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Combination of SHE- and SHM-PWM
Techniques for VSI DC-Link Current Harmonics
Control in Railway Applications

Marcin Steczek, Member, IEEE,

Abstract—The paper presents an innovative concept of
applying a combination of well-known selective harmonic
elimination (SHE) and selective harmonics mitigation (SHM)
methods to shape a spectrum of catenary current harmon-
ics, generated by a traction drive system equipped with a
voltage source inverter. Application of this method allows
for reducing distorting influence of a modern rolling stock
supplied by a 3 kV dc catenary on the railway signaling,
command, and control systems. The efficiency of the pro-
posed method is independent of synchronization of a vehi-
cle’s inverters and of load balance of traction motors, which
makes it more reliable than as it is proposed in the literature.
Results of computer simulations were presented and com-
pared with laboratory measurements. The obtained dc-link
current spectrum using the proposed SHE/SHM method was
compared with spectra received using synchronized and
unsynchronized sinusoidal pulse-width modulations (SP-
WNMs). Based on the conducted tests, it was shown that the
proposed method of control, which was implemented in a
laboratory drive system, is effective in reducing dc side cur-
rent harmonics in a frequency range of 1300—-3100 Hz, which
is used by track circuits on railway lines, e.g., in Poland.
The technique proposed by the authors allows taking into
account any restrictions arising from the technical nature
of low-frequency traction drives.

Index Terms—DC-AC power conversion, electromag-
netic compatibility (EMC), harmonics distortion, pulse-
width modulation (PWM), rail transportation compatibility,

selective harmonic mitigation (SHM), traction vehicles.
HE selective harmonic elimination (SHE) as a technique of
inverter or rectifier modulation was described for the first

time in the 1960s in [1] and disseminated by Patel and Hoft [2],
[3]. Due to the limited technological capabilities of the power
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electronic of that time, the described method was considered to
be difficult to implement and develop. The progress in technol-
ogy of high-power semiconductor switches, digital signal pro-
cessing, and control algorithms for hardware implementation is
the reason why the SHE has recently gained new attention.

Currently, the SHE technique is applied in the industry as
a method for improving the quality of electric energy that is
converted by power electronic devices, such as inverters or con-
trolled rectifiers. Generally, in the literature, as a criterion for
assessing SHE technique’s effectiveness, one assumes the coef-
ficients of total harmonic distortion (THD) for voltage or current
on an ac side of a converter [4], [5]. It stems from applying stan-
dards that define permissible values of a THD parameter and
voltage harmonics content in an electric power system [6]—[8].
In [9] and [10], the examples of implementation of the SHE
methods in both current and voltage source inverter (VSI) drive
systems are proposed. Another application option was submit-
ted in [11], where Zhao et al. developed the system based on
the SHE modulation technique for active compensation of volt-
age harmonics in grid-connected inverters. However, the litera-
ture does not indicate examples of the application of the SHE
method that has been proposed by the authors, i.e., for limiting
dc-link and catenary current harmonics generated by traction
drive systems equipped with VSIs. Moreover, the selective har-
monic mitigation (SHM) technique [7] was taken under con-
sideration by the authors to support the SHE technique and to
increase the efficiency of the proposed method.

The issue of control and cancelation of dc-link current har-
monics has been taken into consideration, as a traction compat-
ibility problem, since first VSI traction drives started to operate
on railways. One of the first solutions was based on reinjec-
tion into the dc-link for the detected current harmonics with
opposite phase [12]. Nowadays, the idea of harmonics rein-
jection is considered to be risky due to the fact that the de-
tuned reinjection system would provide additional harmonics
of significant amplitude. The problem will escalate with the
increment of harmonics frequency. The advantage of this solu-
tion was that the applicability was independent of a number of
drives used on-board the vehicle. For multidrive vehicles (most
of high and medium power traction vehicles), the cancelation
methods were proposed [13], [14] as well as for stationary,
grid-connected applications [15]. The current harmonics gen-
erated by parallel operating inverters are canceling each other.
The efficiency of this method depends on the balance of drives
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Fig. 1. Simplified scheme of the main circuit of a dc traction vehicle
with a two-level voltage-source inverter (VSI).

loading conditions which is extremely difficult under traction
conditions. The loading of the drives, on-board of a single vehi-
cle, can differ due to the fact that the wheel diameter of an indi-
vidual axle can be different. This leads to the situation that drives
must operate with different frequencies and they are loaded un-
equally. Another disadvantage of this method is the fact that it
is dependent on precise cooperation of two or more inverters. If
one of them fails, method is ineffective. However, it might be
effective in no-traction applications.

