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Calculation of static and dynamic losses in power 
IGBT‑transistors by polynomial approximation

of basic energy characteristics

Purpose. Development of a calculation technique that allows the Matlab software to determine the static and dynamic losses 
in power IGBT-transistors and reverse diodes.

Methodology. Polynomial approximation of the energy dependences of IGBT-transistors using the least squares method. Sim­
ulation in Matlab/Simulink. Power loss calculation with MelcoSim 5.1.

Findings. The proposed calculation method allows the Matlab software to determine with sufficient accuracy the static and 
dynamic losses in power IGBT-transistors and reverse diodes for any type of semiconductor converter with any control law. The 
simulation confirms the accuracy of the proposed technique for calculating power losses in semiconductor converters. In addition, 
the presented method allows determining not only the power loss, but also the temperature of the power transistor to prevent it 
from failing. The results of the approximation of the characteristics of high-voltage power IGBT-transistors manufactured by 
Mitsubishi are presented.

Originality. The technique of simulation in Matlab/Simulink program for calculation of static and dynamic power losses in 
power IGBT-transistors, as well as power losses in reverse diodes is developed. The presented method allows determining power 
losses and efficiency in any semiconductor converter with any control algorithm, which is a very useful tool in research.

Practical value. The presented technique in Matlab simulation allows determining power losses and temperature of power 
transistors of any type in the composition of any semiconductor converter.

Keywords: polynomial approximation, least-squares method, current-voltage characteristic, energy efficiency, static and dynamic 
losses

Introduction. Power losses and efficiency are among the most 
important indicators in semiconductor power converters [1].

The “manual” calculation of power losses in semiconduc­
tor converters with different types of modulation is quite a 
challenge and requires a new method.

Literature review. Programs for automatic power losses 
calculation in power IGBT-transistors, such as MelcoSim, 
Semisel, Iposim, and others are quite common. These pro­
grams are quite convenient tool; however, they allow automa­
tic power losses calculation only for “standard” topologies 
(boost and down DC voltage converter, three phase stand­
alone voltage inverter) with “standard” control algorithms 
(pulse width modulation (PWM) with constant fill factor, si­
nusoidal PWM, space-vector PWM). The disadvantages of 
existing programs are the lack of ability to model “non-stan­
dard” topologies, such as power active filters, active rectifiers 
with power factor correction, multilevel converters and many 
other topologies, or standard topologies with non-standard 
control algorithms [2].

Matlab/Simulink is one of the most popular programs for 
the study of semiconductor converters, which allows simulat­

ing any converter topology with any control system virtually 
[3]. However, the disadvantage of this program is the lack of 
consideration of dynamic power losses in IGBT-transistors. In 
addition, the volt-ampere characteristic (VAC) of IGBT-tran­
sistors is presented as a linear function (Fig. 1).

In SPICE type modeling programs such as Multisim, 
LT‑spice, TINA, MicroCap, the simulation of volt-ampere 
processes is more accurate [4]. Transistor models in SPICE 
modeling take into account the on and off times of transistors 
and take into account dynamic losses in transistors [5]. How­
ever, the above programs allow simulating extremely low-pow­
er transistors, as models of power high-voltage IGBT-transis­
tors in these programs simply do not exist.

Research [6] presents the calculation of the power losses in 
the IGBT-transistor and the calculation temperature of the 
switch. However, this publication does not specify the charac­
teristics of which particular transistor was considered in the 
calculation. In addition, it does not indicate how dynamic 
power losses are taken into account in this study.

In research [7, 8] there are given methods for modeling dy­
namic losses in IGBT-transistors. However, the presented 
method has certain disadvantages:

- the dependence of the Eon switching-on energy and the Eoff 
switching-off energy of the emitter current in the IGBT‑transistors 
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are represented by linear dependencies, although in reality these 
characteristics have a parabolic appearance;

- absence of consideration of power losses in the reverse 
diode of the transistor.

Purpose. The purpose of the study is to develop a universal 
process of modeling static and dynamic losses in power semi­
conductor transistors, taking into account the influence of 
parallel diodes, which will allow determining the power losses 
for any types of semiconductor converters with any type of 
modulation. Confirmation of the versatility of the method is 
carried out by simulation in Matlab.

