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Abstract. Electric traction vehicles cooperating with a 3kV DC traction system and equipped with drive systems based on voltage source inverters
are the most significant sources of disturbances for a railway signalling system. Every traction vehicle to be authorised for operation on railway
lines must fulfil the limits imposed on current harmonics magnitudes and those provided by railway operators. The solution introduced for pro-
totypes of most modern traction drives is to replace the two-level inverters with three-level topology. Therefore, it is essential to establish the
influence of the new solution on the railway signalling system. This paper presents a comparative analysis between simulation results delivered
for two and three-level traction drive system regarding generation of disturbing current harmonics. Two types of VSI modulation techniques
were taken under consideration: sinusoidal PWM (SPWM) and a new one, proposed by the authors, based on selective harmonic elimination
(SHE). Furthermore, the authors presented application of one of the SHE based optimization techniques for shaping the EMU’s (electric multiple
unit) DC side input current harmonics spectrum in order to meet the required limits. The described technique is based on off-line generation of
a set of solutions for each of the VSI operating points and selection of the best solution for the assumed criteria. The applied simulation models
and the concept of SHE control were verified in a laboratory by means of a low-power drive stand. Using the three-level inverter in traction
drives system results in less current harmonics than using two-level topology without modification of the modulation technique. Thus, it does
not guarantee fulfilling all limits assumed in this paper. The proposed modulation technique allows for fulfilling the limits, and the technical
implementation of the proposed technique in a traction drive system will be considered in future studies.

Key words: voltage source inverters, traction vehicle, compatibility, harmonics, harmonics elimination.

1. Introduction

Multilevel inverters, promising solutions for AC drives in trac-
tion applications, are constantly under development. However,
in high power DC supplied traction vehicles the two-level
voltage source inverters (VSI) are used as a standard solution.
For instance, most Polish manufacturers of modern rolling stock
still use the two-level inverters which require, due to compat-
ibility requirements [1], bulky input filters in order to reduce
harmonics in a vehicle’s current taken from catenary (catenary
current — I,,). Therefore, an analysis of possible ways of re-
ducing the level of distortions generated by vehicles by ap-
plying multilevel converters is a current issue for rolling stock
manufacturers [2, 3].

Multilevel inverters constitute a novel solution for railway
traction applications. For that reason, it is worth providing
a comparative analysis between the two- and three-level in-
verters to verify the advantages. It is known that an output
voltage waveform generated by the three-level VSI is char-
acterised by a lower THD value than the two-level one [4, 5],
considering the same number of switching per cycle. There-
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fore, it generates less current and torque harmonics, resulting in
lesser power losses and increased life-time of the drive. Another
problem is developing a control strategy to make this type of
inverters suitable for operation in traction and industrial en-
vironment. The application of a direct torque control (DTC)
strategy for this purpose was presented in [6].

The preferred topology of the three-level inverter for trac-
tion application seems to be the neutral point clamped NPC
topology (Fig. 3b). This solution requires an additional mod-
ification of modulation to eliminate the neutral point voltage
fluctuations [5, 7, 8].
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Fig. 1. Scheme of traction vehicle main circuit, I, — catenary current,
I;— DC-link current, I, — VSI output current
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Traction drives can operate in a wide range of frequencies
and torque. Therefore, the drive must change its control strategy
according to the conditions. For example in [9], the author takes
under consideration the problem of smooth transition between
the PWM technique and square wave (SW) switching strategy
for a traction inverter. The proposed schema allows for avoiding
torque discontinuity during transition from constant-torque to
constant-power operating areas.