The method of dc-link current harmonics control that is
proposed in the paper is free of disadvantages of mentioned
methods. It is independent of loading balance between drives
on-board the vehicle, because a switching strategy is determined
for every drive separately and the even load between a vehi-
cle’s axle is not required. The described effect can be achieved
by assuming that every individual drive on-board the vehicle
is allowed to generate the current harmonics below limits di-
vided by a number of drives used for propulsion of the vehicle
(in the worst case, assuming simple summation of harmonics
amplitudes). Results of simulation analysis and analytical cal-
culations carried out by the authors were compared with the
results of laboratory measurements. Additional advantage of
the presented method is that synchronization of parallel inverters
control is not required, which makes the method more reliable
than other solutions described in the literature.

Il. COMPATIBILITY PROBLEM DESCRIPTION AND
PROPOSED SOLUTION

The last two decades of rapid development of power elec-
tronics applications in electric traction rolling stock have led
to numerous new solutions in main circuits of electric traction
vehicles. In terms of a main circuit topology, currently the most
popular solution is a vehicle driven by asynchronous motors
supplied by two-level IGBT (VSI) [16], [17] (see Fig. 1).

Traction vehicles equipped with inverters are in fact signifi-
cant source of electromagnetic interferences, both of conducted
and radiated nature [18], [19]. The flow of the catenary cur-
rent harmonics (I;—Fig. 1) through the return circuit is able to
disturb operation of track circuits (transmitter - T1, receiver -
R1—Fig. 1) used to detect track occupancy in railway signal-
ing, command, and control system, what constitutes a threat
to railway traffic safety. That is the reason why the limits
for I; current harmonics are established by the operators of
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Fig. 2. Limits for catenary (I;) and recalculated for dc-link () current

harmonics, generated by a traction vehicle in the range of frequencies
from 1300 to 3100 Hz; val1, val2—valid limits for Polish railway routes.

railway lines (e.g., PKP PLK S.A. in Poland—Fig. 2) in order
to ensure correct operation of track circuits [20]. The frequency
band that is the most exposed to the conducted distortions is
the 1300-3100 Hz frequency span. The reason of this is the
low level of signals used by track circuits operating with these
frequencies and what follows, their high sensitivity to current
harmonics. Two limit patterns for current I; are specified (see
Fig. 2): vall—limits valid for all railway routes in the whole
country and val2—specified for railways routes, on which de-
vices known to be more susceptible to current disturbances have
been decommissioned. In this work, the more restrictive lim-
its (vall) will be used as the evaluation criterion. Mentioned
“I4-limits” can be recalculated on the dc-link side of low-pass
gamma-type input filter as the “If-limits.”

Assuming that filter’s impedance is linear for higher frequen-
cies, the I current can be recalculated to Iy current, using
impedances of the choke Z ¢ (jw) and the capacitor Z¢¢(jw) in
the equation for an impedance current divider

Zit (Jw)
e 1] .

Iy -limits can be compared with I current harmonics whose
magnitudes are much higher than /;, what makes them easy to
detect and measure (see Fig. 3).

In order to reduce I; current harmonics to fulfill the required
limits, the novel concept of applying the VSI modulation tech-
nique based on combination of a widely known SHE and SHM
techniques is proposed for shaping a traction vehicle’s catenary
current (I;) spectrum. The results of application the proposed
technique were compared with standard sinusoidal pulse-width
modulation (SPWM) modulations. Fig. 3 presents an example of
comparison of VSI dc-link current spectra (limits recalculated
on dc-link side—red solid lines) with the SPWM modulation
and SHE/SHM method applied into the inverters simulation
model with static RL-type load, for a set of inverter’s operating
points. When using the SPWM technique, the resulted dc-link

Iy (o) = I (o) - [ M
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Fig. 3. Simulation of a dc-link I, current harmonics spectrum of a
traction drive system using static load model—*1 -limits"—current har-
monics limits recalculated on dc-link side of input filter: (a) SPWM
modulation—one can observe exceeding of the assumed limits, and
(b) proposed SHE/SHM method.

current harmonics can be divided into two groups: stationary and
traveling. The frequency of stationary harmonics is given as

fit.s =p- fo foreven p )

where f, is the carrier signal frequency.
Frequency of traveling harmonics is given as

Jiie =p- fe£3 - fra for odd p 3

where f,) is the basic output voltage component frequency.

The SHE or SHM are noncarrier techniques and due to this
the frequency of inverter’s output voltage V,; and current I,
harmonics depends only on ft,; and for a waveform with a
half-wave symmetry is given by

f]out,h, = (3 P =+ 1)ffal7

and for a quarter wave symmetry is given by

froutq = (6-px1)fra, p=1,2,3,... 5)

The ac side inverter’s output current I, harmonics interlace
into dc-link current I; harmonics of frequency given for a half-
wave symmetry by

fien = (3 p) frals

p=12.3,.. “)

p=1,23,.. (©)

and for a quarter-wave symmetry given by

fIf,q - (6 'p)ffah

When using SPWM modulation both stationary and traveling
harmonics can overrun the assumed limits. Suitable SHE/SHM
modulation sets all dc-link I current harmonics below the cur-
rent harmonics limits calculated per dc-link side (see Fig. 3).
This result constitutes a motivation for the authors to develop the
proposed modulation method for a traction drive system model.
It can be observed [see Fig. 3(b)] that when the SHE/SHM
technique is applied, the amplification of low order I; current
harmonics can be expected. However, this effect occurs in the
range of frequencies free from any restrictions. It has no influ-
ence on compatibility issue, which is the scope of this paper.

