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Abstract — The choice of the power components of the electric
traction converters for autonomous vehicles is a very
important aspect in their design. The attention in this paper
is first focused on the choice of the DC link capacitor,
followed by choice of the IGBT modules, their testing and
cooling. Then, the choice of power cables is approached. A
dedicated test bench for electric traction converters for
autonomous vehicles was designed and achieved. In defining
the parameters of the test bench, various possible
applications on battery-powered vehicles were taken into
account, but also their performances, technical
characteristics and functional characteristics. An important
share belongs to the integrated propulsion/charging system
of the Li-lon battery developed by the company SC INDA
SRL. It is already used in automotive on full-electric trucks
and in the battery-powered electric locomotives.
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continuu, invertor, radiator, racire, MELCOSIM.
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|. INTRODUCTION

Currently, high voltage and current IGBTSs are state-of-
the-art power electronics modules for the electric traction
converters for autonomous vehicles [1-5]. The IGBT itself
is part of a complex power kit which includes besides the
transistor, input capacitors, laminated bus bars, the cooling
system, gate drives etc. For reliable operation the choice of
these components is not an easy task considering the
technical characteristics of the traction systems.

The best features of a high power IGBT module are
closely related to a reliable and high quality protection for
IGBT drivers [1]. The attention in [2] is directed towards
the connection between a reliable operation of IGBT
modules and three important requirements that they have
to fulfill: high junction temperature limit, large safe
operating area, high current capacity. Methods for
obtaining IGBT switching frequency limits are discussed
in [3]. A comparison between switching characteristics and
losses of IGBT modules for traction applications is studied
experimentally in [4]. Reference [5] describes the
equations for the power losses evaluation and passive
elements design.

The test bench described below includes the designed
inverters in the final purpose of a subsidiary contract to
the PACETSINEFEN project within the Competitiveness
Operational Program, European Regional Development
Fund [6]. A block diagram is presented in Fig. 1, where:
TR — three-phase transformer with control sockets;

R — three-phase rectifier;
INV1, INV2 — three-phase inverters;
Ct — DC link capacitor;
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CF — braking chopper;

RF — braking resistor;

MAS1 — asynchronous machine (motor mode);
MAS?2 — asynchronous machine (generator mode);
TUi — voltage transducers;

TCi — current transducers;

TG1, TG2 — speed transducers;

TCP — torque transducers;

UCR — electronic control unit.

The testbench consists of two asynchronous machines
(MAS1, MAS2) mechanically coupled, the first one
operating in motor mode and the second in generator
mode. The rated power of each machine is 155 kW and in
short-term overload mode they allow 390 kW. This
ensures a wide range of tests with power up to 400
kW.The two asynchronous machines are supplied by two
inverters INV1 and INV2 with PWM (pulse width
modulation) control and variable frequency according to
the operating modes. The two inverters have a classic
structure and have a common DC link. The energy
consumed by MASL in the motor mode is taken from
MAS2 which operates in generator mode and motor —
generator system losses are taken from the power supply

Power supply
3 x 400V, 50 Hz

| 74 14

Primary: 3 x400V, 50 Hz
d—E‘I—E‘I Secondary: 3 x660 V, 50 Hz

INV1 INV2

UCR

MAS1
I x500V
P =155 kW,
P = 390 kW

MAS2
3Ix500V

P =155 kW,
by Prassc = 390 kW

ot
]

Fig. 1 The block diagram of the test bench.

(3x400 V, 50 Hz) through the transformer TR and rectifier
R. For the situation of dynamic regime in the intermediate
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circuit, an RF braking resistor is provided, the current
through this resistor being controlled by the CF Braking
Chopper.

The rest of the paper is organized as follows: Section |1
describe the choice of DC link capacitor. In section Ill, the
main parameters of leading inverter are defined and his
section deals with the choice of IGBT modules. It is
followed by the IGBT modules verification in Section V.
Section V and VI are related to the choice of the cooling
system and the power cables. Finally, some concluding
remarks are drawn.

Il. THE CHOICE OF THE DC LINK CAPACITOR
The following relationships are used to calculate the
characteristic data for the inverter that supplies MAS1 [7]:
- Rated power,

Symrs = ——MASL_— 188 6KVA | (1)

Cof PrrasiMmast

where Pyasi, cosomast, 7masi are the active power, the
power factor and respectively the efficiency of machine
MASI.