2. DC side current harmonics limits

In this paper, a comparative study of catenary current spectra gen-
erated by 3 kV DC traction vehicles equipped with the two- and
three-level inverters was conducted. The results were obtained
using a simulation model of a DC-AC 500 kW traction drive
verified by means of laboratory measurements carried out for
a low-power drive. The results of simulations are related to the
limits valid for PKP PLK S.A. railways in Poland [1] (Fig. 2).
Complying to catenary current harmonics limits by traction
drives is to ensure the compatibility between rolling stock and
the railway signalling system. The reduction of current har-
monics generated by VSI-based propulsion systems has been
a significant issue since the first vehicles of that kind started
to operate. One of the methods for reducing current harmonics
generated by VSI drives was proposed in [10], and it is based on
re-injection of current harmonics with opposite phase (in com-
parison to the detected disturbances) into the DC-link. Due to
the high operating performance of modern power electronics this
technique is feasible, but risky. The detuned reinjection system
will provide additional current harmonics into the DC-link. The
other group of methods, called the cancellation methods, was
proposed for multi-drive vehicles (most of them are high and
medium power traction vehicles) [11, 12] and for stationary,
grid-connected applications [13]. Applying these techniques
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Fig. 2. Limits for catenary (I,,) and recalculated for DC-link (Iy)
current harmonics, generated by a traction vehicle in the frequency
band between 1300 and 3100 Hz; vall, val2 — valid limits for Polish
railway routes
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requires precise parallel cooperation of a minimum two VSIs.
One of the main disadvantages of these methods is that their
efficiency depends on the balance of drives’ loading conditions,
which is very difficult to establish in drive conditions.

It seems that the most reliable techniques of controlling
the amount of disturbing harmonics in catenary current are the
methods based on the development of inverter modulation tech-
niques. It is expected that proper modification of modulation
techniques may provide the DC-link current with a significantly
reduced level of harmonics amplitudes in the bands of frequen-
cies restricted by compatibility requirements [1].

In this paper, the authors show the impact of a number of
voltage levels (two and three) in the VSI on the DC-link (Iy) and
catenary current (I,) spectra generated by a traction vehicle
equipped with an inverter propulsion system. Two limit patterns
for current I are specified (Fig. 2): vall — limits valid for all
railway routes in entire Poland and val2 — specified for railways
routes, on which devices known to be more susceptible to current
disturbances have been decommissioned. The more restrictive
limits (vall) will be used as the evaluation criterion in this paper.

The I ,-limits can be recalculated on the DC-link side of
a low pass gamma-type input filter as the ‘If-limits’. Assuming
that a filter’s impedance is linear for higher frequencies, the
current I; can be recalculated to current I, using impedances
of the choke Z; 4(jw) and the capacitor Zc4(jw) in the equation
for impedance current divider:

VA
If(ja))zlcat(ja))' Zi"—l (1

I; — limits can be compared with the I current harmonics, whose
magnitudes are much higher than I, which in turn makes them
easy to be detected and measured.

3. Traction drive simulation model

The results presented in the remaining part of the paper were
obtained by computer simulations carried out for a model of
a drive system with two- and three-level VSI respectively sup-
plying a DKLBZ 500 kW induction traction motor used in one
of the EMUs operating under 3 kV DC voltage. The applied
methodology of modelling was verified by measurements in
a low-power drive system laboratory stand (Section 6).

For the present work, the traction drive simulation models
(Fig. 3) were implemented using the Matlab Simulink envi-
ronment. Simulation results were carried out for quasi-steady
states of the analysed drive system with usage of time domain
transient simulation option. Fig. 4 presents a scheme of one
phase of the induction machine model used in simulations. To
model the load of traction motor, the fundamental frequency
voltage source (SEM) was applied. The power supply for the
models was the perfect 3 kV DC voltage Up fed from ideal
substation without voltage harmonics in output voltage. The pa-
rameters of simulation models of laboratory and full-scale trac-
tion drives analysed in this paper are presented in Table 1. The
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Fig. 4. Simulation model of induction machine (one phase)

Table. 1
Parameters of induction motor models

Type Sf71-2B | DKLBZ
Rated power — Pn 0.5kW | 500 kW
Rated current — In 1.37A 170 A
Rated voltage — Un 380V 1900V
Stator leakage inductance per-phase —Ls | 35.6 mH | 1.56 mH
Stator winding resistance per phase — Rs 142 Q 0.107 Q
Rotor leakage inductance per-phase — Lr | 35.5mH | 1.6 mH
Rotor resistance per phase — Rr 132Q 0.07 Q@
Core loss resistance — Rm 1200 Q 0
Magnetizing inductance — Lm 1000 mH | 53 mH

Bull. Pol. Ac.: Tech. 65(5) 2017

harmonic spectrum analysis presented in this paper is based on
the post-processed calculations using FFT of voltage and cur-
rent waveforms determined with a constant time step At = | ps.
The assumed time span for FFT was 1s. The influence of in-
verter snubbers was assumed to be negligible in the analysed
frequency band, and it was omitted in the final discussion.

