the elements. Therefore, in addition to static characteristics such as Vcgay, it is
necessary to consider dynamic characteristics such as td(on) and td(off), and to implement circuits
to balance the voltage between the elements in series connection, such as voltage divider resistors
and snubber circuits.

3-5-2. Parallel Connections and Current Derating

Although there is no limitation to the number of IGBT modules that can be connected in parallel,
the negative effect reflected in an increase in the line inductance for power supply connections, e.g.,
surge voltage, etc. must always be taken account. For High Voltage IGBT, up to 4 parallel
connections are realistic. Assuming worst-case condition that current is concentrated in one IGBT
module, the current derating(R) is expressed by Eq.(17).

_ 1+(-DX(1-75)+(1+755) < 100(%) —(17)
n
Definitions:
n Number of parallel connection
a Current unbalanced rate

Ex. : 600A rated modules in 4 parallel with a set at 15%, the current reduction rate R would
be 80.4%. Therefore, the total current in this case would be as follows:
600 A X 4 parallel X0.804=1,929 A
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3-5-3.

Considerations for parallel connections

(1) The basic considerations to be mindful of during parallel connections are as follows:

@)

(b)

(©

Combining modules with small differences in Vg, to minimize steady-state current
imbalance.

Minimizing wiring imbalances in the parallel layout of modules to reduce transient current
imbalances during turn-on and turn-off.

Ensuring symmetrical cooling conditions for parallel-connected modules to minimize
temperature imbalances between modules.

Figure 3.17 illustrates an example of the implementation of modules and bus bars when two
nHPD? packages are paralleled in a three-phase configuration. In this example, considerations
are given to reducing the inductance of the DC and AC connection bus bars and ensuring
symmetry.

AC bus bar

N terminal

Module

P terminal .
Heatsink

Capacitor

Figure 3.17  An implementation example of a three-phase inverter with

two nHPD? packages connected in parallel.

(2) The number of drivers for one arm

When driving parallel-connected modules, the driver, which includes some signal processing
circuits (such as optocouplers, amplifiers, and overcurrent protection circuits), should be
configured with a single driver regardless of the number of parallel modules. This is to avoid
negative effects on parallel operation due to variations in output delay times between drivers.
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(3) The method of connecting gate resistors in parallel connection
Figure 3.18 shows a recommended arrangement to connect the gate resistor to the parallel circuit
to minimize gate voltage variation due to mutual interference among the respective modules. In
addition, attention needs to be paid to the following points :
(a) Make use of twisted pair cable for the driver output line to minimize line impedance.
(b) Have the same impedance (Lgst) in each loop (A and B) and minimize its value as much as
possible.
Note: The objective of the recommendation described under items (a) and (b) is to avoid giving
adverse effect due to inductance created when the main circuit is switched ON or OFF.
(c) Recognize the fact that the gate voltage variation stated above occurs when the main circuit is
either turned ON or OFF. To avoid the variation, maintain the relationship between the gate
resistor (RG) and loop inductance (Lgst) which can satisfy Eq.(18).

Lgstx2
2><RG>2/CIGS/2 ---(18)

Where Cies represents the gate input capacitance of the IGBT.

Line Loop A R
(Line G1 to G2) \-\\ m C1
our) _ [m- T p ) 16Tl
: ...... l ......................
Driver circuit Ll Re
-{}—-——Ti —AV—G-2
QUT(E) Lo R E-2 IGBT-2
Line Loop B

(Line E1 to E2)

Figure3.18 Example of connecting parallel-connected modules and driver circuits

3-5-4. Necessity for Symmetry of Main Circuit Wiring

IcA l IcB
(1) Symmetry of Main Circuit Wiring ‘ | \](

For IGBT modules to be connected in parallel, it is LCA LCB

essential to equalize the wiring on the collector and the

wiring on the emitter with each other to keep inductance

values in balance. Figure 3.19 represents an example of

parallel wiring of two modules and shows a schematic

diagram of a parallel circuit including main circuit wiring S S A S

. . . . . (Aux111ary emitter w1r1ng)
inductance circuits. For the collector, wiring inductance % LEA LEB

circuit LCA and LCB are shown, and for the emitter, |

wiring inductance circuits LEA and LEB. T

Figure 3.19 Wiring to Equalize Main Wiring
Inductance Values

Wiring method to equalize LCA and LCB,
LEA and LEB is required.
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When the IGBT (A) and (B) are turning ON, the current generated on each individual collator

depends on the variations of the inductance circuits rather than on each element’s characteristics.

Because the current balance depends principally on the inductance ratio, it is important to keep

symmetry in wiring by matching the inductance values. For example, referring Figure 3.19, if wiring
inductance of A and B sides are unbalanced (that is, LCA+LEA < LCB+LEB) and the VCE(sat)

value of IGBT(A) is smaller, then the current sharing is depicted in Figure 3.13 will result. In

particular, if emitter lines LEA and LEB are unbalanced, the IGBT gate voltage will be adversely

influenced, causing an unbalanced current.

(2) Unbalanced Current Period caused by Wiring

Figure 3.20 shows that once a current imbalance
occurs when turning ON an IGBT, it will be equalized
during the steady-state condition after activating the
IGBT, finally settling down to values ICA and IcB as
determined by VCE(sat).

The time required for the unbalanced current to be
equalized can be calculated as the attenuation over
the L-R circuit caused by the inductance within the
closed-loop forming a parallel circuit and the
operating resistance of the IGBT element. The
operating resistance “ron” can be easily calculated
from the output characteristics curve.

For example, for an MBN1200E33E module having
a single arm, an “ron” of approximately 3.4 milliohms
(when Tj=25°C, 1/2 rated current) will be present. IF
the loop inductance is 100nH for a parallel
configuration, (LCA+LCB+LEA+LEB), the
equalization in unbalanced current occurs based on

the time constant 1 is approximated by Eq.(19)

_ 40nH
T 7.7max2

= 2.6us ---(19)

Collector current on

Unbalanced current

each IGBT

ic A
Ic A

ic B Ic B

Unbalanced current i=ic(A)-ic(B)

Unbalanced current for
The steady state depends
on Vee(attenuation)

(I)K

Figure 3.20 Equalization

of Unbalanced Current

If the stability in the current variation is assumed to be 3 times 7 (that is, valuation is approximate,

up to 95%), the current balance cannot be determined by VCE(sat) within 7.8us after turning ON.

This means if the carrier frequency is high or the active time is shorter, the current balance may

be determined by the wiring (including the shape) for almost the whole period.

3-18



(3) Important considerations for gate wiring
When dealing with gate wiring in parallel connections, please pay attention to the following points:
(a) Ensure that each gate wiring and main circuit wiring are arranged orthogonally to prevent mutual
induction and noise generation due to high potential differences. Additionally, maintain a
sufficient distance between the gate wiring and the main circuit wiring.
(b) There is a high potential difference between the gate lines of the upper and lower arms. Ensure
that there is adequate spacing between these wires.
(c) Keep the gate wiring of parallel elements as short as possible and make sure the wiring lengths
are equal. This will help match the inductance values of each wire, thereby reducing variations in

switching behavior due to differences in inductance.

