ENGINEERING AND,
INNOVATIVE - 4
CHNOLOGIES

IS UE &
Part Nel



International periodic scientific journal
ONLINE

DL www.moderntechno.de

—

Indexed in
INDEXCOPERNICUS
(ICV: 98.95)

ODERN ENGINEERING AND
INNOVATIVE TECHNOLOGIES

Heuftiges INngenieurwesen uMndo
iNnNnovative Technologierm

Issue Nel6

Part 1
April 2021

Published by:

Sergeieva&Co
Karlsruhe, Germany



ISSN 2567-5273
DOI 10.30890/2567-5273

Editor: Shibaev Alexander Grigoryevich, Doctor of Technical Sciences, Professor, Academician
Scientific Secretary: Kuprienko Sergey, PhD in technical sciences

Editorial board: More than 210 doctors of science. Full list on pages 4

UDC 08
LBC 94
DOI: 10.30890/2567-5273.2021-16-01
Published by:
Sergeieva&Co
Lufsstr. 13

76227 Karlsruhe, Germany
e-mail: editor@moderntechno.de
site;: www.moderntechno.de

Copyright
© Authors, 2021




Modern engineering and innovative technologies Issue 16 / Part 1 (\§

Abstract. The sensitivity of damping as applied for the diagnosis of edge transverse crack in
the simply supported beam of circular cross-section at bending was investigated. As a result, a
formula has been developed to assess the sensitivity of damping ability for the detection of damage.

Key words: damping, simply supported beam, edge transverse crack, bending vibration,
damage diagnostics.
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Abstract. The article presents a method of computer simulation of static and dynamic power
losses in semiconductor diodes and transistors of the semiconductor converter SIEMENS
SINAMICS G110.

Analytical expressions describing static and dynamic power losses in power semiconductor
diodes and transistors are given. Mathematical expressions were obtained by the method of
polynomial approximation of power characteristics of IGBT modules, on the basis of which the
block of calculation of static and dynamic power losses was developed in the Matlab / Simulink
program.

A computer model of the SIEMENS SINAMICS G110 frequency converter was developed
using blocks from the SimPowerSystem library, on which the study of power loss components was
performed.

The results were verified by comparing the simulation data with the data of the frequency
converter manufacturer. With the help of the developed unit for calculating power losses, the
dependences of power losses on the switching frequency and load current are obtained. The
dependences of power losses on the frequency of pulse-width modulation are investigated.

Key words: frequency converter, uncontrolled rectifier, autonomous voltage inverter, pulse-
width modulation, static losses, dynamic losses, efficiency.

Introduction. Conversion of AC mains voltage with DC amplitude and
frequency into AC voltage with adjustable amplitude and frequency parameters can
be performed using a frequency converter, made according to the scheme with a DC
circuit [1, 2]. Such a frequency converter includes an input uncontrolled rectifier, the
output of which is a smoothing filter and a autonomous voltage inverter (AVI) with
pulse-width modulation (PWM) on IGBT-transistor modules [3, 4]. One of the
simplest converters of this type is the SIEMENS SINAMICS G110 frequency
converter, the scheme of which is presented in Fig. 1. The frequency converter is
powered by an AC mains voltage of 220 V and a frequency of 50 Hz. The frequency
converter includes an input uncontrolled bridge rectifier on diodes VD7...VDI0, a

smoothing filter on capacitor C/ and a stand-alone three-phase bridge voltage
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inverter on six IGBT-transistors VT'I...VT6, to which the diodes VD6 are connected
in opposite direction.

| Rectifier | Filter | Autonomous voltage inverter Load |

| i VTl VT3 @x VTS @x:
DIl & vp3l VDSl R, L,

\vD7& vDIx
|

cr—

i . VT2 VT4 V16
| VD8ANVD 10X VD2 VD4J@X VD6
I St [ ]

Figure 1 — Structural scheme of the frequency converter

The load of the inverter (R,, L,) is included in the diagonal of the AC AVI.

A significant part of the losses occurring in the frequency converter connected to
the network, mainly occur in the bridge rectifier, consisting of diodes and losses in
the AVI modules, consisting of IGBT-transistors and connected to them reverse
diodes [5, 6]. The additional losses that occur in the capacitor on the DC side, the
cooling system, the control system in this article are neglected.

In frequency converter, the losses that occur in the uncontrolled rectifier and in
the AVI can be critical [7, 8]. In this paper, the losses in rectifier and inverter systems
are considered. Currently, for these types of losses, there are different ways to
calculate them accurately, but with a rather complex formula and complex
parameters. Therefore, these calculation methods are not easy to implement in
practice. Therefore, it is necessary to determine the losses in the rectifier circuit and
in the AVI circuit by simulation.