As can be seen in the block diagram (Fig.1), the direct
current intermediate circuit of the inverter INV1 is
common with those of the inverter INV2, braking chopper
CF and the filter of rectifier R and therefore the total
capacitance value in the diagram was taken into account
for the calculation of the capacitor bank.

To determine the required capacitance value we will
consider the following conditions:

- ripple voltage alowed,
Ugn = 15% " Ug (2)

For rated voltage Ucc = 750V, it results Ugg = 112.5V.
- the inverter efficiency,

Ninvi=93 % ;
- The input power of the inverter INV1,
Pinvi = Sinva+ Pinve = 202 kW, (3)

where S;yvi1, Pinve are the rated power and power losses of
the inverter.

To calculate the nedeed capacitance, it can be used the
following approached equation [8]:

Create = % = 5600uF , 4

Ugr | Uec—28 }r

where: f; - the rectifier frequency, f;=300Hz.

The RMS current through capacitor will be
(approached equation) [8]:

o Create 2T+ f =646 A, ®)

Tepns =

The nedeed capacitance for the inverter INV1.:

Cinvi = Crearc - (Cinvz + Cee + Cg), (6)
where:
Cinve = 4380 pF - capacitance value of the inverter
INV2;

Ccr=1460 pF - capacitance value of the braking
chopper CF;
Cr=1460 pF - capacitance value of the rectifier R.
We obtain C|N\/1 = 1300 |JF
Two ZEZ SILKO PVAJP 0 1,8/700 capacitors conected
in parallel were selected with the main characteristics:
- rated capacitance Cn =700 puF + 10 %;
- rated DC voltage Uy= 1800V,
- insulation voltage U;= 4800 V;
- maximum rms current l,= 150 A;
- operating temperatures ®, = -25/+70 °C.
The selection criteria are met as follows:

Ct > thalc; (7)
UN> UCCmax; (8)
Icrms = IcrRmscale: 9)

The inequality (9) results from the fact that all the
capacitors in the common DC intermediate circuit are
connected in parallel (8 capacitors that have the value
Imax > 150 A), the value of the total current they can
supply will add up, exceeding the value resulting from the
calculations.

l. THE CHOISE OF THE IGBT MODULE

The inverter output voltage is equal with the rated
voltage of the electric machine [6].

Uninv: = Unmasz = 500 Vac. (10)

- The rated current phase of the inverter

Since the windings of the MAS1 electric machine are
connected in star, the following results:

Tynass = MINV = 9184 ) (1D

VT Unynrass
where: Uywas: — rated voltage of MASL.
- Inverter overload power:

Sawrs = 1.9 Sygyer = 283 KVA; (12)
- Inverter overload phase current:
IS.‘-!’ASi = 1,5 ' IJ'.’}.".’I-"L =327 A; (13)
- Inverter supply voltage range:

Ucc=600 + 900V (. (14)

The power transistor shall be chosen with respect to the
following relationships:

Travw ks & Iopr 5 (15)

Uy ~ksy = Uzsear 5 (16)

Ub = Ucc; (17)

Irayy = = Iswass = 147245 (18)

where:

l;avn - the average rated current through the transistor;
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lecat - the maximum permissible average current
through the transistor;

Ksi - the current safety factor;

Uy - the voltage that stresses the transistor in off state;

Uces cat - the maximum permissible voltage that stresses
the transistor in off state;

- the voltage safety coefficient;

- the intermediate circuit voltage.

ksu
UCC

Because the inverter is part of a research test bench
where control errors may occur or higher power motors
can be tested, the coefficients kg,= 1.8, respectively ks = 10
were chosen resulting:

Uces car> 1500 V; (19)
leear > 1500 A. (20)

The Mitsubishi CM2400HC - 34H IGBT module was
preliminarily selected, with the main characteristics:

- capsule with a single IGBT - diode switching
device;

- collector emitter voltage - Vcgs = 1700 V;

- direct collector current I = 2400A,;

- module dimensions : 190 x 140 mm.

An extract from the technical specification of this
module is shown in Fig. 2. (a) and (b) [9].

I1l. TESTING OF THE IGBT MODULE

Testing was done based on the MELCOSIM Ver 5.4.0
application, developed by Mitsubishi for the selection of
its own IGBT modules, arranged in the most common
topologies.

