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A\ Cautions

This manual contains the product specifications, characteristics, data, materials, and structures as
of December 2025.

The contents are subject to change without notice for specification changes or other reasons.
When using a product listed in this manual, be sure to obtain the latest specifications.

Fuji Electric Co., Ltd. is constantly making every endeavor to improve the product quality and
reliability. However, on rare occasions, semiconductor products may fail or malfunction. To prevent
accidents causing injury or death, damage to property like by fire, and other social damage resulted
from a failure or malfunction of the Fuji Electric Co., Ltd. semiconductor products, take measures to
ensure safety such as redundant design, fire spread prevention design, and malfunction prevention
design.

The contents described in this specification never ensure to enforce the industrial property and
other rights, nor license the enforcement rights.

The products described in this specification are not designed nor made for being applied to the
equipment or systems used under life-threatening situations. When you consider applying the
product of this specification to particular use, such as vehicle-mounted units, shipboard equipment,
aerospace equipment, medical devices, atomic control systems and submarine relaying equipment
or systems, Fuji Electric is not responsible for the applicability.

The data and other information contained in this specification are guaranteed for the product, but
do not guarantee the characteristics and quality of the equipment applying this product. When using
this product, please evaluate it in the application in which it will be used, and then judge its
applicability at user's own risk. Fuji Electric is not responsible for the applicability.
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1. Power Loss of Discrete IGBT

Discrete IGBTs are available in two types: IGBT only products and products that combine an IGBT
with a freewheeling diode (FWD). For the latter, total loss must account for both the IGBT’s loss and
the FWD'’s loss. As shown in Fig. 6-1, power loss are divided into conduction loss and switching loss.

The types of power loss is summarized in Fig. 6-2.
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Fig. 6-1 Switching waveform and power loss of IGBT and FWD
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The conduction loss of the IGBT part is calculated from the Vg, -/c characteristic, and the
conduction loss of the FWD part is calculated from the Vi-Iz characteristic shown in the datasheet. In
addition, each switching loss is calculated from the E_-I, E#Ic, E.-Ir characteristics. Cooling design
is performed based on these power loss so that the T,; of the IGBT and FWD do not exceed the

Fig. 6-2 Classification of IGBT module power loss

temperature rating. Therefore, calculate the power loss using the data when T, is high.
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2. About Fuji IGBT Simulator

On our website, we provide the “Fuji IGBT Simulator” as a tool for calculating the power loss and
junction temperature of discrete IGBTs. This simulator performs calculation by accurately fitting the
characteristic curves from the datasheet, and also in consideration of the device’s junction temperature
dependence. For instructions on how to use it, please refer to the user manual available on the website.

However, some products or circuit configurations may not be supported by the Fuji IGBT Simulator.
In those cases, you will need to perform the loss calculations manually. In the following sections, we
describe the methods for calculating each type of power loss.
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Fig. 6-3 Fuji IGBT Simulator

Fuji IGBT Simulator: https://www.fujielectric.com/products/semiconductor/model/igbt/simulation/
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3. Power Loss Calculation Method of Boost Chopper Circuit

In the case of a boost chopper circuit as shown in Fig. 6-4, if the current flowing through the IGBT
(T4) and FWD (D,) is considered to be a continuous rectangular waveform, the power loss per unit time
of T, and D, (unit: W) can be approximated by the following formulas.

P,gsT = Conduction loss + Turn-on loss + Turn-off loss
Vee

= VCE(sat) '[C'd+(Eon+Eoff)'fC'(V ¥ (1)
cco
Prwp = Conduction loss + Reverse recovery loss
V
R R S R G — 2)
cCco
where
d :IGBT ONduty=t,/ t,
f, :Switching frequency = 1/,
Vee :Switching voltage
Veeo :Switching voltage of switching loss data in datasheet
a :Coefficient of switching voltage dependence to switching energy

If we consider the switching energy to be proportional to the switching voltage, then we can set a=1.

