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About this document

This document will discuss the basics of the loss calculation that included the conduction loss and the
switching loss for Insulated Gate Bipolar Transistors (IGBT) and Fast Recovery Diode (FRD).

Target Device

IGBT & FRD
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IGBT Loss Calculation

1. Introduction

1.1 Overview

This application note will introduce the fundamentals of calculating power losses in Insulated Gate Bipolar
Transistor (IGBT) and their complementary Fast Recovery Diode (FRD), with a focus on the two main types
of losses: conduction and switching.

IGBT combine the high input impedance of a MOSFET with the high current and voltage capabilities of a
BJT, making them well-suited for applications such as inverters, motor drives, and power converters. Their
ability to handle high power with fast switching makes them a preferred choice in power electronics.

To enhance their performance in high-speed switching circuits, IGBT are often paired with FRD, specially
designed diodes that have short reverse recovery times. These FRD help manage rapid changes in current
flow, reducing switching losses and improving overall efficiency.

Accurate loss calculations are crucial for effective IGBT and FRD design, as they affect the thermal
management, reliability, and overall efficiency of the system. This application note will cover both conduction
and switching losses, which are the main contributors to power dissipation in IGBT and FRD components.
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Figure 1-1 Power Loss of IGBT
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IGBT Loss Calculation

2. IGBT Conduction Loss & Switching Loss

This section provides an in-depth look at conduction and switching losses specific to IGBTS, including
formulas and explanations.

2.1 IGBT Conduction Loss

Conduction loss occurs when the IGBT is in its "on" state and allows current to flow. This loss depends on
the on-state voltage and the current flowing through the device.

The conduction loss Pcond, 16T fOr an IGBT is calculated as:

Pcond, 18T = VcEeo X lavg

e Pcona :Conduction loss in IGBT
e Vceo : Collector-emitter saturation voltage of the IGBT.

o layg : Average load current flowing through the IGBT( Depends on Application load current)

For the example, if Veeo= 2V and lavg = 10A:
Pcond, BT = 2V X 10A = 20W

2.2 IGBT Switching Loss

Switching loss occurs when the IGBT transitions between its "on" and "off" states. During these transitions,
the overlap of voltage and current causes energy dissipation.

The switching loss Psw, iceT per cycle is:

Psw, 1T = f X (Eon + Eofi)

o Py : Switching loss in IGBT
o f : The switching frequency.

o Eons Eofi - The energy losses during turn-on and turn-off transitions, respectively.

For example, if f=10kHz, Eon= 0.5mJ and Eos = 0.4mJ:
Psw, iceT = 10000 x (0.5 +0.4) mJ = 9W
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3. FRD Conduction Loss & Switching Loss

This section covers the loss calculations for FRDs, including conduction and switching losses.

3.1 FRD Conduction Loss

FRD conduction loss occurs when the diode is forward-biased, allowing current to flow with a small forward
voltage drop.

The conduction loss Pcond, Frp for an FRD is calculated as:

P cond, FRD = VE x lavg

e Pcond :Conduction loss in FRD
o Vr : The forward voltage drops of the diode.

o layg : Average load current flowing through the FRD when conducting

For example, if VF = 1.2V and l.,g =10A:
Pcond, Fro = 1.2V x 10A = 12W

3.2 FRD Switching Loss

Switching losses in FRDs occur due to the reverse recovery time when the diode transitions from conducting
to blocking states. This loss is significant in high-frequency applications where switching speed is crucial.

The switching loss Psw, Frp per cycle is:

Psw, FrRD = FX Eyr

o Psyw :Switching loss in IGBT
e F :The switching frequency.

o Ei : The reverse recovery energy, which depends on factors like reverse recovery time and current.

For example, if f = 10kHz and E,, =0.3mJ:
Psw, FrrRo = 10000 x 0.3mJ = 3W
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4. Total Power Loss

Total power loss in electronic devices, such as IGBTs and FRDs, refer to the sum of conduction and
switching losses that occur during operation. These losses directly impact the efficiency and thermal
performance of power electronics systems.

By applying the example values from the previous chapter, we can calculate the total power losses (Ptotar) for
the IGBT and FRD.