3-5-5. Dynamic Avalanche and Parallel Connection

The dynamic avalanche voltage is lower than the rated voltage as shown in Figure 3.10, so when
used in parallel and used beyond the area shown in Figure 3.16, more current flows toward the
module which have lower dynamic avalanche voltage. An example is shown in Figure 3.21.
Figure 3.21 is a waveform for when there are no snubbers, but if there are snubber circuits, because
the turn-off current is transferred to the snubber circuit, a decrease in collector current is faster than
when there are no snubbers, so unbalanced current tends to occur in areas with high collector
voltage. (See Figure 3.22)
In any case, when connected in parallel, be especially aware of unbalanced current and be sure to

not use beyond the area shown in Figure 3.16.
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Figure3.21 Operation in parallel connection (without snubber).
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Figure3.22 Operation in parallel connection (with snubber).
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3-6. Power loss of the IGBT module
3-6-1. Classification of IGBT module power loss

An IGBT module consists of IGBTs and diodes connected in parallel. The total loss of the IGBT
module is the sum of the losses generated by both the IGBTs and the diodes. The generated losses
include conduction losses during steady-state operation and switching losses that occur transiently

during switching. Figure 3.23 illustrates the schematic switching waveforms and the generated

losses for both the IGBT and the diode.
IF
Recowery Loss
VF /
AN N
/ 7

Conduction loss

Vece Turn-on Loss Turn-off Loss

/

/
Conduction loss

(a) The loss generated by the IGBT. (b) The loss generated by the diode.

Figure3.23 Schematic Switching Waveforms and Generated Losses of IGBT and Diode.
(Loss of module, Pyy,) =(Sum of arms) X{IGBT loss(P;gy,) + Diode 10SS(Pyjoqe)}  ---(20)

Pigth(Conduction loss, P,,)+(Turn-on loss, P,,,)+ (Turn-off loss, P ---(21)
Pgiode = (Conduction loss, P;)+ (Recovery loss, P,,) ---(22)
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3-6-2. Loss Calculation

This section introduces a simplified method for calculating losses when using IGBTs in a PWM-
controlled inverter circuit. The following conditions are assumed for the calculation:

(a) PWM control of a three-phase, two-level inverter.

(b) The modulation method is sinusoidal pulse width modulation (SPWM) using triangular wave
comparison.

(c) The output current is an ideal sinusoidal waveform.

Figure 3.24 shows the operational mode waveforms of the 2-level inverter based on the above
assumptions.

Triangle wave signal

v

ARV RN RN ERANARNARARRAIY

(BT gate signal LIOOOTTONAOONANA0 L0000 10000000

v

Phase current <

¢ \/
IGBT current nﬂﬂﬂﬂﬂ””ﬂ”””ﬂﬂﬂﬂm

v

v

Diode current

v

” L1111k

Figure3.24 Operational mode waveforms of the 2-Level Inverter.
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(1) Conduction losses

The sinusoidal output current can be expressed by the following Eq.if the root mean square (RMS)
value of the inverter's output phase current is |,.

I.=vV2xIoXxsing --(23)

1+mxsin(0+
D= (6+9)

On duty waveform D(6) can be expressed as (m : modulation, cos® : Current lag power):
; -—-(24)

When the collector current I¢ flows through the IGBT, a voltage Vg, is generated between the
collector and emitter. The relationship between Vg, and Ic is provided in the datasheet. If the

relationship between Vg, and I is approximated linearly as shown in Figure 3.25(a), it can be
expressed :

VCE(Sat) =a+ IC X b “'(25)

Based on Eq.s (24) and (25), the IGBT losses per arm in the inverter circuit, when the modulation
index (m = 1), can be expressed as follows:

1 ,m
Pon =51y ¢ X Ve sary X D x dO
_ zlo

1 m
o dT Zblo2 * 5m Cos @ (3n\/7a10 + 16b102) ---(26)

Where I : The collector current (instantaneous value) flowing through the IGBT, V¢, @ The
saturation voltage (instantaneous value) of the IGBT.

Similarly, if the relationship between V. and I for the diode is approximated linearly as shown in
Figure 3.25(b), it can be expressed by the following Eq.(27):
Vi=a+1;xb ---(27)
1 21
Pf=%fn [ X Ve X D x dB
2lo 1 m
Soat Zblo2 — S CoS @ (3nv/2alo + 16blo?)

—(28)

1 (n)

Tz (1)

athX Ic

/

Vog(eat) W)

VE(V)
(8)IGBT (b) Diode

ath X Ip

a !

Figure3.25 Linear approximation of IGBT and Diode output characteristics.
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(2) Switching losses
The method for calculating switching losses from the |- dependency of Eon, Eoff, and Err as
described in the datasheet is as follows. When the I, dependency of E,, using a linear
approximation, the following Eq.(29) can be used:
Eon(Ic) = kon X I¢ --=(29)
Then, P,,, can be expressed as:
Pion = 5= Jo Eon(l0) X fsw X dO

1 L .
=ZJ0 konx\/EXIoXsmefswxde
_ V2
_T[

Where fsw means carrier frequency.

X kop X I, X fsw  ---(30)

The average of the output current I, is expressed by the following :
Iave = % X \/E X Io _"(31)
If Eon at |, is E,, then Eq.(31) becomes

fsw

Pion = Eton x == --~(32)
Similarly
Py = Etoff X " --(33)
P, = Err x rSTW ---(34)
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3-7. Thermal Resistance and Heat Dissipation Design

3-7-1. Thermal Resistance

The thermal resistance of the module is specified in the specifications for both the IGBT and diode
devices, particularly the junction-to-case thermal resistance Ryy. -

3-7-2. Definition of Temperature Measurement Locations

The definitions for the measurement locations of the case temperature and the heat sink
temperature are shown in Figure 3.26. The junction-to-case thermal resistance Ry, and the case-
to-heat sink contact thermal resistance Ry, .; are specified based on these definitions.

T§ //\\ A .
1ave
Temperature / \ /
distribution Tc
__/ Tc ave
iDice
1
Measurement | ’ ’ P Base |

point

fin

7
1=z NV

Tc (point just under the dice)
Tf (point just under the Tc)

Rth(j-c)max=(T; ave — Tc ave)/P

Rth(c-fymax=(Tc ave — Tf ave)/P

Tj: Junction temperature of dice

Tj ave: Average junction temperature of dice
Tc: Module case temperature

Tc ave: Average module case temperature
Tf: Fin temperature

P: Average power dissipation

Figure3.26 Locations of temperature measurement.
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3-7-3. Heat Dissipation Design
The basic concept for selecting heat sinks for steady-state and transient conditions are the
following.
(1) Steady state
The thermal equivalent circuit for the steady-state condition is shown in Figure 3.27. Using
the thermal equivalent circuit in Figure 3.27, the junction temperature of the IGBT, T,,(IGBT),
can be determined by the following Eq.(35):

T,{(IGBT)=P(IGBT) X Rth(j-c)(IGBT)+{P(IGBT)+P(Diode)} X Rth(c-f)
+{P(IGBT)+P(Diode)} X Rth(f-a)+Ta ---(35)

The difference between the junction temperature and the ambient temperature, denoted

as AT (IGBT) is given by the following:

AT,;=P(IGBT) X Rth(j-c)(IGBT)+{P(IGBT)+P(Diode)} X Rth(c-f)
+{P(IGBT)+P(Diode)} X Rth(f-a)  ---(36)

Here, the measurement points for the case temperature Tc and the heat sink temperature
Tfare defined according to the temperature measurement locations in Figure 3.26.

Additionally, to determine the junction temperature of the diode, the temperature rise
between the junction and the case can be calculated as P(Diode) X Rth(j-c)(Diode) , and the
same approach as for IGBT can be applied.

Please note that if the case temperature measurement location differs, the thermal

resistance will also differ from the catalog values, so caution is required.