The work continues the research performed by the authors in previous years and
is based on the results and scientific achievements, partially published in [9-12].

Main text. The reliability and usefulness of the proposed method of modeling
the calculation of power losses is assessed by comparing the results given in the
documentation of the frequency converter SIEMENS SINAMICS G110, and physical
modeling in the MATLAB environment.

Technical data of the SIEMENS SINAMICS G110 frequency converter are
given in Table 1.

Table 1
Technical data of the SINAMICS G110 frequency converter
Parameter Value
Network voltage, V 230
Network frequency, Hz 50
Output power, kW 1.5
Losses, W 118
Efficiency 0.927
Pulse frequency, kHz 8
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The SIEMENS SINAMICS G110 frequency converter with a power of 1.5 kW
in the diode uncontrolled rectifier uses the brand of the module GBPC2508W, the
electrical data of which are given in Table 2.

Table 2
Basic data of the rectifier diode module GBPC2508W
Parameter Value
Maximum pulse repeating voltage Urry, V 800
Long direct current /,, A 25
Maximum peak direct current in one cycle Iz, A 400
Maximum voltage drop in the forward direction Ugy, V 1.1

In the Table 3 shows the electrical data of the module of IGBT-transistors with a
reverse diode type FSISRO6XE3, used in the frequency converter SIEMENS
SINAMICS G110.

Table 3
Basic data of IGBT transistors and reverse diodes
Parameter Value
Voltage collector-emitter Ucgs, V 600
Collector current /.nom, A 15
Repetitive peak collector current Icry, A 30
Collector-emitter saturation voltage Ucgsar, V 1.55
Energy loss when turning on E,,, mJ 0.25
Energy loss when switched off by the pulse £, mJ 0.34
Repetitive peak reverse voltage in the diode Uggy, V 600
DC direct current of the reverse diode Ir, A 15
Direct voltage Ur, V 1.6
Reverse reduction energy of diode E,.., mJ 0.16

The process of switching current and voltage in the IGBT-key and the graphical
distribution of static Ppc and dynamic losses Egy are shown in Fig. 2.

AN 2
\

/Uce
ES W(on) ES w(ofp)
F DC
B - _/ _

Figure 2 — Distribution of static Ppc and dynamic Esy losses
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The losses in the IGBT AVI module include conduction and switching losses in
the IGBT-transistor and in the reverse diode. Conduction losses in IGBT-transistors
occur when the state is on [13, 14].

Losses P.ns can be calculated as the product of collector current (/.) and
collector-emitter voltage (U..) [15, 16]:

T
Pcond.inv:LJ.(Uce(lc)'Ic'Don)'dt’ (1)
2 0
where /. is the collector current; U, is the collector-emitter voltage; D,, is the time
during which the IGBT-transistor is in the on state.

Dynamic losses in IGBT-transistors occur during the transition from one steady
state to another, ie during the transition from off to on (dynamic on loss) and,
conversely, from on to off (dynamic off loss) [17, 18]. Switching energy losses can
be varied depending on the device current, voltage, gate resistance and transition
temperature [19, 20].

The value of the average power of switching losses is defined as [21]:

Py =B, (1)+E,p (1)]- /= [[(1.-U) |-at+ [[(1.-U) Jde,  (2)

where E,, (I.) is the power at start-up, which depends on the magnitude of the
collector current; E,y(I.) is the energy at shutdown, which depends on the value of
the collector current; f'is the switching frequency.
Total losses in the frequency converter can be determined by the following
expression [22, 23]:
P P +P

FC = Lcon.rec. von.inv. T s i, - (3)

Switching losses that occur in the frequency converter make a significant
contribution to the total losses in the AVI [24, 25]. In order to accurately estimate the
efficiency of the frequency converter and increase the reliability of the design, it is
necessary to accurately calculate the switching losses [26, 27].

In the Matlab R2019a environment using blocks from the Simulink / Simscape
library the scheme of the SIEMENS SINAMICS G110 frequency converter is
developed, which is shown in Fig. 3.

The model contains the following blocks:

— block rectifier on diodes VD7...VDI10, including a smoothing filter on the

capacitor CI;

— unit of autonomous three-phase bridge voltage inverter on six IGBT / diode-

transistors VTl (VDI)...VT6 (VD6);

— unit for calculating the loss in the rectifier and inverter;

— load unit;

— a set of measuring instruments.

