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Impact of power-cable length on operation of NPC inverter fed
induction motor drive for various LC filter topologies

Abstract. This paper presents detailed analysis of phenomena which occur in cable connection between the drive and the motor. The impact of
cable length on the proper inverter operation as well as protection against additional stress of motor caused by reflection in cable is analyzed, on a
model developed for this purpose. Several configurations of output LC filters were implemented to investigate the optimal solution to reduce transient
effect caused by dv/dt and high order harmonics.

Streszczenie. W artykule przedstawiono analize zjawisk wystepujgcych w uktadzie zasilania silnika indukcyjnego z tréjpoziomowego falownika
napiecia poprzez linie kablowg. Zbadano wptyw dtugo$ci linii kablowej na przebiegi wyj$ciowe falownika dla réznych konfiguracji filtra. Celem badan
byto ustalenia topologii filtra zapewniajgcej uniwersalno$c¢ rozwigzania napedu przeksztaftnikowego, a zarazem eliminujgcej niekorzystne zjawiska
wystepujgce w tego typu uktadach. (Wplyw diugosci kabla na prace tréjpoziomowego falownika NPC zasilajacego silnik indukcyjny dla

réznych konfiguracji filtréw LC).
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Introduction

In many applications, a long connection between the
inverter and the motor is required to achieve an optimal
solution of constructions and environmental requirements.
Therefore, a cable connection is required to energize
distant electric devices. On the other hand, additional
consequences take place where long power cables are
employed such as: premature failure of motor winding
insulation, early bearing failure and wave reflections [1, 2].

Wide range of applications in high-power and medium-
voltages drive units utilize three-level neutral point clamped
(BL-NPC) inverters. The basic circuit diagram of such
inverter is presented in Fig. 1. In the paper such solution will
be taken into further consideration. The main features of
these types of devices are reduced dv/dt and relatively low
THD levels in comparison with the two-level inverters.

A2 4 lksl Y Y } A lk A
- =%
TI= 1l|& ksl y WY ¥ Y YR Y k A
s5% | |l ; = @
A212
I S
==§ ’ Y ) Y YL Y ) Y YR Y ) A
A212 ILSJ F L x Y

74—

I~

Leg A LegB Les
NPC Inverter

12p Rectifier || DC Link

Fig.1. NPC Three-level inverter feeding the induction motor drive

Drive topology depicted in Fig. 1 is composed of a 12-
pulse diode rectifier fed by a phase-shifting transformer with
two secondary windings, Wye and Delta connected. It is an
optimal solution considering costs and the reduction of a
high level of current harmonics compared to the distortions
caused by 6-pulse diode rectifier. Such passive rectifier
does not allow for regenerative braking or four-quadrant
operation. It is only able to deliver power from the AC
network to the DC link, but not vice versa [3]. In Fig. 1 point
Z of the diode rectifier is connected to the neutral point of
the NPC inverter. Such connection ensures that total DC
voltage is equally divided between two DC link capacitors
[4] and is required for proper operation of the inverter.

The NPC inverter consists of three branches (A, B, C).
Each branch consists of four switches marked as S; to S,
connected in parallel with diodes as presented in Fig. 1.
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Waveforms generated by PWM inverters have negative
impact on motors and cables. They cause several problems
such as the ones listed in [5]:

1. High dv/dt of the inverter output voltage causes
reflections in the cable. This may increase motor
terminal voltage up to the double value;

Additional losses in the motor;

Motor winding insulation degradation;

Electromagnetic emission caused by high dv/dt;
Harmonic currents can flow through stray capacitance in
motor bearings causing their failure.

Selected drive topology naturally reduces reflections
caused by high dv/dt. Yet this issue still exists in a limited
form and plays significant role especially for “critical cables
lengths”. Therefore the analysis of these effects is needed
in order to achieve the required level of efficiency and
ensure long lifetime of the installation. Several papers
demonstrate the importance of this issue [6-9].

To study these phenomena a model of three-level NPC
inverter has been developed in MATLAB SIMULINK.
Fundamental information regarding the inverter and the
transient effects in cables is presented in next chapters.
Simulation results obtained during the study show typical
phenomena which occur in the examined circuit. Various
combinations of LC filters were tested to mitigate the
negative impact of the cable length on the output inverter
waveforms. This study allows for determination of the
optimal solution for different cable lengths.

aorowd

Principle of NPC inverter operation

Detailed analysis of the NPC inverters can be found in
[4, 10, 11]. Here, only the most important information will be
briefly reviewed, to explain the nature of output waves
generated by the inverter.
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Fig.2. Principle of operation for single inverter leg
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The basic principle of operation for a single inverter
branch is illustrated in Fig. 2. Three states of operation are
possible [10] (all of these switching operations occur in one
period Ts and can be also observed in other inverter
branches):

1. Switch SW is in position 1, U, = Uy/2 (P-state);
2. Switch SWiis in position 2, U, = 0 (0-state);
3. Switch SWis in position 3, U, = -Uy/2 (N-state).