TjaGBT) RWGBT) Te Rthic-h)

?
ATj

(IGBTJ gb

P
(IGBD

P:Average power dissipation
Tj ; Junction temperature of dice
Tc ; Case temperature

] . . Tf ; Fin temperature
Bth(rc)(Dm@ § Rth(ta)| 1, : Air Temperature
ATj(Diode, Rth(j-c) ; Thermal impedance of
ode) junction to case

Rth(c-f) ; Thermal impedance of case to fin
E— O— Rth(f-a) ; Thermal impedance of fin to air

Tj(Diode)

Figure3.27 Thermal equivalent circuit.
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(2) Transient state

In general, it is sufficient to consider the average generated losses for the steady-state junction
temperature T, based on the case temperature T.. In reality, IGBTs repeat switching, generating
pulsed losses. If the generated loss is considered to be a continuous square wave pulse with a
constant period and a constant peak value, the peak value of the junction temperature, Tvjp, can be

found by Eq.(37) using the transient thermal resistance characteristic curve shown in Figure 3.29.

T,;,=P1 X {Rth(Steady) X tL/t2+(1—t1/t2) X Rth(tL+2)-Rth(L2)+Rth(tL)}+Tc  ---(37)

Pl Rth(Stable)
0 — Rth(t1+t2)
t1 Rth(t2)
W R
T,
Tc
t1 t2 t1+t2
Figure3.28 Temperature ripple Figure3.29 Transient thermal resistance

Figure 3.30 shows the temperature ripple during inverter operation. The junction temperature
oscillates with the same cycle as the output frequency. It also oscillates with the same cycle as the

carrier frequency. Taking these things into consideration, T,; must never exceed T, even for a

moment.
A
p
S . .
T Black line: Average Tj
g Red line: Tj taking into account
e output frequency
|9 Blue line: Instantaneous value of Tj

»
|

Time

Figure3.30 Temperature ripple during inverter operation.
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3-7-4. Notes on temperature ripple and temperature variation
(1) Points to note when there is temperature ripple:
(a) Consider factors such as those in the previous section and make sure that the temperature
ripple peak value of the junction temperature does not exceed the rated value (Tj,,) when
selecting the fin.

(b) Stress applied to structural parts inside the module increases with the size of the
temperature ripple, and the risk of reducing the life time of the module increases with
the number of cycles. In particular, carefully consider applications where high temperature
ripples occur, and moreover, where there are a large number of cycles.

(c) In addition, note that if the generated loss changes with respect to time, case temperature
(Tc) may also change according to the incurred loss due to the presence of case to fin contact
thermal resistance.

(2) Module Lifetime Curve under Power Cycle Operating
There is a power cycle capability in the life category of the mode where junction temperature
(Tj) of the device changes and the cooling system and module case temperature (Tc) do not
change much.
This shows the relationship between the change swing (AT]j) of the module temperature change
and the repeat cycle number (N). The power cycle capability mainly represents a degradation
mode in which the bonding area of the wire is stressed, causing Vg sqy t0 increase. Our testing
method involves passing the rated current through DUT(Device Under Test) for several seconds,
followed by a period of being off for several seconds to induce a change in the junction
temperature, defining this as one cycle.
In practical use, the presence of thermal contact resistance between the module's case and the
heat sink cannot be ignored, and the case temperature may also change. Therefore, AT,; should
be evaluated between the junction and the heat sink.
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3-7-5. Power cycle lifetime in actual devices

When using power modules for inverters to control motors, the operating conditions of the power
modules change complexly in accordance with the motor operation conditions such as starting,
acceleration (traction), coasting, deceleration (regeneration), and stopping. The losses generated in
the power modules due to these conditions cause the power modules to repeatedly heat up and cool
down, resulting in complex fluctuations in the chip temperature T,. Because this temperature
change induces thermal stress on the power modules, the lifetime of the power modules primarily
determined by the power cycle lifetime due to T,; swing during actual operation. To estimate the
product lifetime of power modules in the field, it is necessary to obtain the operation patterns of the

inverters in the field and determine the operating conditions of the power modules.

Figure 3.31 illustrates estimation method of power cycle lifetime. The operation pattern of the
inverter includes the current, voltage, modulation factor, power factor, and switching frequency.
Using these values and the I.-Vg characteristics, |-V characteristics, |-Eon/Eoff, and I-Err
characteristics, the loss history of the IGBT and diode is calculated. From this loss history and
transient thermal resistance, the junction temperature T,; and case temperature T of the IGBT and
diode are calculated. The temperature swing AT,; and its cycle count are summarized from the T,
history, and the power cycle lifetime is calculated. Generally, the T,; of the IGBT and diode forms a
complex and non-periodic waveform, so the rainflow-counting algorithm is used to convert the

waveform of T,; into multiple AT,; and their cycle counts.

Figure 3.32(a) shows an example of a temperature history. In the rainflow-counting algorithm, AT,;
is classified into four components as shown in (b). Specifically, it is classified into a large +AT,;; and

a small -AT,;, as shown in blue in (c), and a large -AT,;; and a small +AT,;, as shown in yellow in (d).

The power cycle capability is expressed by the following Eqg.as a function of AT, maximum

vj?

temperature T and on state time t,,;:

vj,max?

n
N = No(ATy;)" - t5; - exp (W) --(38)

Where n, m:constant values, Q : activation energy (eV), kg : Boltzmann constant 8.6173 X 10-5(eV/K)

Using Eq.(38), the damage factor D is calculated in Eq.(39), and then the actual power cycle

lifetime N is calculated from the cycle count at which D=1 in Eq.(40).

kB(273+ijmax,i)

D=3, (5)=30L 1 e
1=1 (Ni) 1=1 (No(ATvi.i)n'th,i'eXp(#)> ( )

1

N== --(40)
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Operation pattern Module characteristics

* Current - Voltage " 1e-Vee

* Modulation factor - Power factor * Ve

+ Switching frequency * 1e-Eon/Eoity Ie-Epr

Loss history Transient thermal resistance
- IGBT - IGBT

- Diode - Diode

T,; history, T history Power cycle

- IGBT - Power-cycling diagram

- Diode

Achievable power cycle lifetime

Figure 3.31 Estimation method of achievable power cycle lifetime

=
=

@ (a) t

Tv,

AT,y
ATy)3

Figure 3.32 Rainflow-counting algorithm
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3-7-6. Temperature Monitoring of Power Modules Using a Thermistor

In power modules which are equipped with NTC(Negative Thermal Coefficient) thermistors, it is
possible to monitor the temperature of the operating power module. There is an exponential
relationship between the resistance R of the NTC thermistor and the absolute temperature T, of
the thermistor, which can be approximated by the following Eq.(41).

R =R -exp <B (Tir - Tio)) ---(41)

Where, B represents the constant value, which characterizes the temperature dependence of the
resistance of the thermistor, and R, represents the resistance of the thermistor at the reference
temperature T,

Using the relationship expressed by Eq.(41), temperature estimation is possible by measuring its
resistance. However, since Eq.(41) involves approximation errors, a more accurate temperature
measurement can be achieved by referring to the R-T characteristic curve of the thermistor, as
shown in Figure 3.33.

It is important to note that the thermistor is mounted at a location separate from the IGBT chip or
diode chip inside the power module, so the thermistor temperature T, may differ from the junction
temperature T,;. The relationship between T,; and T, varies depending on the operating conditions
of the power module. Therefore, T,; can not be estimated by the thermistor. Under general
operating conditions, the following relationships hold true among the thermistor temperature T,
junction temperature T,;, and case temperature Te.

Te<T, <T, --(42)

Under general operating conditions, T. = T, under steady-state conditions. Therefore, it is
possible to use the thermistor to detect long-term T rise (about 1 minute) due to abnormalities in
heat dissipation grease, heat sinks, or cooling water temperature.