The method of approximation determines the mathematical functions that most
accurately describe the energy graphs of the dependences V. (1), Vi(ly), Eon (1),
Eop (1), Evec (1) [28, 29].

Using this calculation method, it is possible to determine the static losses in the
uncontrolled rectifier, static and dynamic losses in IGBT-transistors and reverse
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diodes AVI, and in general it is possible to quantify the efficiency of the frequency
converter [30, 31].

5

=
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Figure 3 — Model of the frequency converter SIEMENS SINAMICS G110

After approximation of power loss graphs of diode uncontrolled rectifier type
GBPC2508W and IGBT-transistor module type FSI15R06XE3 expressions were
obtained. Equation for diode uncontrolled rectifier type GBPC2508W:

5 4
I I
U_(I,.)=0.0277 - —FJ —0.2812-(—Fj +
FUr) (100 100

3 2
+0.9917 - ([—F] ~1.4921 - (]—F) +1.6057 - (]—F) + 0.6551.
100 100 100 4)
Equation for IGBT-transistor module type FS15R06XE3:

6 5 4
I I I

U .. (I.)=-102775 - —C) +98467(—C) —36327~(—Cj +

ez ) (100 100 100

3 2
I I I
+6505.8-(—Cj —590.76-(—‘?) +32.772-[—C)+0.3152;
100 100 100

6 5 4
U,(,)=-72672- (]—FJ + 71308 - (I—F) — 27122 . (I_Fj "
FaF 100 100 100

3 2
+5045.3 - [I—Fj —481.84 - [[—Fj +27.018 - (I—FJ +0.4514;
100 100 100

)

(6)
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4 3 2
I I I I
E (I ):4.8894~(—Cj +7.928-(—CJ +o.0715-(—0) +1.8573-(—CJ+0.0486;
on > C 100 100 100 100

(7)

4 3 2
I I I I
E (I.)=-15.198. —C) +16.984-(—C) —8.0363~(—CJ +3.6428~(—Cj+0.0456;
or ) (100 100 100 100 (8)

3 2
I I I
E (I ):5,4932.(—F) -5,7025-(—1”] +2,6764-[—FJ+0,0792.
rec - F 100 100 100 9)

The block for calculating the power losses of AVI by the method of
approximation of loss graphs is shown in Fig. 4, 5.

U,V
3.0
2.4
1.8
1.2
0.6

0

0 5 10 15 20 25 L,A

Figure 4 — Saturation voltage of the collector-emitter of the power transistor
type FS15R06XE3: I — documentation; 2 — approximation

E, m]
1.0
0.8
0.6
0.4
0.2

0

0 5 10 15 20 25 L,A
Figure 5 — Power switching characteristics of power transistor type

FS15R06XE3: I — E,, (documentation); 2 — E,, (approximation); 3 — Ey
(documentation); 4 — E,; (approximation)

The obtained mathematical dependences quite accurately describe the power
graphs of power losses of the diode uncontrolled rectifier and IGBT-transistor
module [32, 33].

The block model for calculating the power loss of the reverse diode of the
IGBT-transistor module type FS15R06XE3 is shown in Fig. 6.

The control voltage and current of the transistor are used to calculate the static
and dynamic power losses of the IGBT-transistor [34, 35].
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Figure 6 — Block model for calculating the power loss of the reverse diode of the
IGBT transistor module type FS1SR06XE3

. j/ o convert

(1)

5

h 4

The block model for calculating the power loss of the IGBT-transistor module
type FS15R06XE3 is shown in Fig. 7.

U L
(g PR

Ucelc)

=Switch current>1

Eon(lc)

— T = ]

=Switch current=>3 :
oo r
= _l
& 7—=——
«Switch current=2

Eoff(lz)

Figure 7 — Block model for calculating the power loss of the IGBT-transistor
module type FS15R06XE3

The results of modeling static losses are shown in Fig. 8, and dynamic losses —
in Fig. 9. As can be seen from the graphs, the on and off energies depend on the
magnitude of the transistor current. To simulate dynamic losses, it is necessary to use
the modeling method with a constant calculation step.

To verify the developed model in Matlab, which calculates power losses, a
comparison was made with such programs as SemiSel and MelcoSim [36, 37]. The
developed method of determination of power losses in power IGBT-transistors is
checked. A comparative calculation of power losses using MelcoSim 5.1 for a three-
level stand-alone voltage inverter with RL load, as well as the calculation of power
losses performed in Matlab using the described methods.

