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Abstract: The design and development of a high-performance 165 kVA, 750 V DC all-silicon carbide
(SiC) traction converter for new generation light rail transportation systems (LRTSs) are described.
In the design of the traction motor drive, the efficiency of the overall system is maximized and the
line current harmonic content of the traction motor is minimized. A complete mathematical model
of the physical system is derived to carry out real-time simulations and proper control of the LRTS
on a real rail track. The electrical and thermal performances of traction-type SiC power MOSFET
modules are compared with those of alternative hybrid and Si-IGBT modules for various switching
frequencies. The implementation of the developed system is also described. The performance of the
resulting system is verified experimentally on a full-scale physical simulator as well as for various
track conditions. Very promising results for the next generation railway traction motor drives have
been obtained in terms of performance criteria, such as very high efficiency, low harmonic distortion
of the motor line current, low cooling requirement, relatively high switching frequency, and hence,
superior controller performance. The effects of the SiC power MOSFET operation on the insulation
of the available traction motors are also examined experimentally. This paper is accompanied by a
video demonstrating the experimental work.

Keywords: induction motors; pulse-width-modulated converters; rail transportation; SiC power MOSFET;
traction motor drives

1. Introduction

Nowadays, high-performance railway traction converters with improved efficiency,
reliability, and power quality on the motor side are aimed at in design and implementation
works with the developments in power semiconductor technologies.

A comprehensive topological overview of modern electric propulsion architectures
and configurations for railway traction, which are used in practice, has been carried out,
and the associated power semiconductor technologies from a gate turn-off thyristor (GTO)
and insulated gate bipolar transistor (IGBT) to silicon carbide (S5iC) power MOSFETs were
summarized in [1]. The benefits of using SiC power semiconductors in power electronics
applications and how SiC can be a strong and viable candidate for power electronics and
system applications have been assessed in [2-6]. The potential applications and advances
enabled by wide-bandgap devices in industrial AC motor drives have also been reviewed,
and the associated benefits have been highlighted in [7-9].

The market for automotive-grade SiC components is showing impressive growth
aligned with the rise in electric vehicles (EVs), with SiC power MOSFETs being used in
traction inverters [10].
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The design and implementation of various all-SiC voltage-source inverters for EV
applications have been reported in the literature [11-14]. A SiC-based high power density
(34 kW/L) EV traction inverter was developed for 105 °C ambient temperature opera-
tions and 100 kW of peak power output [11]. The design and experimental results for a
30 kW-rated SiC inverter for EV applications, achieving 15 kW /L of volumetric density and
a 99.5% peak efficiency were presented in [12]. An optimized SiC power semiconductor-
based 2 x 250 kW dual inverter with a power density of 60 kW /L was designed and built
for traction applications, as reported in [13]. The optimization of the busbar to achieve
the minimal stray inductance has been presented in [15,16]. Similarly, the estimation,
minimization, and validation of the commutation loop inductance for a 135-kW SiC EV
traction inverter were carried out in [17]. How a traction inverter realized with SiC power
MOSFET modules can reduce inverter power losses as compared to a conventional inverter
with silicon (Si)-based IGBT and diode power modules has been demonstrated in [3-5,18].
Furthermore, in [19], a planarized, high power density 100 kW SiC traction inverter with
1kV DC-link and 1.7 kV all-SiC power MOSFET modules was developed and tested for EVs.
A 120 kW-rated SiC inverter for electric buses was also constructed, and its performance
was compared to an advanced Si-IGBT inverter [20]. The characterization of a 1200-V,
800-A all-SiC dual module designed for large-scale electric military vehicle applications
was reported in [21].

For use in railway traction converters, an outlook of SiC devices and their prospects
for developments in traction voltage-source inverters and active front-end converters were
considered in [22]. High-voltage hybrid IGBT power modules for the miniaturization
of rolling stock traction inverters were reported in [23], while energy savings using all-
SiC power modules in traction applications have been reported in [24,25]. In fact, the
development of a traction system for Shinkansen high-speed trains by adopting SiC power
devices was introduced in 2018 [26] to pursue the weight reduction and compactness of
the system. On the other hand, a state-of-the-art 3.3-kV /450-A hybrid power module for
traction inverters of rolling stock was reported in [27], combining the Si-IGBT and silicon
carbide Schottky barrier diode (SBD) chips. Furthermore, a real-time hardware-in-the-
loop emulation of a high-speed rail power system with SiC-based energy conversion was
proposed and tested in [28], while a full-scale physical simulator for light rail transportation
systems was also built with SiC power MOSFETs in [25]. A PWM control strategy suitable
for a SiC traction inverter was proposed and verified by detailed experimental tests in
terms of motor current quality, motor loss reduction, motor temperature rise, and running
noise suppression in [29], as compared to the conventional PWM control.

An integrated air-cooled, three-phase SiC power block for industry applications was
demonstrated in [16]. The characterization and scalable modeling of power semiconductors
for the optimum traction inverter design with Si and SiC devices were reported in [30]. A
comprehensive comparison of two-level, three-level, and hybrid three-level SiC inverters
in high-power, high-speed industrial drive systems was presented in [31].

In this research work, the design methodology and development of a 165 kVA,
750 V DC, 480 V I-to-], three-phase SiC power MOSFET-based traction motor drive is
presented for future use in light rail public transportation systems (LRTSs). As far as the
authors know, the application of SiC traction converters to LRTSs has not been published
elsewhere and is not commercially available in the market yet, except for in high-speed
trains [26]. In the design of the SiC power MOSFET-based traction converter, the quan-
titative objectives chosen were: (i) higher drive efficiency, (ii) higher reliability, (iii) less
harmonic distortion in the applied motor currents, and (iv) wider current, and hence, wider
torque bandwidth, while the qualitative objectives were: (v) a simple converter topology,
(vi) lower complexity in the control and modulation methods, (vii) high switching fre-
quency to minimize audible noise, and (viii) smaller size as compared to Si-IGBT-based
commercially available traction drive alternatives for LRTSs. It must be noted that high-
current, and hence, high torque bandwidths arising from a high switching frequency of
the SiC power MOSFETs uniquely permit the application of space vector PWM (SVPWM)
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and field-oriented control over the entire operating ranges of stator frequency, output
power, and catenary voltages, whereas, with Si-IGBT-based traction converters, SVPWM
should be replaced by optimal PWM, selective harmonic elimination, or selective harmonic
mitigation methods at high operating speeds and high powers. Furthermore, field-oriented
control should be replaced by scalar control at high operating speeds owing to a reduced
switching frequency to fundamental output frequency ratio. The developed system is
optimized not only from the inverter viewpoint but also in terms of drive performance. The
utilization of 1700 V, 300 A SiC power MOSFET modules was justified by comparing their
performances in the LRTS application with those of advanced hybrid and Si-IGBT modules.
As compared to commercially available Si-IGBT-based traction motor drives, higher effi-
ciency and much lower total demand distortion have been obtained. Critical aspects of the
developed system, such as the power stage layout, the effects of the motor cable length,
and the switching characteristics of the chosen SiC power MOSFET modules on the PWM
voltage waveforms applied to the motor terminals, etc., have also been investigated. The
performance of the resulting all-SiC traction converter in the inversion and rectification
modes has been obtained experimentally on a full-scale physical simulator and found to be
quite satisfactory. Furthermore, the performance of the custom-designed control system
and SVPWM adapted to this application has been tested in real rail track conditions and
found to be superior.

2. System Description
2.1. General

A circuit diagram of a three-phase voltage-source traction converter in a light rail
public transportation system (LRTS) is shown in Figure 1. A light rail public transportation
vehicle usually contains multiple identical traction converters. The first three legs of the
converter in Figure 1 operate as a two-level voltage-source PWM inverter in the motoring
mode of operation of the three-phase squirrel-cage traction motor, and as a two-level
voltage-source PWM rectifier in the regenerative braking mode. The fourth leg of the
converter in Figure 1 was designed as a DC chopper circuit to supply controlled power to
the braking resistor during regenerative braking or the normal motoring mode of operation
whenever the DC catenary line voltage tends to exceed an overvoltage level specified in
the EN 50163-2004 standard [32]. Modern DC traction systems for tramways and local
railways should conform to the system nominal voltages of 750 V, 1500 V, or 3000 V, as
defined in [32]. At the present time, most LRTSs are operated by 750 V DC catenary lines.
Therefore, this was chosen as the nominal voltage in this research work (Appendix A).