1000

Thermistor Resistance (k€2)

0.1 !
-50 0 50 100 150

Case Temperature, Tc (°C)

Thermistor Resistance vs. Temperature

Figure 3.33 Relationship between resistance(R) and temperature(T)
of NTC thermistor : typical
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3-7-7. Thermal interference between IGBT and diode

Because the IGBT chips and diode chips are placed close together in a power module, the
temperature of the diode chips rises due to the losses of the IGBT. Similarly, the temperature of the
IGBT chips rises due to the losses of the diode. This phenomenon is known as thermal interference.
Under actual operating conditions of the power module, both the IGBT and diode generate losses,
so it is necessary to consider thermal interference to estimate the T,; of both the IGBT and diode.

Figure 3.34 shows the results obtained from simulations of the T,; of the IGBT and diode when
both chips are simultaneously generating loss. The horizontal axis of the figure shows the ratio of
the losses of the IGBT and diode, with the left end indicating 100% IGBT losses and 0% diode
losses, and the right end indicating 0% IGBT losses and 100% diode losses. In each simulation, the
total losses of the IGBT and diode are kept the same. From the figure, it can be observed that the T,,
of the IGBT or diode increases even when the other device is not generating heat

Figure 3.35 shows an example of a thermal equivalent circuit that represents the calculation
results of Figure 3.34. By using a Y-shaped equivalent circuit, it is possible to represent the thermal
interference between the IGBT and diode.

Power dissipation ratio
IGBT 100% 75% 50% 25% 0%
Diode 0% 25% 50% 75% 100%

0.07

0.06

0.05

0.04

0.03

ATv(j-h), K

0.02

0.01

1 2 3 4 5
Operation number

Figure 3.34 Relationship between IGBT and diode loss ratio and Tvj (Simulation)
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Figure 3.35 Example of a thermal equivalent circuit model expressing the thermal
interference between an IGBT and a diode

3-8. Protection Circuit
3-8-1. Short Circuit / Overcurrent
(1) Arm Short Circuit

Figure 3.36 shows schematic waveforms of IGBT short circuit test. If the IGBTs on the upper and
lower arms turn on at the same time, the collector current I of the IGBTSs rapidly increase . When I
reaches the saturation current of the IGBT, the collector voltage V¢ also rises rapidly to a high
voltage level. If this condition continues, the IGBT will be destroyed by thermal runaway. Short-
circuit withstand time is defined as the time during which an IGBT can turn-off without destruction.
The delay time from a short circuit detection of the protection circuit to turn-off must be shorter than
the short-circuit withstand time. The short-circuit withstand time depends on Vg, Vgg, and T, and

generally decreases as the power supply voltage V. and Vge increase, and as T,; increases.

Stray inductance, Ls Ve !

O\/m= = e o e e e e e

ES | Ls X dlc/dt
S
Rg §G§,\\ ------
OV,OAF:'"
VGE r ! ;
_O_L ]

ES Period I Period TI Period II

(a) Test circuit (b) Waveforms

Figure 3.36 Schematic waveforms of IGBT short circuit test
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The waveform can be divided into three periods below.

Period | : The IGBT turns on, and current begins to flow. The V. decreases due to the stray
inductance Ls and the collector current change rate dl-/dt. As dl-/dt decreases, Vg
increases and a dVg/dt occurs. This dV¢/dt causes the gate current which flow from the
collector to the gate through the gate-collector capacitance Cy. This gate current cause
increase of gate voltage above the gate supply voltage. This gate voltage increase the
collector current I and cause the peak of the Ic. Note that the gate voltage at this time
must not exceed the absolute maximum gate voltage. Additionally, if the peak Ic is too
high, latch-up destruction may occur. Since dVg/dt is highly dependent on the turn-on
gate resistance, careful attention should be paid when setting it.

Period Il : Due to the self-heating of the IGBT, the junction temperature T, increases over time
and T, rise cause I decrease.

Period Il : The gate turns off, and a voltage spike of Ls X dl./dt occurs. At this time, if the IGBT
is turned off with the usual turn-off gate resistance, the Short Circuit Safe Operation Area
(SCSOA) may be exceeded by the large saturation current and the voltage spike.
Therefore, it is recommended to set the turn-off gate resistance during short-circuit

detection to a higher value than the usual turn-off resistance.

(2) Output Short Circuit and Ground Fault

Figure 3.37 shows the current paths for output short circuit and ground fault. An output short circuit
occurs when the motor fails or when the control or gate circuit is stuck in a certain phase.

Figure 3.38 shows the circuit and waveform of a simulated output short circuit test. In an output
short circuit, in addition to the stray inductance L, between the smoothing capacitor and the module,
the short circuit path includes the motor inductance and the inductance L. of the wiring cables
between the inverter and the motor. The inductance of the short circuit path is calculated as follows:

Ly, =Lg+Lc --—-(43)

The current change rate di/dt can be expressed by the following Eq.(44), considering the power

supply voltage as V¢ :
di/dt = Vc/Lg, (A/sec) ---(44)

and ts(sec) is the time from the start of the short circuit, the collector current I can be expressed

by the following Eq.:
Ic=dildtXts(A) ---(45)

When the collector current I reaches the saturation current, the collector voltage Vg increases.

Similar to the case of an arm short circuit, this results in significant heat generation because the

saturation current of the IGBT flows with a high voltage V.
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Figure 3.37 Output short circuit and ground fault current paths

If the cable between the inverter and the motor or the motor itself experiences a ground fault, the

waveform will be similar to that shown in Figure 3.38.

Short circuit inductance, Lsh

e bt nlat

dic/dt=Vcel/Lsh

0V,0A lc
e
Period A Period B Period C
(a) Testcircuit (b) Waveforms

Figure 3.38 Output short circuit simulated test circuit and waveforms
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3-8-2. Overvoltage
(1) Causes of overvoltage
During IGBT turn-off or diode recovery, the current change rate di/dt causes a surge voltage
due to the wiring inductance L, between the IGBT module and the smoothing capacitor. The
peak voltage V., of the turn-off surge voltage can be expressed by the following Eq., considering
the DC voltage as V¢!
Vep=Vect dildtXLs  ---(46)
Under the maximum DC voltage conditions in the system, please ensure that the transient
characteristics (locus) of voltage and current are within the RBSOA and RRSOA.
(2) Suppress surge voltage
The following are methods to suppress surge voltage:
(a) Adjust the gate resistance and negative bias of the IGBT drive circuit to suppress di/dt. This
will be explained in detail at section 3-3 "Gate Drive Circuit".
(b) Place the smoothing capacitor as close to the IGBT module as possible. Additionally, use
capacitors with low stray inductance, such as film capacitors.
(c) To reduce stray inductance L, use thick and short busbars for wiring. It is also effective to
use laminated busbars for parallel flat plate wiring (PN wiring).
(3) Example of surge voltage characteristics
Figure 3.39 shows an example of the collector current dependency of surge voltage during
IGBT turn-off and diode recovery. The IGBT turn-off surge voltage V.gp increases as the
collector current I becomes larger. On the other hand, the diode recovery surge voltage V«p
tends to be higher at lower current levels. As such, surge voltage varies depending on voltage
and current conditions, drive conditions, drive (ambient) temperature, and circuit conditions.
Therefore, ensure that the transient characteristics (locus) of voltage and current are within the

RBSOA and RRSOA specified in the datasheet under all operating conditions expected for the

system. 8000
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o
<
> 500.0 VAKP
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Figure3.39 Collector current dependency of surge voltage during IGBT turn-off and diode recovery.
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4. Mounting Instructions
4-1. Module assembly onto the heat sink