On the other hand, the values of Vigiar, Ve, Eons Eo @nd E, depend on the junction temperature T,;
of the device. Thus, if the T is different from the T, described in the datasheet, refer to the T,
dependency graphs in the datasheet for conversion. The values of E,,, E 4, and E,, also depend on the
gate resistance value Rg, so refer to the R5 dependency graph in the datasheet for conversion.
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(a) Boost chopper circuit (b) Waveforms, power loss of boost chopper circuit
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Fig. 6-4 Power loss in boost chopper circuit
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4. Power Loss Calculation Method of 3-phase 2-level PWM Inverter Circuit

As shown in Fig. 6-5, the current values of the IGBT and FWD in a 3-phase 2-level PWM inverter are
constantly changing. Thus, an accurate calculation of the power loss requires complex calculations.
Here, we introduce a simple method for calculating the power loss of the IGBT and FWD in an inverter
circuit using the characteristic curve approximation formula of the IGBT module.

The following conditions are assumed for the calculation.
= The inverter is a PWM controlled 3-phase 2-level inverter
- PWM is triangle wave comparison sinusoidal modulation method
 The output current should be an ideal sine wave

Assuming that the RMS value of the output phase current of the inverter is /,, the current waveform of
the sine wave is expressed by the following formula.

i0(@) =V2-1p-sin@ e (3)
The on-duty waveform d(8) of the IGBT is expressed by the following formula, where m is the
modulation factor and ¢ is the delay power factor of the current.
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Fig. 6-5 Operating waveform of a 3-phase 2-level PWM inverter
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When | flows through the IGBT, Collector-Emitter saturation voltage Vcgay) is generated. Vigqay
value depends on /¢, and the Vigay- Ic graph is shown in the datasheet. In order to calculate the
conduction loss of the IGBT, the I dependence of Vg s,y is linearly approximated as shown in Fig. 6-6,
and is expressed by the following formula.

Vegsat =7c Ic+Vego e (%)

Similarly, the I dependence of FWD forward voltage V is expressed by the following formula when
linearly approximated.

VFZTF'IF+VF0 """"""""""""""""" (6)
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Fig. 6-6 Linear approximation of output characteristics

From formula (3), (4) and (5), the IGBT conduction loss P, per arm is calculated as follows.
1 T
Poae =535 | G0(®) - Versae(®) - d(©))a0
0

2 1 m 1 m
=2I5-rc §+§c05(p +\/§-IO-VCE0 %+§c05(p -------------------------------- (7)

Similarly, the FWD conduction loss P; per arm is calculated as follows.
1 21
P | {io(®) - Ve(6) - @)} do
T VA

1 m 1 m
=215'TF<§_§COS§0>+\/§‘IO'VFO<E_§COS([)> -------------------------------- (8)
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Next, in order to calculate the switching loss, the approximate expression of the /; dependence graph
of E,,, E, and E,. described in the datasheet are obtained. As shown in Fig. 6-7, if the /; dependence
curve of the switching energy is linearly approximated, and the coefficient of switching voltage

dependenceis setas a =1, E,,, E. and E,, can be expressed by the following formulas, respectively.

Vee
Eon(¢) = kop + I - (—V -------------------------------- (9)
cco
Vee
EoprUc) = kopr - Ic * (V """"""""""""""""" (10)
cco
Vee
Err(IF) = krr g - (V_ """"""""""""""""" (11)
cco
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Fig. 6-7 Approximation of I, dependence of switching energy

MT5F43750a © Fuiji Electric Co., Ltd. All rights reserved. 6-7



[F= FEuiji Electric

Innovating Energy Technology

Using formula (9), the IGBT turn-on loss P, per arm can be calculated by the following formula.
1 (" . Vee
Py = EL {kon(\/f -1, - sin @) Vooo fsw} do

V2 Vee
="k ly——for 12
T on 10 VCCO fSW ( )

Similarly, the IGBT turn-off loss Pz and the FWD reverse recovery loss P, can be calculated by the
following formulas, respectively.

V2 Vee
Poff=7'koff'10'%'fsw -------------------------------- (13)
V2 Vee
Prr=_'krr'10‘v_‘fsw """"""""""""""""" (14)
T cco

From the above calculation, the IGBT power loss Pggr and the FWD power loss Py per arm can be
calculated as follows, respectively.