The presented methods for calculating power losses in the frequency converter
are implemented in Matlab / Simulink, compare the simulation results with data
obtained using the online tool Semikron SemiSel at www.Semikron.com and using
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the program MelcoSim 5.4, which are used as a reference test. The interface of the
MelcoSim 5.4 program is shown in Fig. 10.

I, A Collector current
20

15
10

AU,V Voltage falling

P,W Instant power loss

AP, W Average power loss
0.15 ’ : 3
0.1
0.05
0
0 0.002 0.004 0.006 0.008 0.010 0.012 s

Figure 8 — The results of modeling the static losses of the IGBT-transistor
module type FS15R06XE3

The results of the calculation of the loss in the uncontrolled rectifier are given in
Table 4, which compares the calculation errors between the online tool Semikron
SemiSel and Matlab Simulink.

Table 4
The results of the calculation of power losses in the uncontrolled rectifier type
SKKE 15/08
Parameter Matlab Simulink, | Semikron SemiSel, Error,
\\ \W %
Static losses of the rectifier 24.66 23.66 4.05
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The comparison error is 4.05 %, which is an indicator of the adequacy of the
model in Matlab / Simulink.

The comparison and verification of the calculation of power losses in the AVI
between the programs Matlab / Simulink and MelcoSim 5.4 were also performed.
Analysis of the convergence of the calculation results in the programs
Matlab / Simulink and MelcoSim 5.4 are given in Table 5.

N Control signal
‘l PR

0.5

0

I, A Collector current

20 [ e SRR e e
15 : : , ' : : |
10

E _.J Power on

on?

0.0004 [----r-rer -~ e — = R—

oo

B e ] Power off

off® . . : : . ‘
0.0004 - g mEEEESEESs S I N P

we

0 0.002 0.004 0.006 0.008 0.010 0.012 ¢

Figure 9 — The results of modeling the static losses of the IGBT-transistor
module type FS15R06XE3
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Figure 10 — MelcoSim 5.4 software interface
Table 5
The results of the calculation of power losses in the IGBT-transistor type
PM5S0RG1A065
Parameter Matlab Simulink, | MelcoSim 5.4, | Error,
\\% \Y %
Static transistor losses 391 3.78 3.32
Dynamic transistor losses 3.62 3.49 3.59
Static losses in the reverse diode 2.49 2.39 4.01
Dynamic losses in the reverse diode 0.55 0.53 3.63

The results of the comparison showed that the discrepancy between the
calculation of power losses in the developed model Matlab / Simulink and the
calculation performed by the specialized program MelcoSim 5.4, does not give more

than 4.1 %.

In the Table 6 shows a comparison between the losses obtained during physical
simulation in Matlab / Simulink and the losses reported in the documentation of the

frequency converter SIEMENS SINAMICS G110 with a power of 1.5 kW.

Table 6

The results of the calculation of power losses frequency converter in SIEMENS
SINAMICS G110 with a capacity of 1.5 kW

Parameter Documentation frequency | Matlab Simulink, Error,
converter, W \\% %
Total losses 113.53
frequency converter + losses on active 3.78
GBPC2508W, W resistance

The results of the comparison between the losses are very close. The comparison
error is only 3.78 %, which is an indicator of the sufficient adequacy of the developed
model of the frequency converter in Matlab / Simulink.
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Summary and conclusions. Losses in the rectifier circuit and in the AVI circuit
were determined by the simulation method. A compromise has been reached between
the accuracy of modeling in Matlab and programs such as SemiSel and MelcoSim.

Practical methods for calculating losses while maintaining high accuracy were
chosen. The reliability and usefulness of the proposed method of modeling the
calculation of power losses is assessed by comparing the results given in the
documentation of the frequency converter SIEMENS SINAMICS G110 and physical
modeling in the MATLAB environment.

The method of simulation modeling is presented, which allows to estimate
power losses in power semiconductor converters. This method is used to estimate the
power loss in the frequency converter SIEMENS SINAMICS G110 and gave an error
of 3...4 % relative to the data stated by the manufacturer. A block of the model is
calculated that calculates the loss of conductivity in the uncontrolled rectifier and the
losses that occur in the AVI of the frequency converter. This method of calculating
power losses can be used in the design and analysis of frequency converters of any
power.

To calculate the power losses by the approximation method, mathematical
equations are determined that most accurately describe the energy graphs of the
dependences V. (1), Vi1, Eon (I), Eof (L), Erec (I). The obtained mathematical
equations quite accurately describe the graphs of power losses.
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