4-1-1. Recommended Tightening Torque

Table 4.1 shows the recommended torque for preliminary and final tightening,

Table 4.1 Recommended torque values for mounting IGBT modules.
No Screw Rated Torque Recommended Temporary Final
(N+m) torque tightening tightening
(N+m) torque torque
(N-m) (N-m)
1 M6 60 55 15~20 49~59

4-1-2. Method for Applying Thermal Grease (Thermal Compound)
(1) Purpose
An appropriate thermal interface is an important for mounting a power module to a heatsink.
Thermal grease is widely used as a thermal interface material to reduce thermal resistance
between the power module and the heatsink. To achieve an effective thermal interface, it is
necessary to use the grease correctly. Incorrect use of the grease can lead to overheating of the
chip and potentially resulting in the destruction of the module.
(2) How to use thermal grease
We would like to introduce the method we have verified for mounting to a heatsink. The
optimal mounting method varies depending on the shape of the heatsink. Therefore, this is
presented as an example and does not guarantee the implementation state. Figure 4.1 shows
the workflow of coating thermal grease, and Figure 4.2 shows an example of the stencil pattern
used in the workflow.
The steps are as follows:
Stepl : Set stencil mask
Remove any foreign objects from the surface of the baseplate and set the stencil on the
baseplate as shown in Figure 4.1(a).
Step2 : Apply the grease
Apply the grease to the edge of the stencil as shown in Figure 4.1(b), ensuring it spreads
evenly across the entire surface of the baseplate.
Step3 : Squeeze the Grease
As shown in Figure 4.1(c), use a squeegee to press the grease into the stencil. Figure 4.1(d)
shows the state of the grease after squeezing.
Step4 : Remove the Stencil

After squeezing, as shown in Figure 4.1(d), remove the stencil.
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Figure 4.2 example of the stencil pattern

(d)

(e)

Figure 4.1 workflow of coating thermal grease

4-1-3. Recommended Screw Tightening Sequence
For preliminary and final tightening of modules with 4-point, 6-point, and 8-point screws, please
follow the sequence shown in Figure 4.3.
Preliminary Tightening: Follow the sequence 1 = 2 = 3 = 4...
Final Tightening: Follow the sequence ..4 = 3=>2=1
Note that the tightening sequence should follow a diagonal pattern, and there are no specific

restrictions on the starting position. (The same applies for retightening.)

4
\C[

O @) O O
4 2 3 1 5

Figure4.3  Screw tightening sequence of IGBT modules.
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If the tightening sequence and torque values shown in Figure 4.3 are not followed, the viscosity of
the grease may cause the base to warp, which can lead to insulation breakdown of the insulating
substrate inside the device.

Additionally, if the interval between temporary tightening and final tightening is too short, the
viscosity of the grease may cause the base to warp, potentially resulting in insulation breakdown.
Therefore, please ensure that the interval (waiting time) is properly observed. After installing the

module, please confirm by performing an insulation withstand voltage test.
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4-1-4. Surface Roughness and Warping of the Heatsink, etc.

Important Notices

*The surface roughness of the heat sink, should be "25S" or higher.

*The convex or concave warp of the heat sink should not be more than 50um (between the
mounting screw holes).

+ Confirm that the surface of the heat sink is free of burrs and be sure to chamfer the screw holes.
*Always be certain to look for and remove all foreign substances, such as cuttings, which may get

caught between the IGBT module and heat sink.

4-1-5. Mounting Holes for the Heatsink

If the diameter of the mounting holes in the heatsink is too large, the metal base of the IGBT
module may deform, as shown in Figure 4.4, potentially damaging the chips inside the module.
Therefore, please select an appropriate mounting hole diameter that matches the size of the screws
being used. Table 4.2 shows the recommended mounting hole diameters and chamfer values for the

SCrews.

Table 4.2 Recommended mounting hole diameter Bad Example
and chamfer value (mm)

Ne | Screw | Mounting hole| Recommended
; Heatsink
diameter chamfer value
1| M4 o5 L] \
2 M5 (03) CO0.5 If the diameter of the mounting holes is too large,
the metal base of the IGBT module may deform.
3 M6 @75
4 M7 @95 Figure 4.4 Example of mounting

on an inappropriate heatsink

4-2. Screw Mounting to the Terminals

4-2-1. Handling of Terminals

Do not apply compressive or tensile stress of 147N (15kgf) or more per terminal to the main
terminals. Additionally, for the main terminals of the nHPD? package, do not apply tensile loads of
50N per terminal or more in the tensile direction, and compressive loads of 250N per terminal or
more in the compressive direction. Deformation of the module and main terminals may cause
package damage or internal wiring short circuits.

Do not bend or flex the main terminals/auxiliary terminals. There is a risk of terminal breakage.
Furthermore, if the structure is such that the terminals are used to support heavy objects, there is a
risk of terminal breakage due to the applied load. Therefore, please conduct vibration tests on the

actual equipment in advance to evaluate the structure.
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4-2-2. Recommended Screw Tightening Sequence

There are no specific regulations regarding the tightening sequence of screws on the terminals.

4-2-3. Screw Tightening

Use a manual or electric screwdriver to tighten the screws with the recommended torque shown in

Table 4.3.

Table 4.3 Torque for mounting screw terminals.

Ne Screw Rated torque Recommended Minimum torque Remarks
(N - m) torque (N - m)
(N_- m)
1 M4 20 18 16 Aucxiliary terminal
2 M8 150 150 120

4-2-4. Recommended Screw Depth

The cross-sectional view of the screw-type mounting section is shown in Figure 4.5. The
recommended depth (length) of the screw should be selected so that the length "d" (protruding
length from the nut) in the figure is 1-2mm.
The dimensions (a, b, c) in Figure 4.5 vary depending on the type of screw, as shown in Table 4.4.

Note that these dimensions do not include the thickness of wiring or other materials.

Module side terminal
| | i » 0

[ H I AN
/'

Module side nut

PRt ey B

d (Protruding screw)

Figure4.5 Cross-sectional view of the screw hole on the module side.

Table 4.4 Length of each part of the screw hole in Figure4.5 (a, b, ¢)

No. Screw a(mm) b(mm) c(mm) Remarks
1 M4 32 100 06 Auxiliary terminal
2 M8 80 170 15
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4-3. Design Reference for Busbar and Capacitor Connection

When attaching a capacitor to the DC terminals of a power module by a busbar, it is important to
ensure that the stray inductance of the busbar is minimized. Large stray inductance may lead to a
significant voltage spike during turn-on and off, which may exceed the Vg rated voltage of the
power module. When using the power module, care must be taken to ensure that the voltage,
including the spike voltage, does not exceed the V.gg rated voltage of the power module.
Additionally, the switching losses of the power module can vary depending on the structure of the
busbar, leading to differences from the values listed in the specification sheet. Therefore, it is
necessary to measure the electric characteristics under the real connection conditions of the
inverter.