Ptotai = Pcond + Psw
o Piota, iceT = 20W + 9W = 290W
o Piotar, rrp = 12W + 3W = 15W

Thus, the combined total power loss for the IGBT and FRD is:

Ptotar = 29W + 15W = 44W

This value highlights the importance of considering both conduction and switching losses to optimize the
performance of power electronic systems.
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5. Case study for Loss Calculation in Inverter Operation

In this section, we will use a Renesas product (RBN75H125S1FP4) as an example to calculate the IGBT

losses for an inverter motor.

RBN75H125S1FP4 Key Features

* Trench gate and thin wafer technology (G8H series)

* High speed switching

* Short circuit withstands time (10 ys min.)

* Built in fast recovery diode in one package
* Low collector to emitter saturation voltage VCE(sat) = 1.8 V typ. (at IC =75 A, VGE = 15V, Ta = 25°C)

Key Performance

Type Vces le Veg(sat), Tc = 25°C IF tsc Tj
RBN75H125S1FP4-A0 1250 V 75A 1.8V 50 A 10 ps 175 °C
Outline

RENESAS Package code: PRSS0003ZQ-A
(Package name: TO-247plus)
4 1. Gate
G 2. Collector
3. Emitter
4. Collector

Figure 5-1 Inverter basic circuit diagram
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IGBT Loss Calculation

Below Figure 5-2 shows the ideal case characteristic of an inverter phase for a sinusoidal pulse width
modulation (PWM).
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Figure 5-2 PWM, output voltages and currents

Assuming the parameter values available in Table 5-1 below will be used for the loss calculation below.

Table 5-1 Parameter value for loss calculation
Vce = 813V 11 =13A fsw=10,000Hz | Eon = 0.021J rCE = 0.022Q

Vrer = 600V Irer = 75A m =0.85 Eorr = 0.006J rF=0.03Q
Vceo& Vro =1V | lout=11/N2 | cosep =0.8 Er=0.001176J

Besides the condition from inverter application, there are parameters which need to be calculated from
products datasheet. The datasheet contains parameter graphs that can be used to determine the resistance
values (rCE and rF) and the Switching Energy losses (Eon and Eoff) to be used in the formula.
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The rCE, value can be calculated from datasheet graph in Figure 5-3 as below:

Typical Output Characteristics
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g 4/ |
§ 30 1 10V
Tt
01| 2 4 6 8 10
1.5 25
Collector to Emitter Voltage Ve (V)
Figure 5-3
The rF, value can be calculated from datasheet graph in Figure 5-4 as below:
Diode forward current
vs. Diode forward voltage (Typical)
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Figure 5-4
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IGBT Loss Calculation

For both Eon and Eorf: it's can be calculated from datasheet graph in Figure 5-5 as below:

Switching Characteristics (Typical) (4)
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Figure 5-5

As final, the IGBT equation for conduction loss Pcond, 16T @and switching loss Psw, iceT are calculated as below:

1 mXcose 1 mXcose
Pcond, IGBT = (— + —) XVCEO x I1 + (— +—
2n 8 8 3

_ (1 0.85x0.8

)><rCE><11Z

0.85x0.8

3

—+
2w 8

)x1.0x13+(§+ )><0.022><132

= 3.9w

V2 Tout (Vcc
Psw,IGBT = fsw X (Eon + Eoff) x — (Vref

Kv
- xﬁx ) X (1+ TCEsw x (Tj — Tref))

_ vz 92 (813\13
= 10,000 x (0.021 + 0.006) X = x 2= (ﬁ) x (1+0.003 x (72 — 150))

=16.9W

Ptotal, IGBT = 3.9 +16.9 = 20.8W
Where,
I1 : Amplitude of the inverter output current
VCEO(Tj): Temperature-dependent threshold voltage of the on-state characteristic
rCE (Tj): Temperature-dependent bulk resistance of the on-state characteristic
Iref, Vref, Tref: Reference values of the switching loss measurements taken from the datasheet
Kv: Exponents for the voltage dependency of switching losses ~1.3...1.4

TCEsw: Temperature coefficients of the switching losses ~ 0.003 1/K.