7
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Figure 1. Circuit diagram of a three-phase voltage-source traction motor converter for light rail public
transportation systems.
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2.2. Operating Characteristics of the Traction Motor Drive

A typical set of speed/torque curves of a traction motor drive is shown in Figure 2a.
In the upper half plane (Q I and Q II), the public transportation vehicle is running in
the forward direction, and therefore, the speed is positive. The vehicle can only begin
to move in the reverse direction usually by reversing the phase sequence of the applied
motor voltages after a halt, which corresponds to an operation in the lower half plane.
The operating characteristics corresponding to reverse motion are very similar to those of
forward operation; therefore, they are not shown in Figure 2a.
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Figure 2. Operating characteristics of the traction motor drive for forward motion. (a) Speed/torque
characteristics; (b) speed/shaft power.

In the Q I of the upper half plane, the vehicle operates in the motoring mode, whereas
in Q I, in the regenerative braking mode. In Q I, there are two different speed/torque
characteristics. The one drawn as a solid line corresponds to the operation of the vehicle in
the long term (steady-state operation). However, the one drawn as a dashed line represents
the dynamic operation of the drive during the acceleration in the short term. In general,
the power rating of the traction converter as marked by the operating point B on the
short-term traction motor characteristic is higher than that of the traction motor, marked by
the operating point A on the long-term operating characteristic.

It is worth noting that in a railway traction drive, the acceleration and deceleration
times are comparable to the thermal time constant of the traction converter. Moreover,
the thermal time constant of the traction motor is much higher than that of the traction
converter. Therefore, the power rating of the traction converter should not be exceeded in
the dynamic operation mode (during acceleration and deceleration). In Q I, the long-term
operating characteristic is composed of two parts: the constant torque part and constant
power region. On the other hand, the short-term operating characteristic is composed of
three parts: the torque limit, power limit, and high-speed field-weakening regions.

Short-term operation in the regenerative braking mode takes place in Q II. Therefore,
the unique speed/torque characteristic is composed of a constant torque part and a constant
power region. Since deceleration during regenerative braking takes place more rapidly
than acceleration during the motoring mode of operation, absolute values of the deceler-
ation coefficient limit and torque limit are usually higher than the acceleration limit and
corresponding torque limit. Variations in speed against the shaft power were determined
and then plotted as shown in Figure 2b.
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2.3. Mathematical Modelling

A complete mathematical model of a public transportation vehicle running on a
specific rail track is given in this subsection. The detailed derivations of mathematical
models for the physical system that carries out the real-time simulation of not only the light
rail public transportation vehicles but also of heavier vehicles, are already given in [25].

The force-balance equation on the translational motion side is shown in (1).

mFshaft = Meqv% + [Fr + Feurve + Mgsin[a(x)]] (1)
where m is the number of traction motors, Fy,; is the tractive force per motor reflected
to the translational motion side by assuming rigid shafts, Mgy is the mass of the static
and rotating parts of the transportation vehicle, excluding motor inertias, v is the linear
speed of the vehicle, F; is the sum of the static and dynamic resistances and drag force
acting on the vehicle, Fq;e is the curve resistance force, M is the static mass of the vehicle,
g is the gravitational acceleration, and « is the slope angle of the rail track as a function of

displacement, x, from a reference point. Mgy in (1) has three components, as shown in (2).

1 1
Meqv:M+]gbr7+]wr7 ()

where Jo, and [, are the moments of inertia of all gear-boxes and wheels on the low
rotational speed side, respectively. Equation (1) can refer to the motor shaft by substituting
v = wr/n and dividing both sides by the gear down ratio, n, and m. These yield (3), as

follows:
Megor? \ | dw 1 Mgr\ .
[]m + ( i N =T {Tr + Teuroe + (f)sm[a(x)]] 3)

where [, is the motor inertia in kg-mz, w is the motor speed in mech-rad/s, T}, is the torque
output of each traction motor in Nm, r is the radius of the wheels in m, and T, and Ty ve
are the load torque components owing to the train resistance and the curve resistance of
the rail track, respectively.

T, and Tyrpe are expressed as shown in (4) and (5).

T, = [(A+Bo) M+ Co? | r/n @)

Teyrve = (DMg/R(x)) r/n (5)

In (4) and (5), A is the friction force coefficient per unit weight of the vehicle, which
is independent of the speed, B is a constant per-unit weight of the vehicle to give a
dynamic friction force proportional to the speed, C is the air resistance coefficient that,
when multiplied by the square of the speed, gives the aerodynamic drag force acting on
the vehicle, D is the curve resistance coefficient, and R is the radius of any curve on the
rail track.

The technical specifications of the associated vehicle system that is investigated in this
paper are given in Table 1. The corresponding traction motor data, and quantified two-
quadrant operating characteristics per traction motor are given in Tables 2 and 3, respectively.
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Table 1. Technical specifications of the vehicle system and its rail track.

Parameter Values
Vehicle body structure 5Cars M+T+T+T+M
Number of traction motors, m 4
New wheel radius, r 300 mm
Gear ratio, n 7.5
Maximum slope 8.5%
Maximum speed 50 km/h

Acceleration up to 35 km/h
Deceleration from 50 km/h
Jerk limit

Vehicle mass, M

Jgb+Jw
A
B
C
D
Curve radius, R

1.2 m/s? max.
1.3 m/s? max.
1.0m/s?

39 tons unloaded (AWO0)
56 tons loaded (AW3)
58 tons fully loaded (AW4)
182 kg-m?

0.0405 m/s?
0.0023 s~
3.81 kg/m
0.053 m
30 m (Minimum)

Table 2. Technical specifications of traction motor.

4-Pole, 60 Hz, 475 V, 125 kW, 0.81 pf (S1), n = 93.5%

. Rated Torque 671 Nm
= Traction Motor Rated Speed 1779 rpm
(VEM-DKCBZ 0212-4) Max. Torque 940 Nm

Max. Speed 5100 rpm
Jom 0.67 kg-m?
Average Torque 500 Nm
. Average Speed 1500 rpm
n Vehicle Demand per Average Power 80 kKW
Motor for the Max. Torque 943 Nm
Chosen Track Max. Speed 2250 rpm
Max. Power 128 kW
Table 3. Quantification of all operating points in Figure 2.

Opc.erati.ng Stator Freq.  Shaft Speed Converter Stator Motor Output
Points in (Hz) (rpm) Output Power Voltage Power
Figure 2 (kVA) V 1-to-1 (kW)

A 60 1779 165 at 0.81 pf lag 125
B 60 1774 185 at 0.81 pf lag 140
C 104 3079 170 at 0.89 pf lag 480 140
D 155 4604 154 at 0.88 pf lag 125
E 155 4604 176 at 0.81 pf lag 154
F 58 1779 172 at 0.83 pf lag 154

3. Converter Design
3.1. Design Objectives

Simple converter topology, lower complexity in the control algorithm and modulation
methods for the whole operating range, high switching frequency to minimize audible
noise, and a smaller size are the qualitative objectives in the converter design. On the
other hand, high efficiency, high reliability, less harmonic distortion in the applied motor
currents, especially in the low-order harmonic range, and a wide current, and hence, high
torque bandwidth, are the quantitative design objectives. In the design phase, the traction
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converter, which optimizes not only the initial cost/kW-converter but also the operating
cost (lower energy consumption, less maintenance), should be preferred.

Two-level classical three-phase bridge topology without parallel or series-connected
power semiconductors in all legs in conjunction with the most common space vector PWM
as the modulation technique and field-oriented control to adjust the rotor flux during
operation meet some of the design objectives given above. To complete the optimum
design work, the most suitable types of power semiconductors among Si-IGBT, hybrid
IGBT, asymmetrical IGCT, and SiC power MOSFET modules and the optimum switching
frequency for the chosen power semiconductor should be determined by carrying out
some computer simulations. In traction converters supplied with 750 V DC catenary lines,
asymmetrical IGCTs were not chosen as the main switching elements because of their
very high current and voltage ratings, which are suitable only for 1500 and 3000 V DC
catenary lines.