Figure 4.6 shows an example of connecting a busbar and capacitor to an nHPD? package. In this
example, the DC busbar is designed with a laminated structure to reduce the stray inductance of the

busbar. We uses a similar busbar design when evaluating the characteristics of power modules.

nHPD? package

Capacitor

Figure 4.6 An example of connecting a busbar and capacitor to an nHPD? package
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4-4. Busbar Mounting Precautions

Do not lift, bend, or pull the main or auxiliary terminals as they damage them. Additionally, in
configurations where the terminals are used to support heavy loads, excessive load may damage
the terminals. Be sure to evaluate the actual equipment by vibration test in advance..
When connecting multiple main terminals to the same busbar, perform preliminary tightening with
approximately 30% of the recommended torque shown in Table 4.3 for all main terminals before
performing the final tightening. When removing, ensure that each main terminal retains a torque
approximately equal to the preliminary tightening torque until all main terminal bolts are loosened.
Applying excessive torque to a specific main terminal without preliminary tightening may damage
the case.
Figure 4.7 shows an example of busbar connection. When attaching or removing the busbar to/from
the main terminals, fix the busbar at a part other than the main terminals to ensure that the
tightening or loosening torque is not directly transmitted to the case. Excessive tightening or
loosening torque applied to the case may cause it to break. When fixing the busbar to a support post
or similar structure, ensure that the height is equal to or less than the height of the module. During
connection, it is recommended that compressive load, rather than tensile load, is applied from the

busbar to the module.

Busbar

Case / Pillar
Module

Baseplate

Heatsink

T

Figure4.7 Example of busbar mounting method to terminals
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During operation of the power module, the module main terminals generate heat due to resistance.
Part of this heat is dissipated through the bus bars. As a result, the temperature at the busbar
connection part of the main terminals rises. When designing an inverter, it is necessary to consider
the impact of temperature fluctuations and heat dissipation at the busbar mounting part of the main
terminals on the reliability of the busbar and surrounding components. Figure 4.8 shows the
relationship between the amount of heat dissipation from the main terminals and the temperature
difference across the main terminals. Here, the amount of heat dissipation from the terminals is
shown when a sinusoidal current of 1600A(peak) and 800A(peak) is passed through the AC

terminals.

Additionally, the maximum temperature of the main terminals may occur inside the module
depending on the operating conditions. Therefore, when large current is conducted, an upper limit
may be set for the temperature at the busbar mounting part of the main terminals and the case
temperature.

terminal temperature T, 45

(= busbar temperature) Pout1(1600Ap)

(
10 S - = = Pout2(1600Ap)
S Poutl1(800Ap)
35 \\ = = = Pout2(800Ap)
% 30
<25
[s]
o
5 20
=]
£ 15
10
. ~
| heat sink 5 AN
~
~
! ; 0 )
terminal temperature T, 100 50 0 50 100

(= substrate temperature)

T2-T1 (degC)

Figure4.8 Example of the relationship between heat dissipation from terminals
and temperature difference across the terminals.



4-5. PCB Mounting

Table 4.5 shows the recommended tightening torque for the screw terminals when mounting a
PCB on the top surface of the module, and Figure 4.9 shows the tightening sequence for the PCB
mountings crews. After tightening the four corners A to D in the illustrated order, tighten the inner
connection points 4 to 11 in any order. Regarding the screw length, refer to the screw hole depth
dimensions provided in the outline drawing in the specifications, and adjust the length considering
the thickness of the PCB to be used.

Additionally, for the PCB material, FR-4 (glass epoxy) substrate is recommended.

Table4.5 Recommended tightening torque for screw terminals of PCB mounting.

Ne Screw Rated torque Recommended
] (N-m) torque (N-m)
1 M3 0.8 0.65+0.15

C

oJ 2
@,

[T A

——
N

i 5

Figure4.9 Tightening sequence for PCB mounting screws.
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4-6. Mounting Environment

Important Notices

Concerning the mounting environment for the module please be aware of the following.
@Harmful Substances : When an IGBT module is exposed to corrosive gases, such as
sulfur dioxide or chlorine gas, conductivity or heat radiation may decrease because of
terminal or base corrosion and parts may discolor. Make sure to always keep IGBT modules
away from such substances.

@Exposure to Elements : Protect the IGBT module from both rain and water.

4-7. Storage and Shipping Precautions

Important Notices

(1) IGBT modules should always be stored under the following conditions.

@Temperature : 40 degrees Celsius, maximum.

@Humidity : 60% Relative Humidity, maximum.

@Dust : Avoid storing the module in locations subject to dust.

@Harmful substances : The installation location should be free of corrosive gases such as
sulfur dioxide and chlorine gas.

@Other : Do not remove the conductive sponges or tapes attached to the signal gate and
emitter gate.

(2) Shipping Method

@To prevent the case cracking and/or the electrode bending, appropriate consideration should
be given to properly insulate the shipping container from mechanical shock or sever vibration
situation.

@ Do not throw or drop the case while shipping. Treat them with care. The devices may break if
they are not handled with care. Please do not use the IGBT modules that were dropped or
damaged.

@ Appropriate labeling on the outside of the shipping container should always be present.

@The shipping container itself should always be properly protected from both rain and water.
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4-8. Precautions against Electrostatic Failure

Important Notices

Since IGBTs have a MOS gate structure, please pay close attention to the following points as

electrostatic discharge (ESD) precautions:

® Do not remove the conductive metal or tape attached between the gate and emitter until
the device is ready for use.

® When handling the device, ensure that the human body is grounded through a high
resistance (approximately 100kQ to 1MQ), hold the package body, and avoid touching the
gate terminals.

® Ensure that the workbench, soldering iron, and any other objects that may come into
contact with the device are properly grounded.

@® During testing and inspection, confirm that any residual charge in the measuring
instruments has been removed. Additionally, when applying voltage to each terminal, start

from OV and return to OV to finish.

4-9. Circuit Layout and Wiring Method for IGBT Modules
(1)IGBT Module Placement:
Place the IGBT module so as to minimize the wiring inductance from the power supply. If this
wiring inductance becomes large, it may generate an overshoot voltage during switching and
destroy the IGBT module. In order to reduce inductance of the main circuit wiring, please use

laminated bus bars.

(2)Gate Circuit Wiring:

keep the cable between the gate circuit and IGBT module as short as possible. If the cable is
long, gate voltage will rise or fall more slowly and the switching time will become longer. In
addition, the likelihood of noise generation will be increased. In order to reduce wiring
inductance and prevent noise, either a two-wire stranded cable or shielded cable should be

used.
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4-10. Measurement Precautions

(1) Vees Measurement:

Before beginning VCES measurements, be sure to short-circuit the signal gate and emitter
terminals. If the signal gate and emitter terminals are kept open or their contact is defective
during measurement, the IGBT module may be damaged. In addition, if there is a risk of
condensation on the module due to a heat cycle test or other factors, after drying for more than

2 hours at approx. 100°C, measure within the specified temperature conditions.

(2) Voltage Differences During Switching:

Because IGBT modules have wiring between the chip inside the module and the module
terminals, the voltage applied to the chip and the voltage of the external terminal is not identical,
especially during switching.

For expressing the time rate of change in current as di/dt and the cable inductance as L, an
inductive voltage equal to L X di/dt will be generated within the cable. Typically, cable inductance
L is about 20 to 40 nH. So when the IGBT module is turned ON, the external terminal voltage
observed is higher than the voltage applied to chip.

Conversely, when the IGBT module is turned OFF, the observed external terminal voltage is

lower than the voltage applied to the chip.
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5. Reliability
General matters and terminology are explained in this chapter.

In addition, reliability test items and content specific to the module structure are explained.

5-1. Failure Rate
In general, the failure rate of semiconductor devices changes with time as shown in Figure 5.1.

]

1

]

(&~ Initial failure —E <— Random failure %:L End-of-life failure

T : |
1 ]

1 1

Q | )
IS | )
o | )
3 | :
(_U I 1
w : :
| :

1 ]

1 1

1 ]

1 1

T ]

i )

1 ]

i ) :

. Time ;

1 ]

Figure 5.1Module Failure Regions (Bathtub-Shaped Curve)
Initial failure: failure that occurs at a relatively early stage due to design and production or

incompatibility with the usage environment.