The FRD equation for conduction loss Pcond, FRp and switching loss Psw, Frp are calculated as below:

1 mXcose 1 mXcosp
Pcond, FRD = (—+—) X VFO x I1 + (—+—) x rF x 112

2n 8 8 3
1 0.85x0.8 1 0.85x0.8

= (—+—) x1.0x 13 + <—+—) x 0.03 x 132
2 8 8 3m

= 1.2W
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Psw,FRD = x Err X ‘/Ex n Kl><<VCC>KV><(1+TCE x (Tj — Tref))
sw, = fsw X Err x XTref Vref rr 'j ref
vz 13\%®  813\06
=10,000 x 0.001176 x (; X E) X (ﬁ) x (14 0.006 x (72 — 25))

= 2.8W

Ptotal, FRD = 1.2W + 2.8W = 4W

Where,

VFO(Tj): Temperature-dependent threshold voltage of the on-state characteristic
rF(Tj): Temperature-dependent bulk resistance of the on-state characteristic

Kv: Exponents for the voltage dependency of switching losses ~0.6

Ki: Exponents for the current dependency of switching losses ~0.6

TCErr: Temperature coefficients of the switching losses ~ 0.006 1/K.

Thus, the combined total power loss for the IGBT and FRD is:

Ptotal = 20.8W + 4W = 24.8W

6. Considerations for Loss Calculations
Temperature Effects:

Both the on-state voltage drops and switching losses vary with temperature, which can significantly impact
total loss. Managing temperature variations is essential in IGBT and FRD design.

Load Variability:

Variations in load current and switching frequency can affect losses, making it essential to select
components optimized for specific operating conditions.

Thermal Management:

Minimizing and managing heat generated from conduction and switching losses improves device reliability
and efficiency, underscoring the importance of proper cooling solutions.

7. Conclusion

In conclusion, calculating the conduction and switching losses in IGBTs and FRDs is essential for efficient
power system design. Understanding these losses allows engineers to optimize device selection, improve
thermal management, and enhance overall system performance. Accurate loss calculations ensure that
IGBT and FRD applications in power electronics systems achieve maximum efficiency and reliability under
varying operating conditions.
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Notice

1.

10.

11.

12.

13.
14.

(Note1)

Descriptions of circuits, software and other related information in this document are provided only to illustrate the operation of semiconductor products
and application examples. You are fully responsible for the incorporation or any other use of the circuits, software, and information in the design of your
product or system. Renesas Electronics disclaims any and all liability for any losses and damages incurred by you or third parties arising from the use
of these circuits, software, or information.
Renesas Electronics 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 Renesas Electronics products or technical information described in this
document, including but not limited to, the product data, drawings, charts, programs, algorithms, and application examples.
No license, express, implied or otherwise, is granted hereby under any patents, copyrights or other intellectual property rights of Renesas Electronics
or others.
You shall be responsible for determining what licenses are required from any third parties, and obtaining such licenses for the lawful import, export,
manufacture, sales, utilization, distribution or other disposal of any products incorporating Renesas Electronics products, if required.
You shall not alter, modify, copy, or reverse engineer any Renesas Electronics product, whether in whole or in part. Renesas Electronics disclaims any
and all liability for any losses or damages incurred by you or third parties arising from such alteration, modification, copying or reverse engineering.
Renesas Electronics products are classified according to the following two quality grades: “Standard” and “High Quality”. The intended applications for
each Renesas Electronics product depends on the product’s quality grade, as indicated below.

"Standard": Computers; office equipment; communications equipment; test and measurement equipment; audio and visual equipment; home

electronic appliances; machine tools; personal electronic equipment; industrial robots; etc.
"High Quality": Transportation equipment (automobiles, trains, ships, etc.); traffic control (traffic lights); large-scale communication equipment; key
financial terminal systems; safety control equipment; etc.