Calculations of static and dynamic losses in power IGBT-
transistors. Determination of power losses in IGBT-transis­
tors can be performed by calculating static РDC and dynamic 
PSW losses in IGBT-transistors VT and parallel VD diodes ac­
cording to the expressions [9, 10]

DP = PVT + PVD;

PVT = PVT.DC + PVT.SW;

PVD = PVD.DC + PVD.SW,

where РVT.DC is the static losses in IGBT-transistors; PVT.SW is 
the dynamic losses in IGBT-transistors; РVD.DC is the static 
losses in parallel diodes; PVD.SW is the dynamic losses in paral­
lel diodes.

Static losses in IGBT-transistors РDC are determined ac­
cording to the expression

0

1 ( ( ) ) ,
2DC c ce c onP I V I D dt

p

= ⋅ ⋅ ⋅ ⋅
p ∫

where Ic is the collector current; Vce(Ic) is the voltage between 
the collector and the emitter, which depends on the value of 
the collector current; Don is the coefficient filling PWM.

Dynamic losses in IGBT-transistors РSW are determined 
to the expression

( )
0

1 ( ) ( ) ,
2SW on c off cP E I E I f dt

p

 = + ⋅ p ∫

where f is the frequency PWM; Eon(Ic) is the energy dissipated 
in the transistor at startup, which depends on the value of the 
collector current; Eoff (Ic) is the energy dissipated in the transis­
tor at switch-off, which depends on the value of the collector 
current.

Power losses in reverse diode of the power transistor in­
clude conductivity losses and losses associated with losses of 
power for recovery [11]. The calculation of the power losses in 
the reverse diode is carried out according to the expressions

PVD = PDC.VD + PSW;

PSW = Erec ⋅ f;

PDC.VD = Ufwd ⋅ I.

Energy characteristics of IGBT-transistors. In determin­
ing the power losses of IGBT-transistors, the following depen­
dencies are basic [12]:

- dependence of the voltage between the collector and the 
emitter from the collector current (VAC of the transistor);

- VAC of the reverse diode;
- the dependence of the power of the transistor, the power 

of the transistor, as well as the energy of restoring the reverse 
diode from the emitter current of the transistor.

The energy characteristics of the IGBT-transistor type 
CM750HG-130R are shown in Fig. 2.

It is worth noting that the energy characteristics of the 
transistor at temperatures of 25  and 125 °C are quite different 
and with increasing temperature the losses in the transistor in­
crease.

Presented in Fig.  2 datasheet 1 transistor energy depen­
dencies are shown in Table 1.

Approximation and interpolation of the energy characteris-
tics of an IGBT-transistor type CM1200HG-90R. If there is an 
error in the table data output (transmitted “by eye”), it is in­
appropriate to use the interpolation method for their analysis 
and to find an approximate function that exactly passes 
through all points of the original table function. In this case 
resort to the construction of an approximating function, 
which runs close to the given points, and closest to the start­
ing points. The approximation smoothes out the processed 
experimental data containing the deviation, i.e. it is a way of 
finding intermediate values of a value by a discrete set of 
known values [13].

Fig. 1. Volt-ampere characteristic:
1 – real transistor; 2 – transistor in the Matlab/Simulink

Fig. 2. The energy characteristics of the IGBT-transistor type 
CM750HG-130R:
а – VAC of the transistor Vce(I); b – dependences of the energy of 
switching on, off and restoring the reverse diode from the current; 
1 – datasheet; 2 – after the approximation

a

b
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The main task of interpolation is to replace a tabularly 
given function with a simple analytic function and then find 
with it the approximate values at those points inside the inter­
val where the initial function is not specified.

There are different types of approximations: linear, par­
tially linear, static, exponential, and polynomial [14]. In addi­
tion, there are various mathematical methods that allow for 
approximation. The purpose of the approximation is to deter­
mine the mathematical functions that most accurately de­
scribe the obtained table dependencies Eon(I ), Eoff (I ), Erec(I ), 
Vсе(I ), VVD(I  ).