4. SPWM technique

One of the techniques applied for shaping a wave of output
voltage of both two- and three-level inverters is SPWM. In
this modulation technique, the gate signals for the inverter’s
transistors are generated by comparison of the sinusoidal
reference signal (U,) with one or more carrier waveforms
(Uears Ucarts Uearn)- Exemplary control signals for the two-level
VSI are shown in Fig. 5a (UT1), while for the three-level VSI
—in Fig. 5b (UT11, UT12). In the three-level VSI, the control
signal is divided into two transistors for each leg of the inverter
(Fig. 3b, T11-T12 and complementary T41-T42).

>
-2.0V— : -
1.0200s 1 .02735|

1.0000s

1.0100s
Time

Fig. 5. Control signals for two (a) and three (b) level inverters, Uref
— reference signal, Ucar — carrier signal, UT — transistor gate signal
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SPWM modulation is easy to apply due to the lack of re-
quirements to store a great amount of data in a microcontroller’s
memory. However, it does not provide an opportunity to influ-
ence the required specific harmonics of the generated output
voltage.

5. SHE modulation

The SHE modulation is one of the non-carrier based techniques.
It was described for the first time in 1960s [14] and it was
developed by Patel and Hoft in [15, 16]. Control of the VSI
transistors with the use of this technique is based on direct
determination of switching angles (time points) and sending
control signals to the transistor gates, according to these points.
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Fig. 6. Generalised voltage waveform for half-bridge VSI: a) two-level,
b) three-level

The switching angles are calculated from a set of non-linear
equations formulated by a Fourier series for generalised voltage
waveforms defined for the two- and three-level VSI, respec-
tively (Fig. 6). Formulation of the equation set is based on the
Euler’s coefficients for a, a,, b, calculations as in (7) and (9).

flwt) =ay+ Z la,sin(nwt) + b,cos(nwt)] )
n=1
where: a,, a, and b, — coefficients described by Euler’s for-

mulas.
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Assuming quarter-wave symmetry the function has to fulfil
the following two conditions:

flot) = ~flwt + ) 3)

flof) = fr — o1). “

For this type of symmetry, the coefficients a, and b, are
equal to zero. For the two-level waveform (Fig. 6a) the coeffi-
cient a, can be written as:

2r

ay = + | floi)sin(ondor). 5)

0

For the two-level:

ky ky
J‘U&sin(ne) d(0) + J‘—Uﬂsin(ne) d(O) +...
(o 2 k 2
a, =— . (6)
V4 2/r—k1U 2 U
+ j %Csin(nH) d(0) + j— gc sin(n@) d()

27—k

27—k,

Therefore, for odd and even n it can be given by:

4-Upe
a, =3 2nrx

n

N
1 -2 k; dd
+;( ) -2cos(n-k;)| foro n' o

0 foreven n

For the three-level (Fig. 6b), the coefficient a, can be de-
scribed as follows:

3 ks
j Uch sin(n@) d(6)+ f Uch sin(n6) d(6)+...
ay="|" . L ®

V4 27—k, U ZzzU
FLC sin(n) d(6) - J ZLC sin(n6) d(6)

2m—k,

2m—ky

Therefore, for odd and even n it can be given by:

2-Upe

N
1+ -1 -cos(n-k; or odd n
Iy ;() (nk) | 1 _

)

a, =

0 for even n

The number of equations in the system describing the SHE
problem is equal to the number of switching angles in the quar-
ter-period N. Regarding this, N-1 voltage harmonics can be
eliminated from the inverter’s output voltage and the funda-
mental component can be fixed. The above equations will be
used to calculate the switching angles for the VSI models in

Bull. Pol. Ac.: Tech. 65(5) 2017
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order to analyse the differences between the catenary current
spectra generated by two and three-level traction drive systems
with the SHE modulation technique.

The SHE technique provides the opportunity not only to
eliminate the chosen voltage harmonics, but also to control
their values. This technique can be used to directly shape the
spectra of uncontrolled voltage harmonics [17] and, following
indirectly, the spectra of DC-link current harmonics [18].