For 750 V DC catenaries, all traction systems should withstand 500-900 V continuously,
1000 V for 5 min, and 1000-1270 V on a straight line for durations of 1 s to 20 ms, as
recommended in Annex A of [32] and as shown in Appendix A. This makes it necessary for
the use of power semiconductors to have a standard blocking voltage capability of 1700 V.
In addition to this, the current rating of candidate power semiconductors should also be
determined initially without specifying some thermal limitations. In this application, the
maximum apparent power that will be delivered by the inverter is 185 kVA, as given in
Table 3. The associated maximum current per inverter, I;;,x in Appendix B, which will be
supplied from the catenary line through the Lpc when the catenary line voltage is 750 V DC,
is calculated to be 200 A DC. The current through each switch (the controlled semiconductor
and its antiparallel diode) is a chopped alternating current waveform and is a combination
of the current component drawn from the catenary and the DC link capacitors. In this
application, the maximum value of the peak current through the controlled semiconductor
is 320 A while delivering 185 kVA to the traction motor at point B in Figure 2. Therefore,
the continuous DC current rating of the chosen power semiconductor should be at least
300 A by considering a small safety limit.

In this research work, Wolfspeed CAS300M17BM2 SiC power MOSFET modules
were employed in the design and implementation of the traction converter. In order to
illustrate the benefits of SiC power MOSFETs in traction motor drive applications over
new-generation IGBT-based systems, the performances of three traction converters em-
ploying Infineon FF300R17KE4P Si-IGBT, Mitsubishi CM300DY-34T Si-IGBT, and Fuji
2MSI400VAE-170-53 Hybrid IGBT were determined by considering only the thermal limita-
tions. Although these IGBT modules were developed for standard industrial applications
instead of traction applications, they were chosen in this comparison work because of
their compatible voltage and current ratings with Wolfspeed CAS300M17BM2. The sim-
ulation software of IPOSIM, Melcosim, Fuji IGBT Simulator, and Speedfit were used in
the performance calculations of FF300R17KE4P, CM300DY-34T, 2MSI400VAE-170-53, and
CAS300M17BM2, respectively, for different switching frequencies.

In AC motor drives, employing sinusoidal PWM (SPWM), discontinuous PWM
(DPWM), or SVPWM if the modulation index, M;, is less than or equal to unity, the ratio of
the carrier frequency to the fundamental output frequency is recommended to be greater
than 21 in the literature [33,34] for an acceptable THD in motor currents. In this application,
the operating stator frequency changes from 0 to 155 Hz, as given in Table 3. Throughout
the speed control range, the carrier frequency can either be varied proportionally with the
stator frequency or can be kept constant at the value corresponding to the maximum stator
frequency. The associated carrier frequency, fc, values are shown in Table 4, specifically for
Si-IGBT-based converters.
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Table 4. Minimum values of carrier frequency against stator frequency for the operating characteris-
tics in Figure 2 for the traditional design of Si-IGBT-based converters.

Carrier Frequency, fc (Hz)

Stator Frequency, fs (Hz)

Adjustable Constant
10 1260 3255
30 1260 3255
60 1260 3255
100 2100 3255
155 3255 3255

In these simulations, the thermal resistances given in Appendix C (Table A1) were
used, and forced-air cooling by employing two sets of large standard heatsinks (one for
comparison purposes, the other one for optimum use) was assumed.

The thermal analysis based on the computer simulations was justified also by hand
calculations. Table 5 summarizes the results of the associated simulation works in detail. In
these simulations, the maximum kVA in the steady-state was considered to be 165 kVA.
The following conclusions can be drawn from these results:

e  The optimum heatsink size for the SiC power MOSFET-based converter is Ry, h, =
0.018 K/W with forced-air cooling for a switching frequency range from 5 to 10 kHz.

e When the same heatsink size is used for Si-IGBTs, Ty; exceeds the pre-specified maxi-
mum operating temperature of 120 °C at a switching frequency of 5 kHz. In order to
make fc =5 kHz, a larger size heatsink of Ry, j,, = 0.013 K/W should be used only for
some of the advanced Si-IGBTs.

e  The hybrid IGBT can be operated at fc = 5 kHz even for Ry, h, = 0.018 K/W. Further-
more, the larger heatsink of Ry, 1,, = 0.013 K/W allows for its operation at fc = 10 kHz.

Table 5. Thermal performance of SiC power MOSFET modules in a traction converter as a function
of carrier frequency and stator frequency in comparison with those of hybrid and Si-IGBT modules.

S =165 Kva, pf = 0.81 lag, Iout = 200 Arms, VI-1 = 480 Vrms, M; = 0.905, TA = 40 °C, Ry h-a = 0.018 K/wW
1 Loss and Tvj Values Calculated for Rth, ha = 0.013 K/'W

Switching Stator Si-IGBT Module Si-IGBT Module Hybrid [GHT‘Madule $iC MOSFET Module
Frequency, fc Frequency, (FFSOQR17KE4) (CM?OUDY'SZ}T) @ MSHS’.O\’IA k]. /_0753) (CAS300M17BM2) Wolfspeed/Cree
(Hz) fs (Hz) Infineon Mitsubishi Fuji Electric
IGBT Diode IGBT Diode IGBT Diode MOSFET Diode
Sw. Cond. Sw. Cond. Sw. Cond. Sw. Cond. Sw. Cond. Sw. Cond. Sw.  Cond. Sw.  Cond.
Loss (W) 51 163 17 33 50 170 12 50 48 142 6 30
1260 60
Tvj (O 9.3 75.5 84.7 76.5 77.9 73.1
Loss (W) 143 168 47 33 135 177 37 49 127 145 14 31
3255 60
TVj (OC) 117.1 924 108.2 95.8 91.2 83.8
Loss (W) 142 169 46 31.7 135 177 36 49 126 145 14 31
3255 155
Tvj [(Je)] 115.2 91.1 108.2 95.8 90.2 83.4
240 174 82 34 218 150 48 41
Loss (W) (205) (143) %) ©8) (18) (150) @s) @1 199 148 z s 20 263 - 14
5000 60
T '(OC) 1419 110.7 131.2 115.8 103.4 93.5 109.2 90.2
Yl (127.6) 101.2) 117.5) 02.1) § - > - -
237 174 79 32 218 150 48 41
Loss (W) Qo) a4 (69) @n  @® a5 @8 @) 199 148 2 1 19 262 . 1
5000 155
Tvi (OC) 138.2 107.7 131.2 115.8 102.1 93.1 108 89
) (124.9) ©9.1) § (117.5) 102, ¢ - 3
450 157 42 32
Loss (W) 591 190 260 35 416 177 113 49 (363) (128) @1 @7 44 271 - 14
10,000 60 5
o 145 126.2 . -
Tvj CO) >200 191.6 186 163.4 1163 1016 115.7 95
446 156 42 32
Loss (W) 591 191 258 34 416 177 113 49 (362) 127) @n 26) 42 270 - 13
10,000 155 142.4 125.2
Tvj ©o >200 185.2 186 163.4 N N 114.8 93.8

(114.6) 101.1)
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3.2. Preliminary Considerations for Optimum Carrier Frequency

Si-IGBT and hybrid IGBT modules have a maximum allowable virtual junction tem-
perature of 150 °C, while for the SiC power MOSFET, it is 175 °C. In LRTS applications,
the operating point of the vehicle and its traction converters rapidly change over a wide
operating area. Therefore, the peak value of the virtual junction temperature should not
exceed 120 °C during intermittent operation for a longer semiconductor life cycle and
higher reliability. As can be understood from Table 5, FF300R17KE4P, CM300DY-34T,
and 2MSI400VAE-170-53 can be operated safely up to switching frequencies of 3255 Hz,
3255 Hz, and 5000 Hz, respectively. The SiC power MOSFET, however, can be operated
at much higher switching frequencies in this application, i.e., over 10 kHz, as is proven
later in Section 5.1. The Si-IGBT and hybrid IGBT modules considered in Table 5 do not
have packages suitable for LRTS applications because of their Ni-coated Cu baseplates.
The use of Cu as a base plate material is common in standard industry applications for
its well-known advantages with regard to easy mechanical handling and high thermal
conductivity. However, its major disadvantage in traction applications where the power
semiconductors are subjected to a high number of thermal and power cycles is the mis-
match of the coefficient of thermal expansion to the ceramic substrates [35], which usually
destroys some of the power semiconductors in the long term.

On the other hand, an AlSiC baseplate is expected to be integrated into the traction-
type SiC power MOSFET modules in the near future. This new technology will provide
high-reliability solutions for the thermal management of power semiconductors employed
in traction applications, with nearly half the thermal expansion coefficient compared to Cu,
in contrast to a thermal resistance that is twice as high [36]. If the IGBT modules in Table 5
were furnished with AlISiC baseplates, the virtual junction temperatures would be higher
and the maximum switching frequency could be considerably lower because of their nearly
twice-as-big junction-to-heatsink thermal resistance values.