For automated calculation of power losses in power IGBT 
switches, the VAC of the transistor and the dependence of the 
switching-on energy and the switching-off energy on the load 
current were approximated by the least squares method [15]. 
The mathematical approximation process was performed in 
the Wolfram Mathematica program.

If we remove the requirement of the approximating func­
tion passing through nodes and replace the requirement of the 
minimum of the sum of squares of the difference between the 
values of the approximating function and the function approx­
imating at nodes, then the least squares method will be ob­
tained, which does not ignore the errors in the values of the 
approximating function and tries to average their impact on 
the result of the approximation [16].

The least-squares method is based on minimizing the 
functional [17]

( )( )2

0
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=
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where n is the number of measurement points.

In this method, the approximating function f (x) is a poly­
nomial of degree k

j(x) = a0 + a1 ⋅ x +… + ak ⋅ xk,
or with by the substitution
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To find unknown coefficients, we find derivatives of the 
functional by the corresponding factor and equate to zero
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After the transformations, we obtain a system of equations
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Solving the obtained system of equations, we can find the 
coefficients а0, а1, …, аk of polymial functions to describe the 
energy characteristics of each particular power transistor. The 
energy performance approximation was performed automati­
cally using Wolframe Matematica.

The results of the approximation of the energy characteris­
tics of the high-voltage power IGBT-transistor manufactured 
by Mitsubishi are shown in Table  2. For the convenience of 
describing the coefficients in the approximate dependence 
functions, the current is given in kilo amperes.

The approximation results are consistent with the output 
characteristics of the CM750HG-130R type IGBT-transistor. 
The mathematical dependencies obtained almost perfectly de­
scribe the output dependencies of the datasheet transistor 
(Fig. 2).

The advantage of polynomial approximation is a fairly ac­
curate description of the tabular data in the specified range. 
However, outside the table range, the resulting function may 
behave indefinitely.

When the current is exceeded through the transistor above 
the permissible values, its physical destruction occurs [18]. 
Graphically this effect is shown in Fig. 3.

Thus, the polynomial approximation allows for fairly exact 
mathematical description of the power dependences of the 
power transistors in a given range, but outside this range the 
function behaves incorrectly, which imposes restrictions on 
the application of this method, namely, the loss calculation 
works correctly only in a given current limitation range.

Development of a simulation model for calculating losses in 
an IGBT-transistor. The output signals for determining static 
and dynamic power losses in Matlab are the transistor control 
signal and the transistor current signal.

The definition of static losses is defined as an integral of 
instantaneous power to the expression [19]

( ) .stat c ce cP I V I dt= ⋅∫
An example of creating a simulation model for calculating 

losses in an IGBT-transistor type CM800HC-66H is shown in 
Fig. 4.

Table 1
Energy characteristics of CM1200HG-90R type transistor 
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0.0 0.31 0.32 0.5 1.0 0.7

0.1 0.75 0.8 0.7 1.65 1.02

0.2 1.1 1.15 0.9 2.15 1.36

0.3 1.45 1.5 1.1 2.5 1.6

0.4 2.0 1.95 1.25 2.75 1.76

0.5 2.4 2.25 1.5 3.0 1.9

0.6 2.75 2.5 1.7 3.2 2.04

0.7 3.125 2.75 1.9 3.4 2.2

0.8 3.65 3.1 2.0 3.65 2.32

0.9 4.0 3.4 2.15 3.825 2.44

1.0 4.5 3.725 2.25 4.05 2.58

1.1 5.0 4.0 2.35 4.2 2.66

1.2 5.5 4.25 2.45 4.4 2.8

1.3 6.0 4.55 2.5 4.55 2.9

1.4 6.5 4.85 2.55 4.75 3.0

1.5 7.05 5.1 2.6 4.9 3.1

1.6 7.75 5.45 2.65 5.05 3.2

1.7 8.3 5.7 2.65 5.2 3.3

1.8 9.0 6.0 2.65 5.375 3.4

1.9 9.75 6.25 2.65 5.6 3.5

2.0 10.45 6.6 2.65 5.7 3.6



ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2020, № 2	 85

Dynamic losses calculation is more complicated. A simu­
lation model for the calculation of dynamic losses in a power 
transistor is shown in Fig. 6.