6. Verification of the simulation model

In order to assess the accuracy of the simulation model of the
traction drive system — applied in the further part of the study
for calculation of harmonics spectra — a set of laboratory mea-
surements in a low-power drive system laboratory stand (Fig. 7)
was developed.

This stand is composed of a two-level SHE controlled
VSI, supplying a 500 W induction motor. A dSpacel104 card
has been applied, which allowed for use of off-line calculated
switching angles (SHE method) stored in a look-up table.

[ransistor c

Fig. 7. Picture of laboratory stand
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Fig. 8. Waveform of a DC-link current I; for SHE modulation
(M5 = 0.1): a) measurements b) simulation
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Fig. 9. Harmonics spectra of a DC-link current Iy shown in Fig. 7 for
SHE modulation (M5 = 0.1): a) measurements b) simulation
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Fig. 10. Waveform of the motor’s phase current I, SHE modulation
(M5 = 0.1): a) measurements b) simulation

A DC generator was used as load of the motor during mea-
surements in its steady-state operating points.

The accuracy assessment of the assumed simulation model
of the drive was performed using the following results: wave-
forms (Fig. 8) and harmonics spectra (Fig. 9) of DC-link cur-
rent I waveforms (Fig. 10) and harmonics spectra (Fig. 11)
of a motor’s phase current I, The graphs present the com-
parison of exemplary results of simulations and measurements
for one operating point designated by parameters: M1 = 0.65
and ffal = 50 Hz.
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Fig. 11. Harmonics spectra of the motor’s phase current I, shown in
Fig. 9, for SHE modulation (M5 = 0.1): a) measurements b) simulation

The comparative analysis of the results obtained by simula-
tion and measurements in a laboratory low-scale setup allows
for stating that the derived simulation model of a VSI drive
with PWM control is accurate enough to be used for analysis
of harmonics spectra in a traction drive system.

7. Influence of non-balanced neutral point
voltage in 3-level VSI

Before the comparison between the spectra of the two-level and
the three-level high power VSI can be delivered, it is essential
to analyse the influence of lack of neutral point voltage bal-
ancing in the three-level NPC VSI. The techniques of neutral
point voltage balancing in multilevel inverters are described in
literature for both PWM [8] and SHE [7] modulations. How-
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Fig. 12. VSI simulation model schema without an input filter circuit
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ever, this article does not present balancing techniques due to
the fact that their influence on generated harmonics is outside
of the scope of this paper.

To prove that the voltage balancing problem has no impact
on the results presented in the article, the simulation results
acquired by means of a model with an input filter (Fig. 3b)
were compared with the results acquired by means of a model
without an input filter (Fig. 12). Replacing filter capacitors with
two identical voltage sources excludes the effect of neutral point
voltage fluctuations in the multilevel VSI. Figures 13 and 14
show that the voltage balancing problem has no influence on

I¢ current spectrum in the analysed frequency band between
1300 and 3100 Hz.

I; with and without input filter - SPWM M = 0.8 ffal = 60 Hz

1000 ¢
L m With filter
m No filter
100
<
10
1

Fig. 13. Comparison between the spectrum I with and without influ-
ence of the neutral point voltage unbalancing for SPWM modulation

I; with and without input filter - SHE M = 0.8 ffal = 60 Hz
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Fig. 14. Comparison between the spectrum I; with and without influ-
ence of the neutral point voltage unbalancing for SHE modulation
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8. Comparison between current spectra
— SPWM modulation — 3 kV simulation model

This Section presents a comparative analysis of the spectra har-
monics of DC-link I; and catenary I, currents, respectively,
generated by the two- and three-level VSI with SPWM control
technique in a drive system of a traction vehicle. The results
were obtained by simulation of a six steady-state operating
points of the 500 kW model of the VSI with SPWM modulation
for a carrier frequency f, = 840 Hz and sinusoidal reference
waveform fg; = 20+~70Hz. The topology of the compared VSI
is presented in Fig. 3. Assuming that the harmonics generated
by each of the VSI on-board of a traction vehicle sum up at an
input point of common coupling (the worst case), the ampli-
tude limits of harmonics for each of the VSI input DC current
harmonics were proportionally reduced to 1/, of the limit for the
whole 4-VST EMU and to l; for a train composed of two such
EMUs. Limits for DC-link current I were rescaled individually
for each inverter due to attenuation of the LC input filter with
parameters Ly = 8.7 mH, C; = 6.5 mF.