Infineon FF650R17IE4D_B2, F600R17KE3_B2, Mitsubishi CM800DZB-34N, and Fuji
Electric 2MBI600VG-170E-50 are the smallest 1700 V modules developed specifically for
traction applications. Their current ratings are 650 A, 600 A, 800 A, and 600 A, respectively,
and they are furnished with AlSiC baseplates. In this application, they can be switched
at higher frequencies at the expense of a bigger traction converter size and higher initial
cost. It is also worth noting that the virtual junction temperatures in Table 5 are the peak
values. The peak-to-peak ripple of the virtual junction temperature in a traction converter
depends on the output frequency of the converter. As the output frequency is increased
while keeping the power output nearly the same, the peak value of the virtual junction
temperature in Table 5 slightly decreases, as expected.

A further advantage of SiC power MOSFETs over hybrid and Si-IGBTs is their ability
to conduct a reverse current, thus reducing the conduction loss at relatively high operating
powers. An electrical connection diagram of the first leg of the traction converter and the
associated all-SiC half-bridge module are shown in Figure 3a,b, respectively. Low device
currents in the reverse direction are carried only by the SiC power MOSFET chip. However,
high device currents in the reverse direction are shared between the SiC power MOSFET
chip and the SiC Schottky diode chip. The transition point for the device current mentioned
above can be expressed as in (6).

— 1ps¥Rys(on) = VE(ih) (6)

where ipg is the instantaneous value of the drain-to-source current, Ry, the equivalent
resistance of the SiC power MOSFET chip during conduction, and V() is the threshold
forward voltage drop of the SiC Schottky diode.
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Figure 3. Electrical connection diagram of CAS300M17BM2 SiC power MOSFET module. (a) Electrical
connection diagram (the two MOSFET chips and their anti-parallel SiC Schottky diodes are labeled
as in the first leg of the traction converter in Figure 1); (b) the associated all-SiC half-bridge module.
(1) Common source/drain point, (2) Source, (3) Drain, (4,6) Gate, (5,7) Kelvin source.

The current sharing between the MOSFET and Schottky diode chips when both of
them are conducting can be formulated as shown in (7). The forward conduction voltage
drop, Vr, of the SiC Schottky diode depends on the forward current, ip, and its virtual
junction temperature, Ty;, while the Vp(y,) depends only on the Ty,

i —VE + 1517 diode ipg = —VF— iSles(on) @)
Rds(on) + Tdiode Rds(on) + Tdiode

In Figure 4, the current waveforms through S1, D1, 54, and D4 on the SiC power MOSFET-
based inverter are compared with those of the Si-IGBT-based inverter. In Figure 4a,b, the
Si-IGBT-based inverter is delivering 173 kVA at 0.81 pf to the motor stator. Corresponding
current waveforms for the same operating point in the SiC power MOSFET-based inverter
are as shown in Figure 4c,d. On the negative half-cycle of the line current i4 (¢), the negative
current is shared between the SiC MOSFET chip and its anti-parallel SiC Schottky diode.
Since the forward voltage drop of the body diode of the SiC power MOSFET is much higher
than that of the SiC anti-parallel Schottky diode, the body diode carries a negligibly small
current. The SiC anti-parallel Schottky diode is formed separately and placed into the
same package, as can be understood from Figure 3. On the other hand, when the current
delivered by the SiC power MOSFET inverter is relatively low, almost all of the reverse
currents will flow through the SiC MOSFET chip, as can be understood from Figure 4e,f.

In this application, the transition between these two modes occurs when the output
power of the inverter tends to exceed 75 kVA. If there was no reverse conduction ability
of the SiC MOSFET chip, all of the reverse currents would flow through the anti-parallel
Schottky diode, as in the case of a Si-IGBT. This would increase the total conduction loss
of the traction inverter by nearly 80 W when it is supplied with V;. = 750 V and delivers
480 V 1-to-1, 173 kVA at 0.81 pf to the stator.
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Figure 4. Current waveforms of S1, D1, S4, and D4 in Figure 3a, obtained by MATLAB/Simulink
when the traction inverter is supplied with 750 V DC and applies 480 V l-to-1 at 60 Hz to the stator.
(a,b) Si-IGBT-based converter supplies 173 kVA at 0.81 pf; (c,d) SiC power MOSFET-based converter
supplies 173 kVA at 0.81 pf, and (e,f) SiC power MOSFET-based converter supplies 75 kVA at 0.29 pf.

3.3. Application of Space Vector PWM

In most variable-frequency AC motor drive applications, SVPWM is preferred as the
carrier-based continuous modulation technique by designers. This is because of (i) a higher
DC bus voltage utilization, (ii) relatively low TDD for the line current waveforms, (iii) the
simplicity and easiness in the implementation, and (iv) the utilization of fixed switching
frequency as the common approach. The application of SVPWM to the traction converter
of LRTS described in this paper is summarized in Figure 5.

As a common approach for general-purpose PWM converters in the literature [34],
the minimum carrier frequency should be chosen as 21f;(max) = 21 x 155 = 3255 Hz
in order to obtain a reasonably low TDD for the line currents. Nowadays, the common
switching frequency of Si-IGBT-based traction converters of LRTS systems is around 2 kHz.
This yields 33 pulses in one complete cycle of a rated stator frequency of 60 Hz, while
only 13 pulses when the f; is at its maximum value of 155 Hz. This pulse number in one
complete cycle of the applied stator voltage waveform is very low, and hence, causes
high line current harmonics and torque ripple, thus adversely affecting the stability of the
motor drive. To avoid these drawbacks of a low switching frequency, a more complicated
control philosophy and control system are needed in addition to replacing the SVPWM
with preprogrammed modulation methods such as the OPWM, SHEPWM, SHMPWM, etc.,
at high stator frequencies, and hence, shaft speeds. Alternatively, much higher switching
frequencies can inherently eliminate this problem, e.g., there will be 64 pulses in one
complete cycle of f; = 155 Hz if the f¢ is set to 10 kHz. This can be achieved by the use of
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SiC power MOSFETs instead of Si-IGBTs. This is why SVPWM could be successfully applied
over the entire operating range of a SiC traction motor drive in this research work. With the
advance in SiC power MOSFET technology, these kinds of traction motor converters are
expected to be supplied not only from 750 V DC but also from 1500 and 3000 V DC catenary
lines. In the application of SVPWM as the modulation technique, operating regions are
shown by colored circular areas in Figure 6 in terms of the DC catenary voltage of the
minimum value in Figure 6a, the rated value in Figure 6b, and the maximum continuous
value in Figure 6c.
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Figure 5. Application of SVPWM to the traction converter of LRTS described in this paper.

V, (010 A
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V(001) V, (101)
V. (001) V.(101)
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Figure 6. Hexagons containing colored discs represent variable speed operating regions bounded
by (a) V4. (min) =600 V (M; = 1 can give only 424 V l-to-1), (b) V. (rated) = 750 V (M; = 0.9 to give
480 V 1-to-1), and (c) V4. (max) =900 V (M; = 0.75 to give 480 V 1-to-1).

Furthermore, the frequency and output voltage of the inverter, and apparent and
active power consumed from the inverter by the traction motor all change during the
operation of the LRTS.

It is not possible to create a rated applied motor voltage of 480 V I-to-1 in the lin-
ear modulation region (M; < 1) when the DC catenary voltage is at its minimum value,
V4. =600 V. The rated motor voltage can only be obtained by operating the converter over
the modulation region, which makes field-oriented control algorithm very complicated.
Furthermore, operation at V;, = 600 V reduces the rated power transfer capability of the
converter by 20%. This is because, as found in [37] (Figure A2 in Appendix B), the maxi-
mum current that can be delivered by the converter is defined for the rated value of the
catenary voltage, V. =750 V. The operation of the railway vehicle is also permissible for the
catenary voltage levels from 600 to 500 V DC, but with a significant reduction in the amount
of the power that can be delivered from the converter. The operating region in Figure 6b
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corresponds to the rated catenary voltage of 750 V DC, for which the rated motor voltage
of 480 V I-to-1 can be obtained with a modulation index of M; = 0.9. The M; should be
reduced to 0.75 in order to give the rated motor voltage when the catenary voltage is at its
continuous maximum value of 900 V DC, as illustrated in Figure 6¢. Intermittent operation
takes place when the V. tends to exceed 900 V DC, as seen in Figure A1, Appendix A.