The analytical methods of the dc-link current harmonics cal-
culation are reported in the literature [21], [22]. However, the
mathematical determination of harmonics’ values is beyond
the scope of this paper aimed at presenting the novel con-
cept of industrial application of SHE and SHM techniques in
traction drives. The values of dc-link current harmonics can
be precisely calculated using a simulation model described in
Section IV-B and verified by means of laboratory measurements
in Section I'V-C.

The area of research was defined for a two-level VSI drive, be-
cause nowadays this solution is the most popular in main circuits
of the latest traction vehicles. The authors are aware of research
works conducted for three-level inverters for railway applica-
tions. However, application of presented modulation method in
two-level inverters provides the solutions for already operating
and produced in near future rolling stock.

Moreover, the use of three-level inverters on-board of rail-
way traction vehicles is the solution not yet implemented as a
standard solution and does not solve definitely described com-
patibility problem.

p=12.3,.. (7)

Ill. THEORETICAL DESCRIPTION OF THE
SHE/SHM TECHNIQUE

The paper presents the application of combination of SHE and
SHM methods for solving the described problem. The following
specific objectives were established:

1) shaping an inverter’s output voltage waveform with an
assumed basic component frequency and amplitude;

2) controlling the selected output voltage harmonics in such
a manner so that the selected dc-link current harmonics
do not reach the assumed limits; and

3) ensuring that an output voltage waveform is feasible by
a voltage inverter with parameters corresponding to the
parameters of a typical traction VSI.

The study concerns a half-bridge two-level VSI, which for
many years has been the most widely used solution in main
circuits of traction vehicles, which cooperate with a 3 kV dc
electric traction power supply system. A generalized output
voltage waveform of this type of an inverter has a shape as
shown in Fig. 4 [1]-[3].

Applying the SHE or SHM technique, the three types of
output waveform symmetry can be assumed: a quarter-wave
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Fig. 4. Generalized voltage waveforms with—U,.—supplying voltage:
(a) Quarter-wave symmetry. (b) Half-wave symmetry.

symmetry or a half-wave symmetry or a nonsymmetrical. De-
pending on whether the assumed symmetry is obtained, various
results should be expected depending on the number of elim-
inated harmonics, nature of a harmonics spectrum, harmonics
phasing, performance of the inverter, and time of determining
an optimal solution [23].

The function that describes this type of waveforms fulfills all
Dirichlet’s conditions, hence has a representation in a form of a
Fourier’s series and can be described by the following relation:

flwt) =ag + i [a,, sin (nwt) + b, cos (nwt)] (8)

n=1

where ag, a,, and b, are the coefficients described by Euler’s
formulas

1 2T
w= o [ Fende) ©)
T Jo
1 27
an = — f(wt) sin (nwt)d(wt) (10)
0
1 27
b, = - f(wt) cos (nwt)d(wt). (11)
0

Assuming that the considered voltage waveform represents
the half-wave symmetry, a function that describes the wave
fulfills the following condition:

flwt) = —f(wt + 7).

Coefficients of a Fourier’s series are described by the
formulas

12)

2U4, M i
e [1—}— E ~ (=1)"cos(n-k;)|, foroddn

a, = nm i=1 (13)
0, for even n

—Z_ (=1)"sin(n - k;)|, for odd n
=1 (14)

0, for even n

2U4. [ M

where Uy, is the dc-link voltage, M is the number of switch-
ing angles in a half-period, k; is the ith switching angle of an
inverter’s transistor, and 7 is the harmonics order.

For a wave that is symmetrical in a quarter period, both con-
ditions (12) (for half-wave symmetry) and (15) are fulfilled

F(wt) = flr — wt).

For a waveform with quarter-wave symmetry, Fourier’s series
coefficients assume the following values:

15)

2U4e. N ;
a, = mi {1 +2 Zizl (=1)"cos(n-k;)|, foroddn
0, for even n
(16)
0, foroddn
o (17
0, forevenn

where N is the number of switching angles in a quarter period.

It follows from the above-mentioned considerations that in
case of a wave symmetrical in relation to /2, only the a,, coef-
ficient for odd harmonics has a nonzero value (even harmonics
are eliminated). In asymmetrical three-phase system, the triplen
harmonics of phase voltage are cophasal and equal in magni-
tude. Thus, for a star-connected motor with an insulated neutral
point, the phase voltages will cancel out between the line to line
voltage and no line current of triplen harmonics will result. In
this case, the a,, coefficient is a relative value of harmonics am-
plitudes of output phase voltage of n = 5, 7, 11, 13... order,
expressed by the formula (5).