8.1. Two-level VSI current spectrum. For comparison pur-
poses, spectra of current harmonics I, and I; generated by the
two-level inverter are shown in Fig. 15. All harmonics of cur-
rent I are observed in current I,,.
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Fig. 15. Spectra of harmonics currents I; and I, for the two-level VSI
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The spectra of harmonics of currents I; and I, generated
by the two-level VSI can be divided into stationary harmonics
assigned as ‘S’, and travelling harmonics signed as ‘T’. The
frequency of the harmonics ‘S’ is dependent only on the car-
rier frequency (f;), while the frequency of harmonics ‘T’ on
the difference between the f, and fg,. Their frequencies can be
described as follows:

stationary ‘S’: fi, ;= p - f. V evenp (10)

travelling “T”: fr , = p - fo£3 - fry ¥V odd p. (11)

In Fig. 15, it may be observed that a stationary harmonic
signed as ‘S2’ is to be found both in I¢(f) as well as in I,(f)
spectra, and its amplitude in I, (f) exceeds the assumed limit.

8.2. Three-level VSI current spectrum. Figure 16 presents
spectra of the harmonics of currents I, and I generated by the
three-level VSI. It is worth underlining that not all harmonics
seen in the current I; are observed in the current I ;.

The spectra of harmonics of currents I; and I, generated
by a three-level NPC inverter can be divided, similarly as for
the two-level inverter, into stationary harmonics denoted as ‘S’
and travelling harmonics denoted as ‘T’. Their frequencies can
be described as follows:
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Fig. 16. Spectra of harmonics currents Iy and I, for three -level VSI
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(12)

travelling “T*: fr ;= p - fe£3 - fry YV p = 1,2,3... (13)

stationary ‘S’: fry s =p-f. Vp=1,2,3...

The frequencies of [, current harmonics are identical as for
the two-level inverter and can be described by formulas (10, 11).

In the case shown in Fig. 16, the amplitudes ‘S2’ and ‘S3’
of two harmonics are above the assumed limits, while there is
no harmonic ‘S3’ in the spectrum of current I,. Therefore, it
may be stated that an application of the three-level inverter with
SPWM control has not eliminated the amplitude of harmonic
‘S2’ in the catenary current I .

8.3. Comparison between the two-level and three- level VSI
current spectrum. Figures 17 and 18 show a comparison of
spectra of the two and three-level VSI waveforms: I, and I; for
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one operating point: fp,; = 50 Hz, M1 = 0.65, f, = 840 Hz. The
presented exemplary results allow for observing the disturbing
influence of a current harmonic with frequency (2xf,) generated
in the two-level VSI drive.

In Fig. 16D, it is seen that at the analysed operating point of
the three-level VSI this harmonic amplitude does not exceed
the limit; however, we cannot project this effect to the whole
range of operation which may be seen in Fig. 15 (harmonic
‘S2’). It may be concluded that by changing only the two-level
VSI into the three-level on board of a traction vehicle (in this
case EMU) without changing the technique of modulation, it is
not possible to guarantee the compatibility of a traction vehicle
with signalling and control systems installed on a railway line.
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9. Comparison between current spectra
— SHE modulation — 3 kV simulation model

The comparison between two and three-level VSIs with the SHE
modulation was provided with assumption that the lower orders
of voltage harmonics are eliminated. The number of switching
angles N in a quarter-period was fixed in such a manner so as to
establish transistor switching frequency similar to the switching
frequency used for the SPWM analysis. The modulation index
(M1), fundamental frequency (fg,), number of switching angles
in quarter-period (N) and orders of the eliminated harmonics
for selected harmonics are presented in Table 2.