Unless expressly designated as a high reliability product or a product for harsh environments in a Renesas Electronics data sheet or other Renesas
Electronics document, Renesas Electronics products are not intended or authorized for use in products or systems that may pose a direct threat to
human life or bodily injury (artificial life support devices or systems; surgical implantations; etc.), or may cause serious property damage (space
system; undersea repeaters; nuclear power control systems; aircraft control systems; key plant systems; military equipment; etc.). Renesas Electronics
disclaims any and all liability for any damages or losses incurred by you or any third parties arising from the use of any Renesas Electronics product
that is inconsistent with any Renesas Electronics data sheet, user's manual or other Renesas Electronics document.
No semiconductor product is absolutely secure. Notwithstanding any security measures or features that may be implemented in Renesas Electronics
hardware or software products, Renesas Electronics shall have absolutely no liability arising out of any vulnerability or security breach, including but
not limited to any unauthorized access to or use of a Renesas Electronics product or a system that uses a Renesas Electronics product. RENESAS
ELECTRONICS DOES NOT WARRANT OR GUARANTEE THAT RENESAS ELECTRONICS PRODUCTS, OR ANY SYSTEMS CREATED USING
RENESAS ELECTRONICS PRODUCTS WILL BE INVULNERABLE OR FREE FROM CORRUPTION, ATTACK, VIRUSES, INTERFERENCE,
HACKING, DATA LOSS OR THEFT, OR OTHER SECURITY INTRUSION (“Vulnerability Issues”). RENESAS ELECTRONICS DISCLAIMS ANY AND
ALL RESPONSIBILITY OR LIABILITY ARISING FROM OR RELATED TO ANY VULNERABILITY ISSUES. FURTHERMORE, TO THE EXTENT
PERMITTED BY APPLICABLE LAW, RENESAS ELECTRONICS DISCLAIMS ANY AND ALL WARRANTIES, EXPRESS OR IMPLIED, WITH
RESPECT TO THIS DOCUMENT AND ANY RELATED OR ACCOMPANYING SOFTWARE OR HARDWARE, INCLUDING BUT NOT LIMITED TO
THE IMPLIED WARRANTIES OF MERCHANTABILITY, OR FITNESS FOR A PARTICULAR PURPOSE.
When using Renesas Electronics products, refer to the latest product information (data sheets, user’'s manuals, application notes, “General Notes for
Handling and Using Semiconductor Devices” in the reliability handbook, etc.), and ensure that usage conditions are within the ranges specified by
Renesas Electronics with respect to maximum ratings, operating power supply voltage range, heat dissipation characteristics, installation, etc. Renesas
Electronics disclaims any and all liability for any malfunctions, failure or accident arising out of the use of Renesas Electronics products outside of such
specified ranges.
Although Renesas Electronics endeavors to improve the quality and reliability of Renesas Electronics products, semiconductor products have specific
characteristics, such as the occurrence of failure at a certain rate and malfunctions under certain use conditions. Unless designated as a high reliability
product or a product for harsh environments in a Renesas Electronics data sheet or other Renesas Electronics document, Renesas Electronics
products are not subject to radiation resistance design. You are responsible for implementing safety measures to guard against the possibility of bodily
injury, injury or damage caused by fire, and/or danger to the public in the event of a failure or malfunction of Renesas Electronics products, such as
safety design for hardware and software, including but not limited to redundancy, fire control and malfunction prevention, appropriate treatment for
aging degradation or any other appropriate measures. Because the evaluation of microcomputer software alone is very difficult and impractical, you are
responsible for evaluating the safety of the final products or systems manufactured by you.
Please contact a Renesas Electronics sales office for details as to environmental matters such as the environmental compatibility of each Renesas
Electronics product. 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 EU RoHS Directive, and using Renesas Electronics products in compliance with all these
applicable laws and regulations. Renesas Electronics disclaims any and all liability for damages or losses occurring as a result of your noncompliance
with applicable laws and regulations.
Renesas Electronics products and technologies shall not be used for or incorporated into any products or systems whose manufacture, use, or sale is
prohibited under any applicable domestic or foreign laws or regulations. 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 transactions.
It is the responsibility of the buyer or distributor of Renesas Electronics products, or any other party who distributes, disposes of, or otherwise sells or
transfers the product to a third party, to notify such third party in advance of the contents and conditions set forth in this document.
This document shall not be reprinted, reproduced or duplicated in any form, in whole or in part, without prior written consent of Renesas Electronics.
Please contact a Renesas Electronics sales office if you have any questions regarding the information contained in this document or Renesas
Electronics products.

“Renesas Electronics” as used in this document means Renesas Electronics Corporation and also includes its directly or indirectly controlled
subsidiaries.

(Note2)

Corporate Headquarters
TOYOSU FORESIA, 3-2-24 Toyosu,
Koto-ku, Tokyo 135-0061, Japan
www.renesas.com

Trademarks

Renesas and the Renesas logo are trademarks of Renesas Electronics
Corporation. All trademarks and registered trademarks are the property
of their respective owners.

“Renesas Electronics product(s)” means any product developed or manufactured by or for Renesas Electronics.

(Rev.5.0-1 October 2020)

Contact information

For further information on a product, technology, the most up-to-date
version of a document, or your nearest sales office, please visit:
www.renesas.com/contact/.
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