3.4. Controller

The block diagram of the custom-designed digital control system is shown in Figure 7.
It is implemented on the TMS320F28377 DSP platform. The major task of the control
system is to maintain the operation of the traction motor drive in safe operating areas in
the first and second quadrants of the speed—torque plane in Figure 2a, according to the
torque reference signal, T,.f, sent by the driver in the manual operation mode or by the
communication-based train control (CBTC) system in the automatic operation mode. This
is achieved in the control system by simultaneously running the following facilities:

(i) Field-oriented control is implemented to keep the rotor flux constant from zero
speed to rated speed, whereas field weakening is applied above the rated speed by control-
ling the direct axis component of the motor current, Ijf.

(ii) The I; and I; components of the stator currents are calculated from the actual
currents, iy4, i, and ic, by the successive application of phase and commutator transforma-
tions. Commutator transformation requires the variations in 6. in time. If the stator currents
are all purely sinusoidal and the motor is operating in steady-state, I; and I, would be pure
DC currents that correspond to a constant amplitude MMF wave rotating at a constant
speed, the so-called the synchronous speed, w,. The electromechanical torque, T, is kept
under control by varying the quadrature axis component, as expressed in (8). As can be
understood from Figure 7, I, is directly related to I.r and T, as in (8).

=2 L L Ty
qgref 3 pp L%VI Idref

®)

where L; is the rotor self-inductance per phase referred to the stator, Ly, is the magnetizing
inductance, and pp is the number of the pole pairs.

L, can be related to Ly, as in (9), in terms of the rotor leakage inductance referring to
the stator, Lj,.

(iii) Although the traction converter is a voltage-source converter (VSC), the direct
and quadrature axis components, and hence, the actual stator currents, i4, ig, and ic, are
controlled by applying the appropriate line-to-neutral, and hence, line-to-line voltages to
the stator terminals. The PI controllers in Figure 7 tend to make the actual I; equal to Iy,
and the actual I, equal to I;re £ The I.f is a motor-dependent quantity to set the rotor
flux. as explained in (i). The Iy is calculated from the T,.r and I in terms of the motor
parameters, L, and L. The core saturation affects the Ly, and hence, the Iyrer in (8). The
Lyrer is then updated by the action of the active damping system to give I;‘r of

(iv) Line current waveforms may contain low- and high-frequency harmonic compo-
nents. High-frequency harmonics changing with the switching frequency and its multiples
are successfully filtered out by the analog filters included in the current sense circuits.
Slightly non-identical motor parameters, semiconductor characteristics, and non-idealities
cause the production of low-order super-harmonics. These harmonic components will
then be reflected to the I; and I;. Since the sampling and switching frequencies of the
traction converter are high (fs,, = 10 kHz), the bandwidth of the control system is wide,
and hence, the low-order harmonics in I; and I, are satisfactorily filtered out by the PI
controllers after comparing them with the purely DC reference signals, I, and I;r of If it
was an HV-IGBT-based converter, the f. could be in a lower range, from about 1.5 to 3 kHz.
This causes the existence of low-order harmonics in the I; and I, with higher magnitudes.
Therefore, some further reference frames that rotate synchronously at individual harmonic
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frequencies and the corresponding PI controllers for each low-order significant harmonic
component might be necessary for the implementation. The PI controllers in Figure 7
create the necessary gating signals for the SiC power MOSFETs through the use of dg-to-«f3
transformation and the SVPWM signal generation. A brief description of the application
of SVPWM to the variable speed operation of the traction motor in a wide range is given
in Figure 6.
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Figure 7. Block diagram of the digital control system with space vector PWM, active damping, and
field-oriented control.

(v) The speed of the rotating magnetic field in the airgap, w,, is calculated by adding
the slip speed, sw,, to the rotor speed, wye, in elec.rad/s. The rotor speed is calculated
from the measurements of the shaft encoder with a 160-tooth encoder wheel. The sw, is

computed from the I, and ;re £ in terms of the R/ and L as shown in (10).

R, I
SWe = — aref
Ly Idref

(10)

The rotor resistance per phase, referring to the stator, R}, is compensated by the rotor
temperature estimation from the PT100 measurement Ts. The I‘;‘r of is related to the Iqre £, as
in (11).

Lver = 0" Loy (11)
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The control system calculates the ratio of the unfiltered, v,(t), to the filtered, V; (t),
values, as expressed in (12).

a=v(t)/Vj.(t) (12)

The filtered DC link voltage signal, V; (t), is obtained by using a digital notch filter,
the transfer characteristic of which is shown in Figure 8. It provides an effective filtering
performance in the frequency range of 16 Hz to 68.6 Hz. The active damping circuitry
modifies the set value of I; by defining the new set value as in (11). A is a real number
around unity, and its optimum power coefficient, n = 11, was found by the simulations and
verified experimentally.
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Figure 8. Transfer characteristics of the input power filter and digital notch filter plotted against the
same frequency range.

(vi) The design of the input filter consisting of the series L;, and shunt C;, and having
a corner frequency of 50 Hz is described in the next subsection. Nonlinearities, non-ideal
operating conditions, and non-identical system parameters on both the catenary line and
the traction inverter sides may produce inter-harmonics at or near the resonance frequency
of 32 Hz and be superimposed on the V.. The AC current through the L;. and the AC
voltage on the C;, will then be amplified significantly, resulting in destructive effects on the
system components. Therefore, resonance or amplification risks of the input filter should
be avoided by adding a significant damping effect to the input filter. The conventional
solution is the addition of a sufficiently large series resistance or a small shunt resistance
to the circuit of the input filter. Unfortunately, these passive damping techniques are
dissipative and, therefore, rarely used in modern systems. In this research work, active
damping, which is equivalent to connecting a virtual dissipative element, was implemented
to suppress the generated uncharacteristic current harmonics at or around the resonance
frequency via the control system, and thereby, the power circuit of the traction converter.

3.5. Input Filter Design

A low-pass second-order L;.Cy, filter is to be used on the DC side of the traction
converters in LRTSs, as shown in Figure 7. The basic functions of these input filters are
(i) to suppress the transient voltage components produced on the DC catenary side; (ii) to
enact the C;, as an energy storage element to maintain the input voltage of the traction
converter during ~3-4 ms bouncing periods of the pantograph while the LRTS is running
on the rails; in such periods, the pantograph is displaced from the catenary line, and hence,
the traction converter draws the energy stored in Cy,; (iii) to limit the rate of the rise of
currents as a result of short circuits occurring on the traction converter side; this is achieved
by using a sufficiently large series inductor, L;., which provides the safe operation of the
DC contactor while clearing the fault; (iv) to filter out 600 Hz voltage ripples and their
multiples generated by the rectifiers that supply the DC power to the catenary line or third
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rail since they are usually 12-pulse uncontrolled rectifiers; and (v) to suppress time-varying
low-frequency harmonics (especially 100 Hz and its multiples) that are superimposed on
the catenary voltage and, at the same time, injected from the traction converter side [38,39].
In view of the above considerations, the C;. and L. values are expressed as shown in

(13) and (14).
Iiax At = Cy. AV (13)

where At is the bouncing period during which the DC link voltage drops by AV owing to
the charge I;;ax At extracted from Cy,, for the I, defined in Appendix B.

The substitution of I,y = 200 A, At =4 ms, and AV = 750 — 600 = 150 V gives the
minimum Cy. = 5.3 mF. Cj. = 5.9 mF is then formed by using a 4.7 mF heavy-current
capacitor for traction application and paralleling it with six 200 pF metalized polypropylene
film capacitors distributed on the laminated DC bus of the traction converter. The resonance
frequency fj is set to 32 Hz, which is sufficiently lower than the 50 or 60 Hz grid frequency
and sufficiently higher than the 10 Hz frequency, as recommended in [38—40]. The L, is,
therefore, determined to be 4 mH, from (14).

Lo=1/ {(27Tf0)2Cdc} (14)

The transfer characteristic of the resulting input filter is plotted in Figure 8 against the
same frequency range as the digital notch filter used in the active damping circuitry. The
unity gain is obtained at f;» = 47.5 Hz for the input filter. Harmonic frequencies lower than
ftr (in fact, lower than 68.6 Hz) are successfully suppressed by active filtering action via
the digital notch filter. Low-order and high-frequency harmonics, including the switching
frequency, its side bands, and multiples, appearing on both the catenary and traction sides
are successfully suppressed by the input filter.