Pigpr = Psat + Pon + Pogy e (15)

PFWD=Pf+PT1" ---------------------------- (16)

As mentioned, since the values of Ve ar, Vi, Eons Eofr @nd E,, change depending on T,; and Rg, refer
to the T,; and R dependency graphs in the datasheet for conversion when calculating.
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5. Concept of Cooling Design

In cooling design, the heat sink is selected based on the calculated power loss so that the device
temperature stays below its allowable limit. If the cooling design is inadequate, there is a risk that the
device may exceed its maximum junction temperature during actual operation and fail.

5.1 Transient thermal impedance and steady-state thermal resistance
When mounting the device on a heat sink, the heat dissipation path for power loss generated at the
junction is modeled by the equivalent electrical circuit as shown in Fig. 6-8.

junction
p— | R R R R R
»>—{ 1+ H 1 1
—1
IGBT | —_—C =G —C =G
or FWD
Chip A
\ Pp  : Powerloss
Metal base Heat sink C;, R,: IGBT/FWD chip, solder layer
) C,, R,: Metal base
Insulation sheet R, : Contact thermal resistance
Cs, R,: Insulation sheet
(including part of contact thermal resistance)
C.,. Rs: Heat sink

Fig. 6-8 Equivalent electrical circuit of thermal behavior

Transient thermal impedance, as modeled by the equivalent circuit in Fig. 6-8, is the impedance
over the time range in which the thermal capacitances C1-C4 have influences, and is therefore a
function of time. The transient thermal impedance characteristic of each device has its maximum
value specified in the datasheet, corresponding to a duty cycle D = 0. The transient thermal
impedance of the heat sink can be calculated from the following equation.

_t Rin.a) - Steady-state thermal resistance of the heat sink [°C/W]
Rf(t) = Rth(f—a) (1 —-e ™ ) t : Time [s]
Tf : Thermal time constant of the heat sink [s]

where, 1= Ry V- ¥ - C : Heat sink volume [cm?3]

v
% : Density [g/cm?]
C : Specific heat [J/g+deg]
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The densities and specific heats of the materials required for these calculations are listed in Table 6-
1, and the steady-state thermal resistance of the aluminum heat sink is shown in Fig. 6-9.

Table 6-1 Density and specific heat of each material

: Density y Specific heat
Material [g/em?] [J/g-deg]
Aluminum 2.71 0.895
Cooper 8.96 0.383

Thermal resistance of the aluminum heat sink
100

—t=3mm
—t=2mm
—t=1.5mm

/

[

Thermal resistance [°C/W]

10 100 1000

Surface area of aluminum heat sink

Fig. 6-9 Steady-state thermal resistance of the aluminum heat sink

5.2 Steady-State thermal equation
The steady-state thermal resistance is the thermal resistance when the influences of thermal
capacitances have completely disappeared. The device’s junction temperature can then be easily
calculated.

Ti= Ta + Po (Ringo) * Rine-iy T Ringiy + Ringn + Ringr-a)

Ty : Junction temperature

T, : Ambient temperature

Ring-) : Junction to case thermal resistance (IGBT or FWD)
Ring) . Insulation sheet thermal resistance

Rin(ciy Ringry + Contact thermal resistance

Rint-a : Heat sink thermal resistance

Py : Power loss
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5.3 Thermal equations for transient state
In general, it is sufficient to consider the steady-state T,; from the average power loss. However, in
reality, repetitive switching operation generates power loss in pulse and cause temperature ripples as
shown in Fig. 6-11. In this case, if the power loss is considered as a continuous rectangular wave with
constant period and constant peak value, the peak value of the temperature ripples T,,, can be
approximated with the following formula using the transient thermal resistance curve described in the
datasheet (Fig. 6-10).

Select a heat sink by confirming that T, does not exceed T,; (ax)-

t1 t1
Ty —Tc=P- [R(OO) ot (1 - E) -R(t1 + t2) — R(£2) + R(t1)

R(w0)

R(t1+t2)
R(t2)

R(t1)

t1 {2 t1+t2

Fig. 6-10 Transient thermal resistance curve

- 2
—>if1ie—
P
0
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Fig. 6-11 Thermal ripples
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