The results of dynamic losses simulation are shown in 
Fig. 7.

As can be seen from Fig. 7, the on and off energies depend 
on the magnitude of the transistor current. Dynamic losses 
modeling requires the task of a simulation method with a con­
stant calculation step.

Verification of the developed models and analysis of the conver-
gence of the potential distribution of Matlab with MelcoSim. Veri­
fication of the developed technique for determining power loss 
in power IGBT-transistors has been carried out. A comparative 
calculation of the power losses made using the MelcoSim  5.1 
program for a three-level standalone voltage inverter with RL 
load (Fig. 8), as well as the calculation of the power losses, per­
formed in Matlab using the described procedure methods.

Table 2
Results of polynomial approximation of energy characteristics of power IGBT-transistors of different classes

Transistor Results of approximation

CM750HG-130R
6600 В, 750 А

Uce (I ) = 2.3774 ⋅ I 5 - 10.499 ⋅ I 4 + 17.946 ⋅ I 3 - 15.401 ⋅ I 2 + 9.7617 ⋅ I + 1.3188
UVD (I ) = 2.4376 ⋅ I 5 - 10.013 ⋅ I 4 + 15.671 ⋅ I 3 - 12.144 ⋅ I 2 + 7.2184 ⋅ I + 0.7822
Erec (I ) = 0.0101 ⋅ I 4 + 0.1402 ⋅ I 3 - 1.0272 ⋅ I 2 + 2.4108 ⋅ I + 0.4976
Eon (I ) = 0.1699 ⋅ I 4 + 0.5074 ⋅ I 3 + 0.4161 ⋅ I 2 + 4.577 ⋅ I + 0.5697
Eoff (I ) = 0.0139 ⋅ I 4 + 1.2829 ⋅ I 3 - 3.7047 ⋅ I 2 + 8.4595 ⋅ I - 0.0041

CM1200HG-90R
4500 В, 1200 А

Uce (I ) = 0.7622 ⋅ I 5 - 4.4108 ⋅ I 4 + 9.6859 ⋅ I 3 - 10.245 ⋅ I 2 + 7.1998 ⋅ I + 1.0169
UVD (I ) = 0.33 ⋅ I 5 - 1.9618 ⋅ I 4 + 4.4951 ⋅ I 3 - 5.1124 ⋅ I 2 + 4.1169 ⋅ I + 0.6899
Erec (I ) = 0.2203 ⋅ I 4 - 0.9136 ⋅ I 3 + 0.513 ⋅ I 2 + 1.9475 ⋅ I + 0.4954
Eon (I ) = 0.0367 ⋅ I 4 + 0.2901 ⋅ I 3 - 0.2417 ⋅ I 2 + 4.1088 ⋅ I + 0.3115
Eoff (I ) = - 0.1981 ⋅ I 4 + 1.0595 ⋅ I 3 - 2.0282 ⋅ I 2 + 4.5203 ⋅ I + 0.3366 

CM800HC-66H
3300 В, 800А

Uce (I ) = - 6.085 ⋅ I 6 + 31.869 ⋅ I 5 - 65.313 ⋅ I 4 + 66.621 ⋅ I 3 - 35.955 ⋅ I 2 + 12 ⋅ I + 0.6258
UVD (I ) = 0.6245 ⋅ I 3 - 2.1404 ⋅ I 2 + 3.7624 ⋅ I + 0.76
Erec (I ) = - 0.5676 ⋅ I 2 + 2.269 ⋅ I + 0.9238
Eon (I ) = 0.001201 ⋅ I + 0.121
Eoff (I ) = 0.4111 ⋅ I 3 - 1.1164 ⋅ I 2 + 1.677 ⋅ I + 0.2012

CM1200HB-50H
2500 В, 1200 А

Uce (I ) = 0.0586 ⋅ I 4 - 0.3132 ⋅ I 3 + 0.2529 ⋅ I 2 + 1.6165 ⋅ I + 1.2544
UVD (I ) = - 0.001 ⋅ I 3 - 0.2254 ⋅ I 2 + 1.5294 ⋅ I + 0.8259
Erec (I ) = - 0.1089 ⋅ I 2 + 0.3528 ⋅ I + 0.2666
Eon (I ) = - 0.0182 ⋅ I 3 + 0.1893 ⋅ I 2 + 0.5797 ⋅ I + 0.1952
Eoff (I ) = - 0.017 ⋅ I 3 - 0.1293 ⋅ I 2 + 1.0389 ⋅ I + 0.2487