4. Implementation

Figure 9 shows the all-S5iC power MOSFET-based three-phase, variable-frequency and
variable-voltage traction converter developed in this research work. In the implementation
of the power stage, top-to-top mounting technology is preferred in order to minimize the
wiring and cabling inductances and maximize the volume utilization. The four layers of
the power stage are shown in Figure 10.

SiC power MOSFETs have very fast turn-on and turn-off transitions, resulting in
the generation of high di/dt and dv/dt at many points of the power circuitry. Since SiC
power MOSFETs are switched on and off at much higher frequencies in comparison to
those of Si-IGBTs, their utilization would be worsened i.e., an increase in the switching
losses during turn-off, as well as in the voltage and current overshoots, and a ringing
phenomenon would occur during turn-on and -off in cases where the parasitics were not
minimized in the design phase. This is the main reason why special attention was paid to
the design of the power stage and laminated busbars, as illustrated in Figures 9 and 10.
Furthermore, the gate-drivers are positioned very close to gate-source terminals of the
SiC power MOSFETs, as shown in Figures 9a,b and 10a in order to decrease the parasitics.
The increased resistance of the gate-driver could be an alternative countermeasure at the
expense of slower turn-on and -off.
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Figure 9. The developed all-SiC power MOSFET-based traction converter. (a) Front view, (b) top

view, and (c) traction motor-loading generator set.
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Figure 10. Power stage of traction converter. (a) Top layer, (b) third layer, (c) second layer, (d) bottom

layer.
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5. Experimental Results

The performance of the all-SiC power MOSFET-based traction motor drive was tested
on the full-scale physical simulator built in the Traction Systems R&D Laboratory for
Railway Transportation. This full-scale simulator is on a per motor base and its details are
described in [25]. This paper is accompanied by a video demonstrating the experimental
work as the Supplementary Material.

5.1. Determining Optimum Switching Frequency

In this research work, the efficiency of the traction motor drive was maximized by
switching the traction inverter at an optimum frequency. The variation range of the virtual
junction temperature of the SiC power MOSFETs was affected by the switching frequency
during the operation of the traction motor drive. Lower junction temperatures gave rise
to significantly longer lifetimes for power semiconductors. The overall efficiency of the
traction motor drive was the product of the traction inverter efficiency and the motor
efficiency. The major power loss components were conduction and switching losses for the
inverter, and copper and core losses for the traction motor. These power loss components
were determined by tests as well as by some detailed simulations.

In order to determine the power loss components of the traction motor, it was driven
at a synchronous speed (n, = 1800 rpm) by the loading machine (Figure 9c) when the
rated voltage (Vs = 480 V 1-to-1) and frequency (fs = 60 Hz) were applied to the stator and
the stator line current and power input to the stator were measured as a function of the
inverter switching frequency. The core loss was separated from the stator copper loss
by using the stator resistance provided by the motor manufacturer as a function of the
inverter switching frequency and the stator temperature and line currents. Furthermore,
the friction and windage loss component was measured in the usual way after decoupling
all the rotating parts from the motor shaft. The variations in the core loss and stator copper
loss components at the synchronous speed are shown in Figure 11 as a function of the
switching frequency.
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Figure 11. Variations in total power loss components of the traction motor at no-load against
switching frequency of the inverter when V., =750V, Vs = 480 V I-to-], fs = 60 Hz, and n; = 1800 rpm.

The switching and conduction loss components of the traction inverter were calculated
by Speedfit Design Simulator of Wolfspeed as a function of the switching frequency, as
shown in Figure 12.

The total power dissipation of the traction motor drive was then obtained by taking
into account the motor losses and inverter losses at the same switching frequency. It is
worth noting that the stator and rotor copper loss components were calculated at the
rated operating conditions and then added to the core loss, friction, and windage loss
components of the motor, and the conduction and switching losses of the inverter at each
switching frequency. The variations in the total loss of the motor drive as a function of the
switching frequency were then plotted, as shown in Figure 13. A closer examination of this
curve shows that the total power dissipation at the rated operating point was minimized
in the switching frequency range from 10 to 17.5 kHz. Although fg,, = 15 kHz yielded the
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minimum total power dissipation, and hence, the maximum drive efficiency, it caused
a higher average junction temperature during operation as compared to fs, = 10 kHz
(Figure 13). Therefore, in this research work, fs = 10 kHz was chosen in order to obtain a
longer lifetime for the SiC power MOSFETs [40].
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Figure 12. Variations in total power loss components of the traction inverter against switching
frequency when V. =750 V, V5 = 480 V I-to-], fs = 60 Hz, and n, = 1779 rpm in delivering 165 kVA to
the motor at 0.81 pf lag.
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Figure 13. Total power loss of the traction motor drive, Py, against switching frequency, fsw, when
Vi =750V, Vs =480 V I-to-l, fs = 60 Hz, and n; = 1779 rpm in delivering 125 kW to its load.

5.2. Steady-State Performance of the Traction Converter

The line-to-line voltage, line current, DC link voltage, and DC link current waveforms
of the traction inverter at the rated operating conditions and the optimum switching
frequency of 10 kHz are shown in Figure 14. The V1 (t) was obtained from the V sp(t) by
MATLAB/Simulink and plotted in the same figure.

Harmonic components up to the 50th in the line current waveforms shown in Figure 15
were obtained for the operating conditions in Figure 14a by using a Hioki PW3198 Power
Quality Analyzer with a three-phase, three-wire connection. Since the operating condition
was rated at Ny = 1779 rpm, the I-TDD of stator line currents up to the 50th harmonic was
0.43%. In order to assess the effects of the switching frequency, its integer multiples, and
their sidebands on the magnitude of I-TDD, the i (t) in Figure 14a was expanded in the FFT
toolbox in MATLAB/Simulink and is shown in Figure 16. The I-TDD value calculated from
the harmonic spectrum in Figure 16 was 3.11%. It can thus be concluded that the harmonic
distortion in the line current waveforms is largely affected by the switching frequency and
its integer multiples.
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Figure 14. Input DC current, I;., and DC link voltage, V;., and AC output voltage, v4p, and current, iy,
waveforms corresponding to fs = 60 Hz, fsw = 10 kHz as recorded by Tektronix MDO3034 oscilloscope
at a sampling rate of 1 MS/s/channel while (a) the traction inverter is delivering 165 kVA to the
traction motor at Vz. = 765V, and (b) the traction inverter is delivering 169 kVA to the traction motor
at V. =900 V.

The variations in the efficiency of the traction inverter against the apparent power
delivered to the stator of the traction motor, as shown in Figure 17, were computed by
Speedfit Design Simulator of Wolfspeed and also obtained experimentally. It can thus be
concluded that the efficiency of the traction inverter is very high and above 98.5% over
the entire operating range. As can be understood from Table 5, the efficiency of the all-SiC
power MOSFET-based traction converter is nearly 0.5% higher than that of the IGBT-based
counterparts, which have nearly the same installed kVA, are supplied from 750 V DC,
and are switched at a much lower frequency of around 3 kHz. For ordinary Si-IGBTs,
however, the efficiency improvement may reach 1%. On the other hand, the efficiency
improvement would be much higher for the SiC power MOSFET-based traction converter
when it is switched at in the range of 3 to 5 kHz at the expense of a worsened control
performance, including a narrower current control bandwidth, higher I-TDD and torque
ripple, poor system stability, lower drive efficiency, the need for multiple modulation
methods over the speed control range, resulting in control complexity, and increased
audible noise and operating costs. These were the common weaknesses of the traction
motor drives employing Si-IGBTs.
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Figure 15. Harmonic components of the line currents up to the 50th were obtained by three-phase,
three-wire connection for the operating conditions in Figure 14a.
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Figure 16. Fourier series expansion of recorded ia (t) waveform in Figure 14a obtained from MAT-
LAB/Simulink FFT toolbox.
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Figure 17. Percent efficiency of traction inverter against traction motor input kVA at rated speed of
1779 rpm when V3, =750 V, Vg = 480 V rms, and fs = 60 Hz.
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5.3. Regenerative Braking Mode of Operation