Upon determining whether the obtained voltage waveform
fulfills the conditions of a quarter-wave symmetry (12), (15)
and consists of an N number of switching angles in each quarter
of a period, based on dependence (16), it is possible to create a
system of N equations (18), as shown at the bottom of the next
page.

Each of the above-mentioned equations is used to fix an am-
plitude for a selected voltage harmonic. This example shows a
set of equations for N number of switching angles, which allows
eliminating N — 1 voltage harmonics and determining an M1
value of a basic component, which is defined by the relation

o 2- ‘/ph
B Udc

where V,,;, is the eligible amplitude of an output voltage basic
component and Uy, is the voltage supplying a drive system.

In formula (18), equations from 2nd to Nth have their right
sides compared to zero, which is equivalent to application of
the SHE method. If the right sides of a set of equations (18)
are replaced by the vector of values of the selected harmonics
(20), there is an opportunity of setting values of the selected

M1 19)
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harmonics (SHM technique) described in [7] and [24]

M = [M1; M2; M3;...; MN]T. (20)

Using the method of harmonics mitigation gives a wide range
of shaping opportunities for an inverter’s output voltage harmon-
ics, and consequently the dc-link current harmonics spectrum.
The following conditions imposed on the calculated switching
angles constitute an extremely important limitation of the pro-
posed method:

First condition—calculated switching angles must be feasible
by a traction inverter. At this stage, the most difficult part is to
maintain the appropriate sequence of subsequent angles, which
have to fulfill the following condition:

k1<k2<---<kN_1<k:N<g. @1

Second condition—switching frequency (SWF) for a single
key cannot exceed its switching capacity, i.e., real transistors
used in traction drive systems. This study adopts the permissi-
ble frequency of f; < 1200 Hz that is given by the following
formula:

2.7 fral

fti = Ma

fori = 1,2,....,N + 1. (22)
where ft,) is the frequency of output voltage of basic component
frequency and k; is the ith inverter’s switching angle.
Frequency f; is established in the range of angles numbers
(0; N + 1). Due to the fact that the chosen waveform begins
with a high state of transistor T1 [see Fig. 4(b)], there is an
obligatory switch of the state at the beginning of each cycle in
ko = 0. The k. angle is the first one in the second quarter
of the considered period [see Fig. 4(b)]: kny1 = (7 — ky).
When the SHE/SHM equations and constraints are formulated,
the solving tool must be chosen. There are a large number of
studies on how to increase effectiveness of solving the formu-
lated equations [4], [25]. The latest publication [26] presents
implementation of Groebner’s and the symmetric polynomials
theory to solve SHE equations. The research on the improvement
of the SHE problem solving method is still developing, increas-
ing the calculations effectiveness [27]. There are also some
studies on how to solve the SHE problem, based on application
of optimization tools by means of formulating a cost function
that includes the established assumptions (e.g., minimizing sys-
tem power loss) [28] or the content of a harmonics group [29].
Literature also offers some insight on the opportunity of solving
the SHE problem by means of genetic algorithms [30] as well as

modern evolutionary algorithms, such as a bee algorithm [31]
or a particle swarm optimization algorithm [32].

The increment of efficiency of solving method is out of the
scope of this paper. Therefore, the authors decided to apply
the MATLAB “fsolve” function, which uses the “trust-region-
dogleg” algorithm to solve SHE and SHM equations.

IV. VERIFICATION OF THE SHE/SHM METHOD IN AN
INVERTER DRIVE SYSTEM

After determining transistors switching angles k;, it is neces-
sary to determine the method for their implementation in inverter
drives. The offline methods with storing the switching angles in
lookup table or methods can be applied [33]. For the imple-
mentation of the real-time method, one should reduce time of
calculations of the switching angles by avoiding the necessity of
solving nonlinear transcendental equations. Proposed solution
is to modify carrier-based modulation to the SHE technique
[34]. At this stage of work, the offline method was chosen
and calculated switching angles were stored in a lookup ta-
ble. An important advantage of the presented offline method
compared with the real-time methods is that the solution does
not require increasing the processing power of the microcon-
troller and is suitable for implementation in the conventional
inverter driver. Modulation strategy should be determined once
for drives” whole operating live time. Therefore, to achieve ob-
jective established in this paper, there is no need to use costly
microcontroller for real-time calculations.

The aim of the paper was to demonstrate that the SHE/SHM
method can be used for shaping a dc-link current harmonics
spectrum (and what follows—catenary current harmonics) in
the inverter drive system, for the frequency range within the
above-mentioned set limits [20]. For this purpose, one has de-
veloped a laboratory stand—a physical model of a traction drive
system and a simulation model of a stand, which were used to
determine efficiency of the proposed method. In order to verify
the simulation model used for further research studies, the re-
sults of the conducted measurements were compared with the
results of computer simulations.