Random failure: failure that occurs incidentally after the initial failure period but before

the end-of-life failure period.

End-of-life failure: failure that occurs during the period when the failure rate increases

with time due to fatigue, wear, and degradation.
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5-2. Failure Factors
Factors that determine the likelihood of the failure of semiconductor parts can be divided into
external factors of use and internal factors of construction as shown in Table 5.1.

If failures such as those shown in the following table occur, analyze the factors that caused them

and take appropriate countermeasures.

Table 5.1 Failure factors

Failure Factor Examples
Internal Materials and (1)Intermetallic compound generation failure
Factors Structures of parts (purple plague etc.)

(2)Mismatching of thermal expansion rate

Deviation in Product | (1)Failure of Al wire bonding

Process (depends on position, pressure, crack etc.)
(2)Scratch of die surface pattern

(3) Failure of solder

External Thermal Stress (1) Wear degradation and destruction due to thermal
Factors expansion
(2) Facilitation of chemical change

(compound generation, etc.)

Electrical Stress (1) lIsolation breakdown (package)
(2) ESD destruction of the IGBTs
(For a die with a MOS structure)

Mechanical Stress (1) Connection bending
(2) Package cracking
(3) Isolation breakdown (package)

Chemical Stress Rust on external electrode

Radiation Change in device electrical characteristics due to
accumulation of surface electric charge
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5-3. Reliability Test
The types and contents of reliability tests conducted for our high-voltage IGBT module
MBM450FS33F are shown in Table 5.2.

Table 5.2 The types and contents of reliability tests conducted for MBM450FS33F.

Sample Number
Testitems Test Conditions Sizz of Judgment
Failure
) Temp. ; 150 deg.C
High Temp. Storage Test Duration ; 1,000 hours 6 0 pass
Temp. ; -55 deg.C
Low temp. Storage Test Duration ; 1,000 hours 6 0 Pass
Temp. ; -40—25—125—25 all in deg.C
Temp. Cycle Hold Time ; 60 minutes each condition 6 0 Pass
Number of Repetition cycles ; 200
Temp. Humidity Temp. ; 60 deg.C Relative Humidity ; 90% 6 0 Pass
Storage Test Duration ; 1,000 hours
Acceleration ; 98m/s?
*Vibration(1) Freque_ncy Range ; 100-?,000Hz _
Variable Freq Sweeping Rate ; Approximately 20 minutes 6 0 Pass
' Sweeping method ; Logarithmic
Test Time,Direction ; 2 hours of each X,Y,Z
Amplitude ; 1.5mm
*Vibration(2) Freque_ncy Ranqe ; 10—5_5Hz .
) Sweeping Rate ; Approximately 1 minutes 6 0 Pass
Variable Freq. ) ) P
Sweeping method ; Logarithmic
Test Time,Direction ; 2 hours of each X,Y,Z
*Vibration(3) Acceleration ; 98m/s? Frequency Range ; 60+20Hz 6 0 Pass
Fixed Freq. Test Time,Direction ; 32 hours of each X,Y,Z
*Shock Acceleration ; 980m/s? Pulse Width ; 6ms 6 0 Pass
Test Time,Direction ; 3 cycles of each X,Y,Z
Mounting Torque ; 6N-m
*Mounting Strength Accessories ; aluminum heat sink(convex;100um) 6 0 Pass
Test Duration ; 336 hours
Torque of Screw Terminal ; 15N-m
Terminal Strength Accessories ; copper plate(5mmt) 6 0 Pass
Test Duration ; 336 hours
. Temp. ; 150 deg.C Apply Voltage ; 3,300Vp(C-E)
Temp. Bias(AC) Test Duration ; 1,000 hours 6 0 Pass
. Temp. ; 150 deg.C Apply Voltage ; 2,600VDC(C-E)
Temp. Bias(DC) Test Duration ; 1,000 hours 6 0 Pass
) Temp. ; 150 deg.C Apply Voltage ; 20Vp(G-E)
*
Temp. Bias(AC) Test Duration ; 1,000 hours 6 0 Pass
. — - Te=30S
*Thermal C_urren_t ; Ic/IF=450Ap Temp. ; Tc=30<100deg.C
. Sinusoidal Waveform ;
Fatigue Test 180 d duction(IGBT 6 0 Pass
(Intermitted Operating Test) eg con ucFlon( )
90 deg conduction(FWD)
Current ; Ic=450A
Power Cycle Temp. ; ATj=80 deg.C Tjmax=150 deg.C 6 0 Pass
*Electrostatic Capacitor C ; 200pF Resistance R ; 0Q 6 0 P
Discharge Test Voltage ; 200V ass
Isolation Applied Voltage ; 6,000Vrmsx10minutes 6 0 Pass

*Tested by equivalent structure type
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5-3-1. Reliability Test Acceptance Criteria

The criteria for determining device degradation in the above reliability tests are based on the

following items and acceptance values.

Table 5.3 Criteria for MBM450FS33F determining device degradation in reliability tests.

Devices : IGBT Modules Type : MBM4A50FS33F
Vces : 3,300V 1. Ices, Iges
Ic(DC) : 450A 2. Vce(sat), VFM
. Tj : -50 deg.C ~ 150 deg.C Accept. 3. Vge(to)
Ratings .
Limit Vge(to)
4. Others

<2xRated Value
<1.2xRated Value
>0.8xRated Value
<1.2xRated Value

<Rated Value (Upper Limit)
> Rated Value (Lower Limit)

5-4. Quality Assurance System

Our quality assurance system is shown in Figure 5.2.

Section in charge]
Marketing, Sales Sec. Design Sec. Manufacturing Sec. QA Sec. Procurement Sec.
Business
Marketing ,—'_ _______
Planning Marketing, Target Spec. : .}
Design gﬁwce de_S|gn ificati
Development araCl(E‘:Sll(i::eﬂl ication|
: - - F-=-—--- Pur(_:hast_ed product |« = | Parts order
\ certification
___________ .
Prototype Prototype | _ _ o L e e e - = = o »| Reliability test
certification
1 - -
N Y » | Trial production :
Sample shipment T = — —p| Mass production
certification
o —| >
Orders '|ﬂlim, > Parts order
) Incoming
Process control inspection
I Mass
Outsourcing control [— i — -
Mass 9 production Mass production
production PQC control  [= A== confirmation test
Intermediate ‘Shipping
> test -—— inspection
Shipping < Packing
g;}sr;fqomer < Symbol Customer »| Acceptance
explanation> claim
Counter and — Production route
preventive — —» Development route
measure ! . l
— Incidental business route
. X | Investigation, countermeasures, treatment, preventive measure |
===p Corrective action
Tre_a?r?nent Report B
activities to customer < Confirmation

Figure5.2 Quality assurance system.
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6. Troubleshooting
6-1. Failure Modes of IGBT Modules (Electrical Failure Modes)

When an IGBT fails, investigate the cause of the failure according to the following tree.
However, please note that while this tree can assist in investigating the cause of IGBT failure, it
does not necessarily guarantee that the cause can be identified.