The regenerative braking technique is frequently applied to the LRTS for the purpose of
(i) reducing the running speed, (ii) maintaining a constant speed of operation while moving
on an inclined track with a negative slope, and (iii) bringing the vehicle to a controlled stop
at the next station in combination with the mechanical brake. It is a temporary operation
mode of the traction motor as a generator and takes place for not more than a few tenths
of seconds. Two voltage and current snapshots of the traction motor drive during the
regenerative braking mode of operation, as defined in (ii), are shown in Figure 18 for two
different catenary voltage levels (rated and maximum). Furthermore, the theoretical and
experimental instantaneous efficiency values during the regenerative braking mode are
shown in Figure 19 when V ;. =750 V, Vap =480 Vrms, and f; = 60 Hz.
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Figure 18. Snapshots of output DC link current, I;., and DC link voltage, V., and AC input voltage,
v4p, and current, iy, waveforms corresponding to fs = 60 Hz, fw = 10 kHz as recorded by Tektronix
MDO3034 oscilloscope at a sampling rate of 1 MS/s/channel while traction motor drive is operating
in regenerative braking mode. (a) The traction converter operating in the rectification mode absorbs
168 kVA at 0.82 pf from the traction motor operating in the generation mode and delivers 138 kW to
the DC link at V5. = 765 V, and (b) the traction converter operating in the rectification mode absorbs
165 kVA at 0.82 pf from the traction motor operating in the generation mode and delivers 135 kW to
the DC link at V4. =900 V.
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Figure 19. The variations in instantaneous efficiency of the traction converter during regenerative
braking mode as a function of input kVA.

5.4. Switching Waveforms

The switching waveforms of one of the high-side 1700 V, 325 A SiC power MOSFETs
were recorded on the physical simulator while the traction inverter was operating at full
load, as shown in Figure 20. Very short current rise and fall times of the SiC power MOSFET
were observed when the associated motor line current was at its positive peak value. These
nearly correspond to the 42 ns rise time and the 56 ns fall time during the turn-on and
-off transitions, respectively, for the given test conditions. On the other hand, the rise and
fall times, when determined from the drain-to-source voltage waveforms, were measured
respectively to be t; = 73 ns and t; = 58 ns, for the same test conditions. If t, was measured
from the vpg during turn-on, it was found to be larger than that of the ip because of the
oscillating character of the vpg(t) in this converter.
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Figure 20. Switching waveforms of 1700 V, 325 A high-side SiC Power MOSFET in phase A of the
traction converter. (a) Turn-on, (b) turn-off.
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In order to comply with the EMC requirements for the traction converters [41] and
dv/dt withstand capability of the presently available traction motors [42], slower turn-
on and -off times could be obtained by adjusting the gate resistance and gate-to-source
capacitance in the gate driver circuit at the expense of slightly higher switching losses.
An alternative but more complex and costly improvement technique might be the design

and use of an active gate driver to adjust only the gate resistance in the Miller Plateau by
measuring the gate-to-source voltage [43-46].

5.5. Dynamic Operation in Real Rail Track Conditions

In order to test the performance of the traction system developed in this research work,
and hence, the vehicle body structure formed as in Table 1, in real rail track conditions, the
physical simulator per traction motor was operated in several running conditions. Among
these, the records corresponding to the acceleration and deceleration on a level track,
the acceleration on a maximum positive slope, and regenerative braking on a maximum
negative slope are shown in Figures 21-23, respectively.
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Figure 21. Acceleration, constant speed operation, and then deceleration on a level track Region 1:
Starting period, Region 2: Acceleration at maximum torque, Region 3: Acceleration at constant power,
Region 4: Controller action for smooth transition from acceleration to constant speed operation,
Region 5: Constant speed operation, Region 6: Start of regenerative braking operation, Region 7:
Deceleration at constant power, Region 8: Deceleration under maximum braking torque, Region 9:
Bringing the vehicle to a stop by mechanical brake.
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Figure 22. Acceleration and then constant speed operation on a track with a positive maximum slope.
Region 1: Starting period, Region 2: Acceleration at maximum torque, Region 3: Acceleration at
constant power, Region 4: Controller action for smooth transition from acceleration to constant speed
operation, Region 5: Constant speed operation.

The operating conditions were programmed in MATLAB/Simulink by using the kine-
matic equation in (3) of the vehicle to form the corresponding real-time models to control
the physical simulator system in Figure 9. The kinematic equations for the running condi-
tions shown in Figures 21-23 were obtained from (3), as shown in (15)—(17), respectively.
A close examination of the motor torque, load torque, torque command, shaft speed, and
line-A current record in Figures 21-23 shows that the all-SiC traction motor drive and its
control system developed in this research work match perfectly with the requirements of
the pre-specified rail track conditions.

dw 1
2585~ =Tu— T, (15)
d 1
258522 — T, — ~[T, + 1968] (16)

dt 4
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Figure 23. Constant speed operation and then deceleration by regenerative braking while going
downbhill. Region 1: Constant speed operation, Region 2: Start of regenerative braking operation,
Region 3: Deceleration at constant power, Region 4: Deceleration under maximum braking torque,
Region 5: Bringing the vehicle to a stop by mechanical brake.

6. Effects of SiC Power MOSFET Operation on Traction Motor

The 125 kW, 480 V, 60 Hz traction motor is supplied by the developed all-SiC traction
converter via the railway-qualified single-core flexible rubber cables, as illustrated in
Figure 24. The effects of the SiC power MOSFET operation on the traction motor were
experimentally obtained with this setup.
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Figure 24. Experimental setup to test the effects of cable length on the system performance.

Nowadays, in most railway traction converters, Si-IGBTs are employed. With the
developments in SiC technology, Si-IGBT-based traction converters will largely be replaced
by SiC power MOSFET-based ones in the near future. SiC power MOSFETs can be turned
on and off 2-5 times more rapidly and at switching frequencies 3-10 times higher in com-
parison to Si-IGBTs. At the present time, commercially available AC motors are designed
by considering the operational aspects of Si-IGBT-based PWM converters. However, the
operation of SiC power MOSFET-based traction converters may cause undesirable effects
on the presently available traction motors.

The SiC traction converter applies PWM voltage waveforms with very short rise
times to the stator of the traction motor via a three-phase or 3 x single-phase cable system.
This traction-specific cable system forms an RLC network, and hence, high-frequency
oscillations take place and the applied voltage is enhanced at the motor terminals. These
voltage overshoots are created by reflected waves at the interface between the cable and
electrical machine terminals due to impedance mismatch, and they depend on the output
waveform characteristics of the converter, the cable length, and the electrical machine
terminal impedance [42,47].

These aspects were verified experimentally on the developed system, as shown in
Figure 24, by recording the vgi(t), Vapm(t), ia(t), and ig.(t) for two different cable lengths
of Ic =4 and 12 m. These records are shown in Figure 25 when the peak value of the inverter
output voltage was set to Vap; = V3. =765 V (which corresponds to nearly 480 V I-to-1 rms
at 60 Hz) and the inverter operated at full load (165 kVA) in Figure 25a,b, and at no load
(83 kVA) in Figure 25¢,d.

The following conclusions can be drawn from these records:

(i) The motor line currents are nearly sinusoidal, e.g., i (t);

(ii) Although the fundamental components V zp; = Vapm = 480 V 1-to-1 rms, the first peak
of Vagi(t) = 780-810 is enhanced to Vapm = 1240 V for [, =4 and 1260 V for [, =12 m;

(iii) The frequency of oscillation in the line-to-line voltage waveform is lower for longer
cables with a shorter settling time;

(iv) The dv/dt of each pulse in the line-to-line PWM voltage waveform at the output of
the inverter is usually higher than 10 kV/us. The cables connecting the inverter to the
motor lower these high dv/dts usually to below 10 kV/ps;

(v) Similar conclusions can also be drawn for no-load operations;

(vi) For the application described in this paper, a cable length of around 12 m is more
useful than shorter cables, such as 4 m in length.

Since the catenary voltage varies in a wide range, as illustrated in Appendix A, records
corresponding to Figure 25b for I = 12 m were obtained from the developed system and
are shown in Figure 26a,b respectively for V;. = 600 V and 900 V.
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Figure 25. Effects of motor cable length on line-to-line motor voltages. (a) 4 m cable length at full
load, (b) 12 m cable length at full load, (c) 4 m cable length at no load, (d) 12 m cable length at no load.
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Figure 26. Effects of catenary voltage, V5., on line-to-line motor voltages. (a) V;. = 600 V and at 80%
of full load and (b) V4. =900 V and full load.