A. Laboratory Stand

The typical topology of a 3 kV dc traction vehicle’s main
circuit consists of a low-pass LC input filter (with resonance
frequency below 30 Hz) and a 6T topology VSI. In order to
reflect the phenomena occurring in an actual traction drive, one

4

——[1—2cos (n1ky) +2cos(niky) — -~ £2cos (niky)] = M1
nym
4
——[1 — 2cos (ngk1) + 2cos (noks) — -+ £2cos (naky)] =0
No T
(18)
[1 —2cos (nyki) +2cos(nyksy) —---+£2cos(nyky)] =0
nnNm
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Fig. 5. Laboratory drive system: (a) simplified scheme, (b) scheme of
timer logic unit, and (c) laboratory stand.

TABLE |
PARAMETERS OF A LABORATORY DRIVE SYSTEM

Symbol Parameter Value

Type Sf71-2B, Besel type
P Rated power, 0.55 kW
cosyp Rated power factor 0.95
I, Rated current 1.37 A
N, Rated speed 2810 r/min
U, Rated voltage U, = 380V
fn Rated frequency fn = 50Hz
Lp Input filter’s inductance 4.7 mH
Cp Input filter’s capacitance 2.7 Mf

used a model of considerably low power (see Fig. 5). Table I
summarizes basic parameters of this laboratory model.

At this stage of work, the DSPACE 1104 card and MAT-
LAB SIMULINK software were used in a presented laboratory
system. Due to the capabilities of the used equipment, it was
possible to develop software model of modulator which imple-
ments the proposed modulation technique in laboratory drive.

Proposed technique allows for the implementation of the
voltage modulator with ability of shaping the dc-link current

control signals for six transistors in the three-phase VSI.

harmonic spectrum, without performing online calculations
which is the novel approach for traction drives control. Input
quantities for modulator are: relative value of fundamental volt-
age (M1), fundamental frequency (ft.1), and the angle of the
voltage vector (). For particular M1 and f,; provided by “mo-
tor control system,” modulator draws the switching angles from
the lookup table (angle vector lookup table), which was cal-
culated offline by means of described in a paper SHE/SHM
algorithm. Switching angles are stored in a buffer (angle vector
buffer) and transformed into the system of three phase, VSI con-
trol waveforms Urg (Fig. 6 presents the example for N = 2)
by phase shifting provided by “timer logic unit” [see Fig. 5(b)]
with respect to “angle shifter” (o4, ©B, ©C)-

Assuming that the voltage module (M 1) is given, in the lookup
table, from O to 1.35 with 1% resolution and fundamental fre-
quency (fra1) is given from O to 60 Hz with 0.1 Hz resolution,
two dimensions of the lookup table can be established—135
x 600. Making the exaggerated assumption that all operation
points use 35 switching angles in quarter wave described by
24 bit number each, the size of stored lookup table can be calcu-
lated as 600 x 135 x 35 x 24 bit what gives 8 MB. This size will
be never excided because with frequency increment the number
of switching angels is being reduced and it is not obligatory
that SHE/SHM should be implemented in whole range of drive
operation.

The hardware implementation of the presented method in
full-scale traction drive requires the use of small size of the pro-
grammable logic (FPGA or CPLD), to process “angle vector
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Fig. 8.  Waveforms of inverter’s output voltage V. and current I, .

buffer” without loading the microcontroller. For implementation
of the proposed methods, it is sufficient to use the commonly
used inverter’s controllers such as: microcontrollers DSPiC32
or systems with processors ARM family with a programmable
logic module. The only required enhancement is an 8 MB (max-
imum) RAM module. The work on the implementation of de-
scribed modulator in FPGA family XILINX ZYNQ-7000 is in
authors’ work plan for the nearest future.

The correctness of described implementation was examined
as well. The drive system was programmed to change the operat-
ing point from A to B (see Fig. 7) in time 140 ms with change of
SHE modulation strategy in the meantime (SHE1-elimination of
5th, 7th, 11th V,, harmonic; SHE2-elimination of 5th, 7th, 13th
Vout harmonic). Proposed implementation provides the possi-
bility of fast change of frequency (f;.)), voltage value (M1), and
modulation strategy smoothly presented in Fig. 8.

B. Simulation Model

At this stage of work, one used a model of an asynchronous
motor fed by a voltage inverter, which is designed for calculation
of quasi-steady-states (see Fig. 9). Fig. 9(b) presents scheme of

o= U,(t)- control
Swncc;nctgoarngles voltage waveform

. -+ HEE
T

(b)

Fig. 9. Simulation model: (a) drive system scheme and (b) model of
induction machine (one phase).

one phase in the induction machine model used in simulations
where L, is the magnetizing inductance; L, is the per-phase
stator leakage inductance; L, is the per-phase rotor leakage
inductance, R is the per phase stator winding resistance; R, is
the per phase rotor resistance, I, is the core loss resistance;
Iyt 1s the per phase motor input current; V; is the per phase
motor input voltage; and SEM is the electromotive force.