CM1200DC-34S
1700 В, 1200 А

Uce (I ) = - 0.1623 ⋅ I 4 + 0.9421 ⋅ I 3 - 2.0092 ⋅ I 2 + 2.7468 ⋅ I + 0.5729
UVD (I ) = - 0.1856 ⋅ I 4 + 1.0545 ⋅ I 3 - 2.1711 ⋅ I 2 + 2.7352 ⋅ I + 0.6813
Erec (I ) = 0.0054 ⋅ I 5 - 0.0368 ⋅ I 4 + 0.1002 ⋅ I 3 - 0.1601 ⋅ I 2 + 0.2309 ⋅ I + 0.0227
Eon (I ) = 0.2406 ⋅ I 2 - 0.006 ⋅ I + 0.0496
Eoff (I ) = 0.0587 ⋅ I 2 + 0.1842 ⋅ I + 0.0547

Fig. 3. Area of convergence and inevitability Vce(Ic) IGBТ‑tran
sistor

a

b

Fig. 4. A sub-model of static losses calculation IGBT-transistor:
а – type of model; b – given approximate dependence of voltage on 
current

Mathematically, the dependence Vсе(Iс) is introduced 
into the block “Fcn”, which makes it possible to set the ob­
tained approximate dependence [20].

The results of static losses simulation are shown in Fig. 5.

Fig. 5. Static losses simulation results
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Initial calculation data are: circuit of three-phase stand-
alone voltage inverter; voltage in the DC circuit 2800 V; PWM 
frequency 2 kHz; average square output current 934.5 A; ac­
tive load resistance of 1  Ohm; load inductance of 1  mH, 
cos j = 0.954.

An analysis of the convergence of the calculation results in 
the Matlab and MelcoSim programs is given in Table 3.

Several studies have shown that the discrepancy between 
the calculation of power losses in the developed Matlab model 
and the calculation performed by the specialized program 
MelcoSim 5.1 does not exceed 2.1 %.

Table 3 shows the deviation of the calculation results in the 
MelcoSim program, the disadvantage of which is that the pro­
gram in autonomous inverters calculates pure-sinusoidal cur­
rent switching without distortion, that is, takes the value of the 
current during the switching based on the sinusoidal function. 
For low-key switches with a low switching frequency, the 
shape of the load current can be significantly different from a 
sine wave, resulting in distorted calculation results.

The perfect and real form of inverter output current (RMS 
140 A) is shown in Fig. 9.

As can be seen from Fig. 9, the shape of the real output 
current of the inverter is significantly different from the ideal 
sinusoidal shape at the moments of switching.

Conclusions. The proposed calculation method allows the 
Matlab software to determine with sufficient accuracy the static 
and dynamic losses in power IGBT-transistors for any type of 

Fig. 6. Simulation model of power losses calculation in IGBT module with reverse diode

Fig. 7. The results of dynamic losses simulation

Fig. 8. Program interface MelcoSim 5.1
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semiconductor converter with any control law. The technique 
consists in the polynomial interpolation of the energy charac­
teristics of IGBT-transistors by the least squares method.
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Table 3
The results of the calculation of power losses in a single 

IGBT-transistor type CM1200HG-90R

Parameter
Calculation 
in Matlab,

W

Calculation 
in Melcosim,

W

Relative 
calculation 

error, %

Dynamic losses in 
transistor, W

7079.54 7094.94 0.217

Static losses in the 
transistor, W

1523.20 1519.14 0.266

Dynamic losses in 
the reverse diode, W

1966.51 2005.68 -1.992

Static losses in the 
reverse diode, W

119.51 121.93 -2.024

Total power losses, 
W

10 688.77 10 771.96 0.778

Fig. 9. The perfect (1) and real (2) form of inverter output current
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Мета. Розробка методики розрахунку, що дозволяє у 
програмному пакеті Matlab визначати статичні й дина­
мічні втрати в силових IGBT-транзисторах та зворотних 
діодах.