MELCOSIM is designed for the calculation of the
stationary and dynamic power losses that occur in modules
as well as the temperature variation in the junctions of
IGBT transistors and diodes in modules, due to both the
direct conduction and switching of these semiconductor
devices.

The corresponding data obtained for the specific
dynamic thermal resistance of the power modules are used
for the design, calculation and dimensioning of the heat
sink.

A. MELCOSIM Program Description

The converter type (two or three levels) can be selected
from the main screen and then, switching in the screens for
input and output data is done. The input-output screens
consist of four sections: the module code and type, the
specified module property, the input field "Common
Conditions” for the converter characteristic data and the
output field for the calculation results.

MELCOSIM expects nine entries called "Common
Conditions" to be able to calculate power losses and
temperature in the junction: modulation strategy, output
current lo, DC link Vcc voltage, switching frequency Fc,
output frequency Fo, modulation factor M, load power
factor PFs and the heat sink temperature measured directly
below the Ts capsule.

The results field provides the following information:
average power losses for IGBT and freewheel diode,
divided into static and dynamic parts, total power loss of
the module, heat sink temperature, average and maximum
temperature in the transistor junction and in the freewheel
diode. The graphics output provides the possibility to

analyze power losses and temperature in junction by
changing one of the application conditions parameters
within the specification.
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HVIGET (High Valtage Insulated Gate Bipolar Transistor) Modules

L

(@)
CM2400HC-34H
HIGH POWER SWITCHING USE
3rd-Version HVIGBT (High Voltage Insulated Gate Bipolar Transistor) Modules INSULATED TYPE
MAXIMUM RATINGS
Symbol ltem Conditions Ratings Unit
WCES Collector-emitter voltage VGE=0V, Tj=25°C 1700 v
WGES Gale-emitter voltage VCE =0V, Tj=25°C 420 v
Ic Collactor current Tc = 80 240 A
IcM Pulse (Nete 1) 4800 A
IE Poied | ey cumont 2400 A
0 ot 2 Pulse (Note 1) 4800 A
PC uote ) | Maximum power dissipation | Tc = 25°C, IGET part 17800 w
Tj Junction temperature —40 ~ +150 G
T Operating temperature =40 - +125 €
Taig Storage lemparatura =40 - +125 G
Wiso Isolation voltage AMS, sinusaidal, { = 0Hz, = 1min. 4000 v
Maimum short cirevit pulse | Voc = 1150V, VCES £ 1700V, VGE = 15V
e victh Tj= 125 0 ks
ELECTRICAL CHARACTERISTICS
Symbol ltem Conditions Nin L‘T:‘:S Max Unit
IcEs Collactor cut-off current VCE = Vices, Vg =0V, Tj=25°C - - 3B | mA
Gate-emitter
WGE(h) threshold voltage Ic = 240mA, Ve = 10V, Tj= 25°C 45 &85 B5 v
laEs Gate leakage current VGE = VGES, VCE=0V, Tj=25°C — - 05 | pA
Gollactor-emitter Ic = 24004, VGE = 15V, Tj= 25°C (Mote 4) - 280 330
VEEE) | Gaturation votiage Ic = 24004, VGE = 15V, ;= 125°C Moted) | — | 310 | — | "
Cies Input - 210 - nf
oot Output VeE = 10V, 1= 100kHz — 00 — e
Cres. Fleverse Iransler cap VeE = 1V, Tj= 27°C — | | — | oF
Qg Total gate charga VCC = BSOV, IC = 24004, VGE = 15V, Tj=25°C — 19.8 — uG
Vecpeed) | Emitier-collector volage IE =2400A, VaF.= 0V, Tj= 25°C (Mote 4) - 230 3.00 v
IE =2400A, Vag = OV, Tj = 125°C Noted) | — | 185 | —
tafon) Turn-on delay time Ve =850V, Ic = 24004, VGE = +15V - = 160 | ps |
& Turmn-on rise lime Rjan) = 02702, Tj = 125°C, Ls = 80nH - = 130 | ps |
Eon Turn-on switching energy Inductive load — 810 — | mise |
oot Turn-off delay time VCG = B50V, Ic = 24004, VigE = £15V - — 270 s
[ Turn-oft fall time Aafol = 02701 Tj= 125°C, L = 80nH - — | om0 | s
Ealt Turn-off switching energy Inductive load - 870 = [mJipdsa |
br_Heie2) | Reverse recovery time Vce = B50V, Ic = 2400A, ViGE = £15V - - 270 ps_|
Qi eie?) | Reverse recovery charge RAgfon) = 0.2700, Tj = 125°C, Ls = 80nH - 830 — uC
Erecitoe2) | Reverse racovery energy Inductive load — 330 — [ mdipse