In order to speed up the calculations, inverter transistors
were replaced with switches, excluding snubber circuits. These
simplifications do not affect the quality of the results in the
examined range of relatively low-frequencies. Each examined
operating point of a drive system was modeled as a separate
steady state. The dc link current I; (t) waveforms were deter-
mined by means of simulation, and saved into a txt. Harmonics
spectrum (I (f)) was determined by means of a fast Fourier
transform (FFT) analysis with use of a Hanning window.

C. Measurement Verification of the Simulation Model

Measurement verification of a simulation model was con-
ducted on the basis of the comparison of the results of measure-
ments and simulation for five sets of switching angles marked as
Z71;72;,73;74;75. Sets of switching angles were calculated for
the following frequency of inverter’s voltage basic component
frar = 10;20;30;40; 50 Hz. Parameters of sets of switching
angles are presented in Table II. Sets of switching angles were
selected as examples used to demonstrate the accuracy of the
used simulation model in modeling the dc-link I current spec-
trum of VSI with SHE and SHM modulations implemented.

Fig. 10 presents comparison of the measured and simulated
currents and voltage waveforms in the described drive sys-
tem. Fig. 11 presents an example of a comparison of dc-link
current harmonics spectrum (/) measured in the laboratory
drive system and calculated using the computer simulation with
the described model. The paper focuses on the opportunity of
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TABLE Il
DATA OF THE SELECTED SETS OF THE SWITCHING ANGLES

Number fra1 N Ml M, [-] kg [rad]
ofaset [Hz] [-]
Z1 10 8 03 My =M; =M =; ki =0.0478 ks = 0.2080
= M3 = M7= ks =0.4430 ks = 0.5996
= Msy3 = 0.02; ks = 0.8541 kg = 1.0187
Mg = 0.04; k7 = 1.2929 kg = 1.4476
72 20 4 03 Ms =0.1; k1 = 0.1066 ko = 0.5189
M7 = M11 = O; k3 = 0.6292 k4 = 0.9859
73 30 4 05 Ms =0.1; k1 = 0.1548 ko = 0.4572
M7 = M11 = O; k3 = 0.6649 k‘4 = 0.9593
74 40 2 0.7 Ms = 0.1 k1 = 0.3894 ky = 0.7954
75 50 2 09 My = 0.1 k1 = 0.4447 ky = 0.7134

3.05s

00s 3.04s
9 V(Rs1:2,Rs2:2)

Fig. 10. Waveforms of dc-link current (I;), inverter's output cur-
rent (I,yt¢), inverter's output voltage (Vou¢): (a) measurements and
(b) simulation.

applying the combination of SHE and SHM methods for I
current spectrum shaping, and because of that the current spec-
trum will be a criterion for verifying the proposed simulation
model. The difference between results of the simulation and
measurements, in the range of frequencies 1300-3100 Hz, did
not exceed Al; = 30 mA.

When analyzing the spectrum for Z5 [see Fig. 11(b)], it
may be observed that some harmonics 400 and 2300 Hz oc-
cur in the measurements and are absent in the simulations. That
can be described as the result of motor’s rotor shape influ-
ence for rated frequency fr,) = 50 Hz. The additional measured
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If [A]
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Fig. 11.  Comparison of the measurements and simulation results for
sets: (a) Z2; (b) Z3; (c) Z4; and (d) Z5.

current harmonics are negligible, below assumed difference
level Ay = 30 mA. Thus, this phenomenon was not included
into the simulation model. Therefore, it may be concluded that
the configured simulation model is accurate enough to be used
at further stages of the study.

V. TUNING A DC-LINK CURRENT HARMONICS
SPECTRUM TO THE LIMITS

A. SHE/SHM Method Algorithm

The algorithm of tuning the Iy current harmonics spectrum
to the set limits is proposed. Each tested operating point of
a drive system is defined as a frequency of inverter’s output
voltage basic component ft,) [Hz] and its relative value M1 [-]
in regard to half of a supply voltage Uyj./2. The aim of the
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algorithm, described in this section, is to select harmonics that
are eliminated and mitigated in a V;,; voltage spectrum, in
such a manner so the current spectrum I fulfills the set limits
(Dim (If (f) < Ilim(f))'

The tuning algorithm is formulated as the trial-and-error pro-
cedure based on the FFT analysis of the Iy spectrum, after
each tuning step. The optimization algorithms can be as well
used when additional constraints will be taken under consid-
eration (such as: amplitude and value of uncontrolled harmon-
ics, voltage THD on the inverter’s ac side, simultaneous torque
harmonics minimization [35], etc.).