Table 2

Parameters of VSI operating points
M1 | fp[Hz] | N Eliminated harmonics
0.2 20 17 | 5,7,11,13,17, 18,23, 25,29, 31, 35,

37,41, 43,47,49

0.35 30 12 5,7,11,13,17, 18, 23, 25, 29, 31, 35
0.5 40 8 5,7,11,13,17, 18,23
0.65 50 6 5,7,11, 13,17
0.8 60 5 5,7,11, 13
0.95 70 4 5,7, 11

Implementation of the SHE modulation allowed for suc-
cessful elimination (according to the assumptions) of low-order
harmonics in voltage V., (Fig. 19). It can also be observed
that when the three-level VSI is applied, the non-controlled
harmonics have lower amplitudes (below the ‘envelope’ in
Fig. 19b, compared with a). Therefore, amplitudes of the cur-
rent I, harmonics were lower as well.

Replacing the two-level VSI with the three-level on-board
of the 2 MW EMU with four driven axles with individual
VSI allows for fulfilling the limits of input current harmonics
not only for a single EMU, as in the case with two-level VSI
(Fig. 20a), but even for a double EMU set in a train of a total
power of 4 MW (Fig. 20b).
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Fig. 19. Harmonic spectrum of voltage V., a) 2-level b) 3-level VSI

ut*

The SHE modulation is non-carrier based type, and that is
why there are no stationary harmonics. All generated harmonics
depend only on the frequency of the fundamental component
fr,- Assuming that the generated voltage waveform V,,(t) ful-
fils condition of half- (3) and quarter-wave (4) symmetry, the

lcat - SHE 3L RLE

M1=20;ffal=20Hz
M=0.35; ffal=30Hz
M1=0.5; ffal = 40 Hz
M1=0.65;ffal=50 Hz
M1=0.8;ffal=60Hz
M1=0.95;ffal=70Hz
—limits-3kV-4xVSI
= = limits-3kV- 8xVSlI

0.1

T TR

-
U |
e » m > m o

TTTTT
.
.
>,
-

0.001 e e
1000 1500 2000 2500 3000 3500 4000

f(Hz)

Fig. 20. Harmonic spectrum of current I ,: a) 2-level b) 3-level VSI
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following harmonics will occur in the spectra V() for both,
the two- and three-level inverters:

Svour = (p6j:1)ffal vV p=123.. (14)

The modulation of this kind generates the same orders of

catenary current harmonics I(f) for both solutions:

flcat:p'6'ffal \ P = 1,2,3 (15)

In the two-level VSI drive, all harmonics I; are visible in

spectrum I, (Fig. 21a). In DC-link of the three-level VSI drive

additional harmonics occurs. The additional harmonics orders
are triple odd multiplication of the VSI fundamental frequency.
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Fig. 21. Simulation results of the current spectrum generated by the
three-level VSI based traction drive with applied SHE modulation
a) I, — catenary current b) Iy — DC-link current
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Order of the harmonics I; for the three-level (Fig. 21b) can
be described as follows:

=p-6-fr,; V =1,2,3 ..
{flf p ]}1 p ‘ (16)

ﬁf:p-3'ﬁa, YV odd p

See that limits in Fig. 21a are significantly lower than
limits in Fig. 21b due to attenuation effect of an input filter.
Monitoring of the disturbances generated by the traction ve-
hicle equipped with the three-level inverter can be provided by
measuring DC-link current, with odd triple harmonics being
ignored. For this purpose a measurement system should be de-
livered with parameters of the drive’s operating point (funda-
mental frequency).

10. SHE - optimization of the solution

The SHE problem is a non-linear one. Thus, multiple solutions
of switching angles may exist. One of the methods to find the
most suitable solution may be to search within the area of pos-
sible solutions with assumed restrictions (generating as many
solutions as possible for a defined point of operation of the VSI
— operation frequency fp,; and an amplitude of the fundamental
voltage harmonic V) and choosing the best ones according
to the assumed criteria. For instance, in [19] THDI minimi-
zation has been selected as a criterion. In [20], dual criterion
has been taken into account: elimination of some harmonics
and minimization of another group of harmonics. Typically,
the Newton-Rapson method of solving non-linear equations has
been applied. In [21], solving of non-linear equations has been
brought to an optimization problem with application of particle
swarm optimization (PSO), which significantly improved effi-
ciency of the process of finding a solution.