Mote 1. Pulse width and repetition rate should be such that junction temperature (T)) does not exceed Tepmas rating (125°C).
2. The symbols represent characieristics of the anti-paraliel, emitter 10 coliector frae-wheel diode (FWDI).
3. Juncilon temperature (Tj) should not excaed Tmax raiing (150°C).

4. Pulse width and repetition rate should be

such as o cause negbaible temperature rise.

(b)

Fig. 2 Extract from the technical specification of the IGBT module

CM2400HC-34H.

All calculation results can be exported to a text file [10].
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B. IGBT Module Testing in Overload Conditions

Testing the IGBT module in overload conditions was
performed using the MELCOSIM application with the
following input data (Fig 3):

i ™ T2
Common Conditions
P_Trt 291587 WIGBT
Vee 900 V sw 1443.44
oc 1472.42
lo 1500 Arms
SW(on) 439.91
PF 0.85 SWioff) 1003.53
Ts 80 C
M 1
Te 99.58 C
Fe 1 kHz ATje(Tr)_Ave 2041 K
TiTr1)_Ave 11999 ¢
Fo 50 Hz ATj-c(Tr1)_Max 2450 K
Ts 80 C Ti(Tr1)_Max 12408 ¢
Tj max 150 °C bit o2
P_Dit 347.96 WIDIODE
Tr1 Conditions sw 131.00
DC 216.95
Rg(on) 047 Q
ATjc(Dit)_Ave 447 K
Rg(off) 068 Q THDi1)_Ave 103.75 C
ATj-c(Di1)_Max 517 K
Rth(Tr) 0.007 /Arm Ti{Di1)_Max 10475 ¢

Fig. 3 ,,Common Condition” and ,,Result” fields for overload testing.

Vce - the maximum value for the DC circuit voltage,
equal to the voltage that stresses the transistor in off state,
respectively equal to the voltage limited by the braking
chopper (CF) that is set to the value of 900 Vdc;

lo - The maximum output current of the asynchronous
machine adjusted until the program no longer returns
invalid messages.

The valid returned parameters correspond to the most
unfavorable situation in which the device can operate for
the chosen conditions, resulting:

Ig 2 Ispas: . 21

C. IGBT Module Testing for Operation in Rated
Conditions (Fig 4):
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Fig. 4 The ,.Device & Components” screen for IGBT module testing at
the rated condition operation.
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Rgien) 04 o
Ralof) [T
RI[TH) 0007 A
Rtn[0i) 012 dem
Rthfc-s) 1008 {Arm - [ Sava Result ak 05V

Fig. 5 "Result" screen with the characteristic values for the
semiconductor components corresponding to a phase of the
inverter.

The following parameters for the operation at rated load
values have been introduced (Fig. 4 and Fig. 5):

- Input voltage Vec (Uynve) =750V ;

- Output rated current 10 (Iymas1) = 218 Arws;

- Machine power factor PF (cosonmast) = 0.883;
- Modulation factor M = 1;

- Switching frequency Fc = 1 kHz;

- Converter output frequency Fc = 50 Hz;

- Heat sink temperature Ts = 70 °C.

The following considerations were considered in  order
to choose the gate control resistances which are relevant
for the turn on and for the turn off process of the IGBT
transistors, respectively:

- achieving minimal switching losses in both turn on
and turn off by choosing the lowest possible
resistance values;

- the peak current of the gate control devices.

The following values have been chosen using the data
sheets:

- conduction input resistance Ryony = 0.47 Q/1W;
- blocking resistance Ry = 0.68 Q/1W.

IV. CHOOSING THE COOLING SYSTEM

The heat transfer diagram (Fig. 6) can be drawn up with
the values obtained in the "Result" screen [11].