The applied algorithm, for one operating point, can be de-
scribed in a step-by-step scheme as follows:

1) Selection of the inverter’s operating point— ff.1, M1,

2) Selection of a number of switching angles regarding the
maximum inverter’s SWF—N,

3) Iteration 1—Implementation of the SHE technique. Se-
lect the N — 1 number of V,,; harmonics, of the
lowest possible order, for elimination —M5 = M7 =
M11,...=0,

4) Analyze the Iy current spectrum, using the simulation
model, and match with assumed limits. When no limits
overruns detected ({7 (f) < lim(f)): end the procedure,

5) If the limits overruns are detected implement the SHM
technique: Iteration 2—increase the V,;; eliminated har-
monic of the highest order by adding the assumed dMx
value— Mz = Mx + dMz,

6) Analyze the I current spectrum, using simulation model,
and match with the assumed limits. When there are no
limits overruns (/7 (f) < Iim(f)): end the procedure,

7) If the limits overruns are still detected run points 5)
and 6) with increasing the iteration number (Iteration 2,
Iteration 3, ...) until I;(f) < Lim(f) or Mx exceeds
its assumed maximum value Mxmax. When Mx =
M zmax then change the mitigated harmonics order, and

8) Repeat steps 57 until: I;(f) < Lim (f).

The above-described algorithm must be repeated for every
operation point taken under consideration. All calculations are
conducted offline and calculated switching angles are stored in a
lookup-table as a switching pattern ready for implementation in
the real drive system. Fig. 12 presents the example of influence
of 11th (M 11 = 0-0.19) V,,; harmonic mitigation on the other
voltage [see Fig. 12(b)] and dc-link Iy current [see Fig. 12(b)]
harmonics with no assumed limits.

B. Implementation of the SHE/SHM Method in an
Inverter Drive System

Described in Section V-A, algorithm was processed offline
for all chosen operating points (see Table V) of the laboratory
drive. Using the described method, the switching angles were
determined offline for the assumed operating range of the in-
verter. N-dimensional array was established, including sets of
angles for modulation M1 € (0.35, 1.4) and basic component
frequency fr. € (20, 60). The derived array allowed for the
implementation of an algorithm to the real-time control of the
voltage and frequency of the inverter.

°

200
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1410 @47)
"8 ls)
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w7909
i
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2340 (78)
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2700 (90)
2880 (96)
3060 (102) 0.19

0.1
 (nh) [Hz)

(b)

M1

Fig. 12.  Harmonic spectrum of the voltage-source inverter as a func-
tion of M11 harmonic change in the range of 0-0.19 (M1 = const.
= 0.5; ffa1 = 30 Hz)—simulation results; nh—harmonic order: (a) out-
put voltage V;,.; and (b) dc-link current 7.

Fig. 13 shows the example of the tuning process only for one
operating point (M1 = 0.5; fr.1 = 30 Hz). The results were ob-
tained from both, simulations [see Fig. 13(b)] and measurements
[see Fig. 13(b)]. The proposed tuning process in this case re-
quired five iterations. As it was mentioned before, the iteration
I implements the SHE technique for selected V,; harmonics
(5th,7th, and 11th—set Z31).

Due to the fact that 1620 Hz I; current harmonic exceeds
the forbidden level, iteration II provides the SHM technique for
voltage harmonic of the highest order from eliminated ones—in
this case 11th. (set Z34—Mzx = M11 = 0.05). At this stage,
the set of SHM equations can be described as follows:

%[172(308 (k1) + 2cos (kg) — 2cos (k3)] = 0.5
%[1 —2cos(5-k1)+2cos(5-ky)—2cos(5-k3)] =0
%[1 —2cos (7 k1) +2cos(7-ky)—2cos(7-k3)] =0
ﬁ[l —2cos (11 k1) 4+ 2cos (11 - ko)

— 2cos (11 - k3)] = Mz

(23)
where M, € (0, Myyax)-
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Fig. 13. DC-link current (I;) harmonics and limits during spectrum
tuning process: (a) simulation results and (b) measurements results.

TABLE IlI
PARAMETERS OF TUNING STEPS

Iteration Set N M1 M, [-] k, [rad]

No. [-]

IterationI Z31 4 05 Ms; = M;=0; k; =0.1451; ky = 0.4819;
(SHE) M; =0 ks = 0.6655; ky = 0.9443
Iteration II Z34 4 05 Ms; = M7;=0; k; =0.1513; ky = 0.4892;
(SHM) M, = 0.05 ks = 0.6721; ky = 0.9463
Iteration  Z35 4 05 Ms;=Mr =0; ki =0.1573; ky = 0.4967;
11T (SHM) M, =0.10 ks = 0.6790; ks = 0.9483;
Iteration  Z36 4 05 Ms; = M7;=0; k; =0.1631; ky = 0.5042;
IV (SHM) M, =0.15 ks = 0.6862; ks = 0.9506;
Iteration V. Z37 4 05 Ms; = M7;=0; ki =0.1677; ky = 0.5103;
(SHM) M, =0.19 ks = 0.6921; ky = 0.9525;

Characteristic parameters for all steps are presented in Ta-
ble III. Increment of 11th V,,; voltage harmonic value to
Mx = M1 = 0.19 (set Z37) delivers a positive result that
means all Iy harmonics are below the assumed limits. Other
operating points, mentioned in Table IV, were analyzed with the
similar approach giving positive results in whole range of in-
verter’s operating frequencies fi,) = 20-60 Hz [see Fig. 15(b)].