Методика. Поліноміальна апроксимації енергетич­
них залежностей IGBT-транзисторів методом наймен­
ших квадратів. Моделювання у програмі Matlab/Simulink. 
Розрахунок втрат потужності за допомогою програми 
MelcoSim 5.1.

Результати. Запропонована методика розрахунку до­
зволяє у програмному пакеті Matlab із досить високою 
точністю визначати статичні й динамічні втрати в сило­
вих IGBT-транзисторах і зворотніх діодах для будь-якого 
типу напівпровідникового перетворювача з будь-яким 
законом керування. Імітаційне моделювання підтвер­
джує точність запропонованої методики розрахунку 
втрат потужності в напівпровідникових перетворювачах. 
Крім того, представлена методика дозволяє визначити не 
тільки втрати потужності, але й температуру силового 
транзистора для запобігання виходу його з ладу. Пред­
ставлені результати апроксимації характеристик високо­
вольтних силових IGBT-транзисторів виробництва ком­
панії Mitsubishi.

Наукова новизна. Розроблена методика імітаційного 
моделювання у програмі Matlab/Simulink розрахунку 
статичних й динамічних втрат потужності в силових 
IGBT-транзисторах, а також втрат потужності у зворот­
них діодах. Представлена методика дозволяє визначити 
втрати потужності та ККД у будь-якому напівпровідни­
ковому перетворювачі з будь-яким алгоритмом керуван­
ня, що є досить корисним інструментом у дослідженнях.

Практична значимість. Представлена методика в імі­
таційному моделюванні Matlab дозволяє визначити втра­
ти потужності й температуру силових транзисторів будь-
яких типів у складі будь-якого напівпровідникового пе­
ретворювача.

Ключові слова: поліноміальна апроксимація, метод 
найменших квадратів, вольт-амперна характеристика, 
енергоефективність, статичні й динамічні втрати

Расчёт статических и динамических потерь 
в силовых IGBT-транзисторах путём 

полиномиальной аппроксимации базовых 
энергетических характеристик
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Цель. Разработка методики расчёта, которая позво­
ляет в программном пакете Matlab определять статиче­
ские и динамические потери в силовых IGBT-транзи­
сторах и обратных диодах.

Методика. Полиномиальная аппроксимации энерге­
тических зависимостей IGBT-транзисторов методом 
наименьших квадратов. Моделирование в программе 
Matlab/Simulink. Расчёт потерь мощности с помощью 
программы MelcoSim 5.1.

Результаты. Предложенная методика расчёта позво­
ляет в программном пакете Matlab с достаточно высокой 
точностью определять статические и динамические по­
тери в силовых IGBT-транзисторах и обратных диодах 
для любого типа полупроводникового преобразователя с 
любым законом управления. Имитационное моделиро­
вание подтверждает точность предложенной методики 
расчета потерь мощности в полупроводниковых преоб­
разователях. Кроме того, представленная методика по­
зволяет определить не только потери мощности, но и 
температуру силового транзистора для предотвращения 
выхода его из строя. Представлены результаты аппрок­
симации характеристик высоковольтных силовых IGBT-
транзисторов производства компании Mitsubishi.

Научная новизна. Разработана методика имитацион­
ного моделирования в программе Matlab/Simulink расчё­
та статических и динамических потерь мощности в сило­
вых IGBT-транзисторах, а также потерь мощности в об­
ратных диодах. Представленная методика позволяет 
определить потери мощности и КПД в любом полупро­
водниковом преобразователи с любым алгоритмом 
управления, является весьма полезным инструментом в 
исследованиях.

Практическая значимость. Представленная методика 
в имитационном моделировании Matlab позволяет опре­
делить потери мощности и температуру силовых транзи­
сторов любых типов в составе любого полупроводнико­
вого преобразователя.

Ключевые слова: полиномиальная аппроксимация, ме-
тод наименьших квадратов, вольт-амперная характери-
стика, энергоэффективность, статические и динамиче-
ские потери
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