The "Graph" screen can generate the dissipated power
versus time characteristic for two modules belonging to the
same phase, giving additional information when multiple
capsules are mounted on the same heat sink (Fig. 7).
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Ti(Tr1) = 75.51° RUN(TFL) = Tc 2_72,69 °C Tsi70 °C Ta=40°C
402,41 W 0,007 K/W
P_Trl
Asz-cs(lTré) = Rth(c-s) = Rth(s-a) =
IGBT chip g 14933 W 0,009 K/W 033 W 0.063 K/W
TIOIN=7325° gy s
46,92 W 0,012 K/IW
P_Dil
ATj-c(Trl) =
Diode chip 056K Base_p ate Heat sink Ambient

Fig. 6 The heat transfer diagram for the chosen IGBT module.
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Fig. 7 Power dissipation versus time dependence for modules 1 and 2 of
the inverters.

The heat transfer resistance between ambient and heat
sink is:

Rth,_, = ”'Im‘ — Rth,_, = 0.063 K/W, (22)
where:
Te - case temperature;
Ta - ambient temperature;

P_Sum - total power dissipated by the module due to the
conduction and commutation losses.

A heat sink is chosen from the catalog in order to meet
the condition:

Rthg scat < Rthg scalc, (23)
where:
Rths .calc - calculated thermal resistance heat sink —
ambient;
Rthg,cat - thermal resistance heat sink —ambient catalog
value.

A heat sink with the profile shown in Fig. 8 having a
length of 250 mm, manufactured by MECCAL type P200
83 was chosen [12].

From the thermal transfer curves shown in Fig. 9,it can
be seen that, provided an air speed of Vair = 7.2 m/s
through the heatsink with a length of 250 mm, the
following resistance is obtained:

Rthg,cat = 0.051 K/W, (24)

which is less than the value in (22), so the cooling system
is chosen properly.
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Fig. 8 Transversal section through the heat sink.
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Fig. 9 The thermal transfer curves for the P200 83 heat sink.

V. THE CHOISE OF THE POWER CABLES

The following characteristics of the inverters must be
taken into account when dimensioning the cables:
- application; railway inverters;
input voltage: 900 Vdc;
rated current: 218 A;
overload current: 327 A.

The cables used for railway rolling stock comply with
the standard SR EN 50355:2014 “Railway applications -
Railway rolling stock cables having special fire
performance - Guide to use” [13].

The size of the cable section must be chosen from the
standardized cable sections. When choosing the conductor
section, the following factors will be taken into account:

- Electrical stresses in insulation, which are due to
the operating voltage;
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- Electrical stresses due to the intensity of the
current flowing through the circuit and which must
be lower than those allowed,;

- Thermal stresses of the cables due to long-term,
overload or short-circuit currents, taking into
account the values indicated by the manufacturer
and the application of the correction coefficients
due to the positioning of the cables during
installation as well as the maximum ambient
operating temperatures.

The range of HELUTHERM 145 cables produced by
HELUKABEL meets the required conditions [14].

Fig. 10 shows the catalog sheet for this type of cables
and in Fig. 11 is figured the table of allowed currents and
correction coefficients.

According to the catalog sheet, the selection criteria are
met as follows:

e Electrical stresses in insulation, which are due to the
operating voltage:

single Conductors

for cables up to 1 mm? Uy/U 300/500 V;
for cables from 1.5 mm? Uy/U 450/750 V:

at fixed and

protected

from 1.5 mm? Uy/U 600/1000 V.
Electrical stresses due to current intensity in the case

of outdoor positioning:

for outdoor wiring situation 70 mm?

installation

cable

supports a current of 391 A, bigger than overload

current — 327A.

Cables with the following codes were chosen:

51476
51340 -
51338 -
51298 -
tube;

51296 -
tube.
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Fig. 10 HELUTHERM 145 cable catalog sheet.
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B CURRENT RATINGS FOR HELUTHERM® 145

QOperting temperature at conductor 120° C

For permanent operating to the ambient temperature of 30" C, Conversion factars for the deviating site aperation
conditio

2nt temperature is not noticeably increased by the heat

aken from the solar radiation etc

).

05 o2

1073

%A Edition 27 (publishad (1.04.2015]

Fig. 11 Current ratings for HELETHERM 145.

VI. CONCLUSIONS

The research conducted in this paper highlights the fact
that when choosing the force components for a test —
experimentation bench designed to test various control
strategies for traction converters, it is necessary to consider
the addition of bigger safety coefficients than usual at their
technical characteristics covering some control errors
which may occur. It has also been shown that a forced
ventilation cooling system is suitable, cheaper and less
complex than a liquid cooling one.
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