C. Comparison With SPWM Modulation Techniques

To confirm the efficiency of the proposed method, further
laboratory examinations were carried out. In this section, the
spectrum of measured I current, using the proposed SHE/SHM
technique [see Fig. 15(b)], was compared with I, current gen-
erated using the standard SPWM techniques [see Fig. 15(b) and
(b)]. Only harmonics with amplitudes above 0.02 A are placed
at graphs. Fig. 15 presents measurement results for six operating

TABLE IV
PARAMETERS OF MEASURED OPERATING POINTS

Point No. f,1 [Hz] M1 [-] N(SHE-SHM) Fc[Hz] fcl [Hz] fc2 [Hz]
1 20 0.35 17 800 720 -
2 30 0.5 11 800 720 -
3 40 0.7 8 800 720 -
4 50 0.9 7 800 - 900
5 50 1.0 7 800 - 900
6 60 1.15/1.4* 3 800 - 900
*In overmodulation area for SHE/SHM M1 = 1.15 for SPWM M1 = 1.4.
Ua
Uy /2
.27 e QT
SHE ST
1.15 \‘ Lt
1 SPWM
1115 1.4 M1
Fig. 14. Modulation index M1 for SHE/SHM and SPWM techniques

versus voltage per motor phase. U,,;, —amplitude of motor phase voltage.

points each (see Table ['V) gathered in a single plot. Two SPWM
techniques were used: synchronized SPWM with one of two
carrier frequencies (f.; = 720 Hz or f.o = 900 Hz) and unsyn-
chronized SPWM with constant carrier frequency f. = 800 Hz.
It means that the frequencies of stationary harmonics for syn-
chronized SPWM depend on two frequencies (f.; or f.2). In
both cases, the moving and stationary groups of I, current har-
monics can be identified, which coincides with the theoreti-
cal considerations presented in Section II [see Fig. 3(b)]. For
both SPWM modulations, the limits overruns are detected for
traveling and stationary harmonics. The area of operation for
M1 > 1 was taken under consideration as well (point no. 6).
For the SHE/SHM technique, the relationship between M1 and
motor phase voltages is linear. For SPWM techniques, this
area of overmodulation is nonlinear (see Fig. 14). Regarding
equal phase voltages for considered modulations, M1 = 1.15
for SHE/SHM corresponds to M1 = 1.4 for SPWM. In the
overmodulation area, the effective SWF in SPWM is decreas-
ing due to the fact that switching points are dropped. To make
results comparable, regarding the SWF, the number of switch-
ing angles for the SHE/SHM technique in point no. 6 was
reduced.

The influence of the proposed method on THDI of motor
phase current and switching losses is presented in Table V.
Switching losses are proportional to SWF. For all analyzed oper-
ation points, the SWF for SHE/SHM was set below the ones used
in SPWM techniques. Moreover, increment of THDI is not sig-
nificant (maximum 2%). Taking into account that minimization
of THDI is out of the scope of this paper, and it is less important,
from the point of view of this study, than fulfilling compatibility
restrictions, this result is recognized as satisfactory.
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modulation techniques: (a) synchronized SPWM, (b) unsynchronized
SPWM, and (c) proposed SHE/SHM method.

TABLE V
RESULTS FOR MEASURED OPERATING POINTS

SWF [Hz] SWF [Hz] SWF [Hz] THDI [%] THDI [%] THDI [%]

Point No. SHE/SHM SPWM SPWM SHE/SHM SPWM SPWM
fc fcl/fc2 fc fcl/fe2

1 700 800 720 8.1 7.7 8.4

2 690 800 720 9.3 9.7 9.0

3 680 800 720 10.4 8.4 9.0

4 750 800 900 7.7 8.1 7.7

5 750 800 900 6.9 8.6 7.8

6 420 450 420 8.8 7.1 8.5

the efficiency of the analyzed method, the proposed SHE/SHM
technique was compared with synchronized and unsynchronized
SPWM techniques (see Fig. 15). The application of the proposed
algorithm allowed for deriving the inverters’ switching strategy,
which provided the dc-link current spectrum below the assumed
limits for all analyzed operating points.

The presented method of shaping the dc-link current spectrum
was independent of the traction motors’ load unbalance and syn-
chronization of inverters, what made it more reliable than known
methods of harmonics cancelation and control. Moreover, this
method was flexible enough to determine the switching strategy
of VSI drives used in traction vehicles of different topologies
with multiple limits for catenary current harmonics.
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