The problem of the compatibility of the VSI equipped
traction vehicles with the railway signalling and control
system, which is analysed in this paper, is associated with
maintaining specific input current harmonics amplitudes
below the set limits. Therefore, the harmonics of DC side
current have been assumed as basic criteria. The similar ap-
proach is presented in [22], but a combination of SHE and
SHM (selective harmonic mitigation) techniques was used to
solve the problem. In present work, in order to get as many
solutions of SHE control as possible, and then compare them
with the criterion, it is required to obtain multiple solutions of
the set of non-linear equations (7, 9), each time with different
starting points.

In order to create a vector of random starting points x0 com-
posed of starting values a0y, a vector of intervals x0int was
created, in which specific starting points were drawn for fur-
ther calculations. An illustration of a drawn schema of starting
points was presented in Fig. 22.

x0 = [aOl (XOZ a03 (XONf 1 aON]

amn
(18)

x0int = [into int1 int2 inthl lntN]
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Fig. 22. llustration of drawing schema of starting points in fixed bounds

a0; = int,_, + PRV - (int, — int; _;) +
+ PEN - (_l)round(Z - PRV)

where: PRV — pseudo random value € <0, 1>
PEN — penetration factor

(19)

To illustrate the influence of the selected solution on the
current I, spectra, a simulation analysis for the 500 kW three-
level drive system was conducted. Two SHE solutions (‘SOL1’,
‘SOL2’) for one operating point of the inverter ( M1 = 0.7,
fry = 50 Hz, N = 5) were calculated. Fig. 23 presents a com-
parison between the I, spectra for both solutions with limits
recalculated for 4 and 8 drives operating in parallel in one EMU.

It can be observed that changing the SHE solution from
‘SOL1”’ into ‘SOL2’ maintains the same operating point (M1,
- unchanged), but the ‘SOL2’ fulfils limits recalculated even

SHE - ffal = 50 Hz; M1 =0.7; N=5

10° T T T T T T T ——
—0 SOL1
—0 SOL2
(Icat-limits)/4
- (Icat-limits)/8
<
% 107
_(.7
10° ‘

1400 1600 1800 2000 2200 2400 2600 2800 3000 3200
f (Hz)

Fig. 23. Spectra of the current I, for SHE solutions ‘SOL1’ and
‘SOL2’, (Icat-limits)/4 — limits decreased for 4 drive EMU, (Icat-
limits)/8 — limits decreased for 8 drive EMU
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for the 8-drive EMU, which makes it more suitable for imple-
mentation.

SOL1 —x = [0.2805 0.5138 0.9915 1.2141 1.4081]

SOL2 — x = [0.1529 0.2573 1.0864 1.3521 1.3893]

11. Conclusions

The paper discusses the problem of compatibility between the
modern electric traction vehicles equipped with VSI drives sup-
plied by 3 kV DC voltage and signalling, command and control
in railway systems. The two and three-level VSI with different
control methods: SPWM and SHE were analysed and compared
with application of a simulation model of the 500 kW drive. The
accuracy of the derived model was verified by measurements
in a low-scale drive system laboratory stand. The analysis of
harmonics in DC side input current of the vehicle was under-
taken for a range of frequencies restricted by the regulations of
the Polish State Railway.

The results of simulations were discussed, and it may be
concluded that applying three-level VSI with SPWM control
instead of the two-level type on-board of a traction vehicle
without the proper choice of control method may not guarantee
solving compatibility problems in the analysed frequency bands:
1.3-3.1 kHz. The application of SHE method allowed for ful-
filling restrictive railway criteria in the analysed case, even for
two combined EMUs composed of eight 500 kW drives. In order
to improve process of finding solutions of switching angles in
the SHE method according to the defined criteria, the application
of an optimized approach to the classical SHE was proposed.

Using the SHE modulation technique, every operating point
of the drive requires solving a set of non-linear equations, which
implies higher computational effort than the regular sinusoidal
PWM. Due to this fact, the off-line method is proposed for
solving SHE equations to calculate the switching angles, which
are stored in the processor memory as a function of modulation
index in the form of a look-up table. Stored switching angles
can be retrieved from the processor memory for any operating
point during real time application. This solution does not require
high processing power of the microcontroller and it is suitable
for implementation in the conventional traction inverters. This
approach provides control over a drive system in real-time with
no need to use very expensive microcontrollers, which perform
real-time calculations of the switching angles.
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