As can be understood from Figures 25 and 26, the first voltage peaks in the pulses of
the Vapi(t) and Vapm(t) and the corresponding dv ap;i(t)/dt and dvapm(t)/dt values became
higher and higher as the catenary voltage, V., increased. The limiting curve of the admissi-
ble impulse voltage for the industrial induction motors is recommended in [42] (Figure 40
of [42]) and was partly redrawn by extrapolating the data from tym = 0.1 to 0.05 us, as
shown in Appendix D. This standard defines the area under the blue-colored curve as the
safe operating area for the induction motor.

In this research work, the rise time, t;m, of the line-to-line voltage pulses at the stator
terminals was measured to be 90 ns in the worst case (I = 4 m). Since the Vp, 1.t01/ Vin 1-to-l
(rated) = 2 for tyy = 90 ns and Vi, 1.0 (rated) = 480 V rms, the maximum recommended
peak value of the impulse voltage was calculated to be 2 x 480 = 960 V. However, the
Vi L-to] Was measured to be 1240 V (Figure 25a), which is much higher than the maximum
recommended value of 960 V. On the other hand, the maximum permissible value of
dvapm/dt is recommended to be 10 kV/us by the traction motor manufacturer. The
permissible dvapy, /dt curve can be calculated from the Vi tod/ Vin Lto (rated) curve for
Vinl-to-l (rated) = 480 V and different t;, values. The resulting characteristics are marked
in Figure A3 in Appendix D. Although its value was calculated to be nearly 10 kV/us,
its actual value was measured to be 11 kV/us (Figure 25a) while dvapy, /dt =8.58 kV/us
(Figure 25b) for I, = 12 m, which is safe.

However, in the practical applications of SiC power MOSFET-based traction converters,
the t;m may be lower, e.g., 50 ns, and the cable may be shorter, Ic = 34 m, which would
result in dvapny, /dt values considerably higher than 10 kV/ps.

In view of the above findings, the following conclusions can be made:

(a) Insulation systems may be enhanced in future traction motors for use with SiC power
MOSFET-based traction converters at the expense of a higher cost; and/or

(b) Specially-designed active gate driver circuits may be used at the expense of marginally
higher switching losses [43-46].
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Presently, [47] recommends one of the following techniques to reduce the dvapy, /dt
in industrial motors fed by PWM converters, the switching frequencies of which are about
2.5 kHz: (i) output reactors, (ii) dv/dt filter, (iii) sinusoidal filter, and (iv) electrical machine
termination unit. These techniques reduce the dvapy, /dt values in Si-IGBT-based traction
converters below 1 kV/us at the expense of a 0.5-1% drop in the efficiency of the traction
motor drive.

7. Conclusions and Future Work

The design and development of a high-performance, all-SiC, 165 kVA traction motor
drive for light rail transportation systems, based on two-quadrant operating characteristics
of the drive and a complete mathematical model of the public transportation vehicle, have
been described. In the design phase, the performances of two-level traction converters
supplied by 750 V DC catenary lines and equipped with different new-generation power
semiconductors, such as a SiC power MOSFET, Si-IGBT, and hybrid IGBT of compatible
ratings, were compared in view of their thermal behaviors, switching and conduction
losses, and optimum switching frequencies by carrying out detailed computer simulations.
The SiC power MOSFET was shown to outperform the hybrid and Si-IGBT alternatives,
with a further advantage of conducting the reverse current, thus reducing the conduction
loss at relatively high operating powers. In most advanced traction motor drives, Si power
semiconductors are being used where the maximum attainable carrier frequency could
be set to 21fs(max) = 3255 Hz in order to obtain a reasonably low TDD for the motor
line currents. However, in this research work, the use of SiC power MOSFETs with a
much higher switching frequency of fc = 10 kHz provided a faster drive response and
much lower TDD in comparison to those of the alternative Si converters. The optimum
switching frequency region was determined to be 10 to 17.5 kHz to maximize the traction
motor drive efficiency at the rated operating conditions, i.e., the inverter efficiency times
the motor efficiency. In addition to the considerably low TDD of 3.11%, a very high
operating efficiency of 91.7% was obtained for the induction traction motor drive under
rated operating conditions at fc = 10 kHz. The SiC inverter efficiency was obtained as 98.7%
and the motor efficiency as 92.9% at the rated conditions, as compared to the Si-IGBT-based
traction motor drive with 98% inverter efficiency and 91.5% motor efficiency, owing to the
current harmonic distortion. This amounts to nearly 3% higher system efficiency for the
developed SiC traction motor drive as compared to the Si-IGBT-based ones. High currents,
and hence, high torque bandwidths, arising from a high switching frequency permit the
application of SVPWM and FOC over the entire operating ranges of the stator frequency,
output power, and catenary voltage. On the other hand, the qualitative objectives in the
converter design, such as the simple converter topology, low complexity in the control
algorithm, small size, and less audible noise, have been also successfully met by the use of
SiC technology.

Most metro vehicles are supplied by 750 and 1500 V DC catenary lines. Regional trains,
high-speed and very high-speed trains, and main-line locomotives are supplied by 15 or
25 kV AC single-phase overhead lines. This AC voltage level is converted to 1800-3000 V
DC by on-board equipment. Furthermore, 1500 or 3000 V DC catenary lines are directly
used by some other railway vehicles. For future work, it is recommended to illustrate the
benefits of two-level traction converters by using 3300 V engineering prototypes of SiC
power MOSFETs in such higher voltage and power applications. Alternatively, three-level
traction converter topologies can be developed and tested in the near future by using the
newly developed traction-type 1700 V higher-current SiC power MOSFETs.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ electronics11091438 /s1: Video S1: Video_MDPI_SiC_Traction_Motor
_Drive.mp4.
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Appendix A

The permissible voltage variations in a 750 V DC catenary line are specified in [32]
and were redrawn against time, as shown in Figure A1.

Q

o

= 1270

f ]

o0

£ 1000 --\

&)

i 900 T

] | | | |
]

3

S 20 ms 1s Smin  Duration, t

Figure A1l. Permissible voltage variations in 750 V DC catenary line.

Appendix B

The permissible operating ranges of a vehicle current against the catenary line voltage
are specified in [37], and were reconstructed as shown in Figure A2.
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Figure A2. Permissible operating ranges of vehicle current against catenary line voltage.

Appendix C

Table Al. Thermal resistances of SiC MOSFET module in comparison with hybrid and Si-IGBT
modules and different heatsink sizes.

Si IGBT & SiC SBD

Si IGBT Module Si IGBT Module Hvbrid Module SiC MOSFET Module
Thermal Data All (FF300R17KE4P) (CM300DY-34T) M40 VAE-170.53) (CAS300M17BM2)
in KIW Infineon Mitsubishi Fuji Electric Wolfspeed/Cree
IGBT Diode IGBT Diode IGBT Diode MOSEFET Diode
Rth(j-c) - - 0.044 0.068 0.033 0.07 0.071 0.065
Rth(c-h) - - 0.0313 0.0313 0.0313
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Table Al. Cont.

Si IGBT & SiC SBD

Si IGBT Module Si IGBT Module Hvbrid Module SiC MOSFET Module
Thermal Data All (FF300R17KE4P) (CM300DY-34T) (ZMSyI400VAE-170-53) (CAS300M17BM2)
in KIW Infineon Mitsubishi Fuji Electric Wolfspeed/Cree
IGBT Diode IGBT Diode IGBT Diode MOSFET Diode
Rth(j-h) 0.114 0.117 - - - -
Rth(h-a) ° 0.018 * 0.018 * 0.018 * 0.018 *
Rth(h-a) 0.013 t 0.013 t+ 0.013 t 0.018 *

0 For comparison purpose; 1 Optimum values; t Fischer Elektronik SK-661, W x H x L: 500 x 84 x 500 mm;
v =5m/s forced-air cooling; * Fischer Elektronik SK-461, W x H x L: 400 x 84 x 400 mm; v = 5 m/s forced-
air cooling.

Appendix D

Limiting curve in [42] (Figure 40 of [42]) was partly redrawn as shown in Figure A3.
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Figure A3. Limiting curve in [42] (Figure 40 of [42]) and corresponding dv/dt curve for 480 V 1-to-1-
rated traction motor voltage as a function of the rise time, t:m, of the voltage pulse at the electrical
machine terminals.
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