Destruction of IGBT
module

A Overcurrent

Destruction of IGBT I—

—| Destruction of FWD I

Over current

Over voltage

IR

Over gate voltage

1]

Reliability

Destruction related to handling

Over junction D
Temperature
E
F

Figure 6.1 Failure modes of IGBT modules.
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Gate drive circuit
malfunction

Control board

abnormality

Short dead time

Short circuit of

Gate drive circuit
abnormality

Control board
abnormality

load

Short circuit

| Load abnormality

to ground or power
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B

C

Overvoltage

Over
voltage

Over voltage of
power supply

Input voltage

Voltage boost

abnormality

Regenerative
operation of

motor

circuit abnormality

Over voltage

Over voltage of
battery

Voltage boost
circuit abnormality

Control circuit

— protection
not working

abnormality

Regenerative circuit

Over surge
voltage of
recovery (FWD)

Over voltage protection
not working

abnormality

Control board

Excessive stray
inductance

abnormality

Circuit design

L Hard turn off
at over current

failure

Over current

Gate overvoltage

Charge of static
electricity

Figure 6.3 Failure Mode B: Overvoltage

Static electricity

Surge voltage

Over voltage of gate
power supply

protection circuit
not work
(soft turn off failure)

uncontrolled

Gate voltage

No countermeasure for
manufacturing environment

oscillation

Excessive stary inductance
of gate wiring

Gate substrate wiring
layout failure
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between gate and
collector terminals

Gate power supply
abnormality

Gate substrate wiring
layout failure

Gate power supply
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Figure 6.4

Stain

Insufficient creepage distance
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Failure Mode C:Gate overvoltage
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D

Excessive Junction Temperature Rise

Increase of
conduction
Loss

Increase of
switching
loss

(Continue to next page)

Increase of Insufficient Gate drive
Saturation —| forward bias circuit
voltage gate voltage abnormality
Gate power
supply control
abnormality
Increase of Over current Control board
collector Over current protection abnormality
current not working
L | Current sensor
detection error
Short circuit Gitifcﬂﬁve || Control board
. abnormalit
of arms malfunction Y
Gate drive
] circuit
abnormality
Short circuit Load
of load abnormality
Short circuit Load
to ground or abnormality
power
{_overioas | bnormaty.
Over load abnormality
Load
abnormality
Incr_eas_e of Increase of Control board
switching carrier abnormality
number frequency
Gate drive
dv/dt False gate ircuit
Ifunction drive signal areutt.
ma abnormality
Increase of Insufficient of Gate drive
turn on | —{ Increase of forward bias circuit
switching turn on time gate voltage abnormality
loss
Increase of Gate drive
gate circuit
resistance abnormality
_| Overturn on Short circuit Shortdead | | Control board
current of arms time abnormality
Increase of | ‘ Insufficient of Gate drive
turn off — tncreaste_r 0 reverse bias circuit
switching urn on ime gate voltage abnormality
loss
Increase of Gate drive
gate circuit
resistance abnormality
Short circuit Short dead Control board
of arms time

Figure 6.5 Failure Mode D: Excessive Junction Temperature Rise (1)

6-3

abnormality




D : Excessive Junction Temperature Rise(2)

Case
temperature
rise

Decrease in
cooling ability

Decrease in
coolant flow
rate

Decrease in

pump
pressure

Figure 6.5 Failure Mode D: Excessive Junction Temperature Rise (2)
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Figure 6.6 Failure Mode E: FWD destruction
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F

Destruction Related to Reliability and Product Handling

Destruction due
to handling
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load

(Continue to next page)
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R loading
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Screws used are too long
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Large screw
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Vibration transportation and assembly and assembly
Each component is not fixed Terminal
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product. vibration)
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Heat resistance
of solder
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Figure 6.7 Failure Mode F: Destruction Related to Reliability and Product Handling (1)
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F

Destruction Related to Reliability and Product Handling (2)
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Figure 6.7 Failure Mode F: Destruction Related to Reliability and Product Handling (2)
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6-2. Device Check
To check IGBT electrical characteristic, a “Curve Tracer” is generally used to measure voltage and

current. Figure 6.1 shows both good and bad sample examples for checking IGBT module
characteristics. In addition, please note that if the device has degraded or has been damaged, using

this method may lead to secondary damage.

Table 6.1 Verifying Device Characteristics Methods

Table 6.1 IGBT Electrical Characteristic Check Method (Reference)
Checking terminal Output waveform of Curve Tracer
good sample failed sample
ICE (~0.1mA/d) ICE(1mA to several tens of mA/d)

CtoE
Breakdown voltage
failure
sample

(Requires G to E connection)
avalanche
voltage

leakage current

+
Lol VCE mm=ms
{
AN 4 % A (~200v/d ) s
G Curve forwafc‘;vletage (conditions of no failure) _ /7: 'X
Tracer leakage current = spec. value no failure )
avalanche voltage 2 sper. value sample | resistive characteristics
FWD Vb =0.3V !
H (several Ohms~)
l
Enlarge
‘ — (ImA/d, 0.5V/d)
ICE = 1mA@ V=-0.3V In case of IGBT short (resistive destruction)
( FWD built in voltage Vb)
IGE (10 u A~ 1 mA/d) IGE (1 mA/d)
GtoE no failure s
Current changing at VGE(TO) sample =
IGE = 0 at VGE max \ ST VR
0 (1v/d)
VGE

N
\ (1v/a) ¢

“
Curve )< displacement current RN
depend on input capacitance | Tfeqeess
Tracer
In the case of no failure sample
(An AC measurement mode of Curve Tracer is used.) o )
characteristics failure of
{Conditions of no failure) resistive mode
_ Current changing at VGE(TO)
IGE=0at VGE max. In case of G to E short.
no leakage current <max. value of spec
to flow the displacement current depend on input capacitance breakdown voltage failure of C to G
C,GtoE
L. . [ (10mA~/d) T (10mA~/d)
(This is a test to verify that the
. IGBT |
IGBT is turned on.) Forward !
to appear the FWD Voltage /
forward characteristics H
‘
1
+ 0 /
V(1~2V/d) ’l
\ ‘ /tbcgin to flow the IGBT 0 & L
current at V = VGE(TO) - ==eot\” \Y
urve . !
C s - no failure i (1~2v/d)
Tracer FWD current = 0 !
Forward voltage sample ™~ .
,' begin to flow the IGBT
(conditions of no failure) 1 current at V < VGE(TO)
T TS TTT TS moTmmmsmmmmmmmmmmme o 1 in case of failure sample
Begin to flow the IGBT current at VGE :‘VGE(TO) :
to appear the FWD forward characteristics E In case of VGE(TO) failure

(built in voltage)

-]

*1. In this case, we described the measurement mode of the curve tracer as AC (alternating current power output), but if

necessary, observe as DC mode (positive or negative voltage output).
You may wish to use DC mode to make it easier to observe leakage failure due to the low displacement current.

*2. Verifying characteristic failure of the module due to isolation voltage or temperature change is difficult using this method.
*3. Module characteristics checks with testers with low power supply voltage (simple testers with a few Vs) is also possible,

but in such cases, it is difficult to "fully understand" the condition of the module.
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7. Failure Precautions
7-1. Warnings

7-1-1. Precautions for Package Bursting

/\ Warning

@®\When either a load- or arm- short circuit occurs in an IGBT module, it must be turned OFF
immediately (within a few microseconds). Otherwise, the module case may burst.

This is because energy at the time of short circuit accumulates in the module and will be released
instantaneously.

Always be certain that you take the following precautions:
1) Keep the IGBT module in a closed case to prevent operator harm should it ever burst.
2) Never open the IGBT module's closed case while an electric current is being supplied to the module.

7-1-2. Warnings Regarding Burns and Electric Shock

/N\Warning

@ Do not touch or approach the product while when it is powered on. There is a risk of burns and
electric shock.

7-2. Caution

ACaution

@ After the IGBT breaks down, ensure that a short-circuit current does not continue flow for a
long time (several hundred microseconds). There is a risk of smoke and ignition.

Although the resin of the IGBT module uses UL94V-0 flame-retardant class material, please
protect it with a fuse.
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