In practice, according to Fig. 1, P-state is realized when
switches S, and S, are turned on, switches S; and S, are
turned off. State 0 when S, and S; are turned on, switches S,
and S, are turned off. State N when S; and S, are turned on,
switches S, and S, are turned off.
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Fig.3. Space vector diagram of the three-level NPC inverter

As shown in Fig. 3, there are 27 switching states altogether
(all combinations of P, 0 and N-states for each inverter
branch) [12]:

(1) Ngy =nP =3’ =27

where: n — number of voltage levels, p — number of phases
in the converter.

These 27 switching states produce only 19 unique
voltage vectors, which can be classified into four voltage
vectors groups: large, medium, small and zero. The plane
can be divided into 6 major triangular sectors from 1 to 6 as
marked in Fig. 3 each of which represents 60° of the
fundamental cycle. Switching operations between these
voltage vectors may cause several problems.

Reflections phenomena in power cables

The cable can be represented by an RLC pi model,
where inductance, resistance and capacitance are
distributed along the cable length [9], as illustrated in Fig. 4.
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Fig.4. Equivalent circuit of cable, with typical values of reflections
coefficients I’
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In the case of frequency increase the inductance and
the capacitance impact on the traveling wave phenomena is

greater than the impact of the resistance which is due to the
skin effect. Presented simulations were performed for fixed
resistance calculated at 50 Hz. This allows for simplification
of the simulation process without compromising the
accuracy.

The motor equivalent impedance is always larger
compared to the cable impedance during steady state
operation [1]. For higher than nominal frequencies this
impedance can be considered as an open circuit, while the
inverter behaves like the cable short circuited at its end [14].
Reflections occur when there is a mismatch between the
cable surge impedance Z; and the impedance at the end of
the cable Z,, (in the case considered: Z;,, or Zy) [1]. The
reflection coefficient is:

Zout — Zc

) I'=

ZOUt + ZC
Reflected voltage can be expressed as:
(3) uref = 1—‘uin

The voltage affecting the motor terminals is equal to:

4) Uout = Uin + Ures

Fig. 5 illustrates the example where the propagation
time t, of the traveling wave is greater than half of the rising
time t, (full voltage reflection will take place).
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Fig.5. Voltages reflection in cable, observed on inverter and motor
terminals [pu] (inverter reflection coefficient = -1; motor reflection
coefficient = 0.75; t, = t;)

LC filters for inverter applications

The reflection phenomenon is closely related to the
cable length, the magnitude of the DC link voltage and the
switching frequency of the inverter, which determines dv/dt.
LC filters are required to limit overvoltage at the cable and
the motor terminals. This will cause the required limitation of
undesirable harmonics and partly compensate the reactive
power of the motor.
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There are many LC filters design approaches presented
in several papers, e.g. [13-15]. This paper is focused on
evaluation of different filter topologies with various cable
lengths. For all considered filter topologies L;, C; parameters
will be identical. Filter resonance frequency is determined
by:

(5) f !

" ordLC,

In this paper filter parameters have been selected by taking
into account the following facts:

1. Selected resonance frequency has to be above the
fundamental frequency but below the lowest harmonic
frequency [5]: factor 10 between fundamental/
resonance/switching frequency e.g. 50/500/5000 Hz;

2. An increase of switching frequency allows size
reduction, thus reduction of weight and cost of filter
components (due to the fact that the first group of
harmonics is concentrated around twice the switching
frequency);

3. If one considers (5) the L; and C; can be selected freely
if their product is kept. Practically the capacitors are
expected to be the easier option to realize than the chokes.
Additionally, by increasing C; the power rating of the inverter
will be increased.

Experimental results

Studies were carried out utilizing MATLAB SIMULINK
model presented in Fig. 6. The cable connection between
drive and motor was modeled as a distributed parameters
line (the Bergeron model, as described in [16]). This model
appropriately represents traveling wave phenomena if high
sampling ratio is set.

Alternatively one can utilize series Pl sections line
model. Yet, because such model has upper limit of
frequency response depending on the number of PI
sections, in the cases considered the Bergeron model will
be selected [17].
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Fig.6. Block diagram of the model used during tests; connection of
impedance scanner indicated

The impact of the cable length and the filter parameters
on the output inverter waveforms was studied for several
LC filter topologies based on [5] as shown in Fig. 7. The
results of evaluation for different LC filter topologies are
presented in Fig. 8. All filter configurations have been
checked to determinate the lowest THD factor depending
on the required cable length. Additionally parameters of
passive filter components were optimally selected to
minimize the filter size.

The results presented in Fig. 8 show that the lowest
THD factors can be obtained by installing 1% or 6" filter
configuration. Utilization of these filter topologies have
several other advantages: a minimum number of elements
is required (if one compare to 5" filter topology as
presented in Fig. 7) and the voltage magnitude across
capacitors is lower in comparison with 2" the filter
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configuration). If one consider 6" filter its Wye point is
connected to the DC link neutral point — Z. This ensures that
the capacitors voltage does not exceed half of the DC link
voltage magnitude.
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Fig.8. THD factor depending on cable length and selected filters
configurations

Overall conclusion is the 6" filter configuration could be
optimal if one utilize 6-pulse rectifier. 1% filter configuration
is optimal if 12-pulse rectifier is utilized where Z -
connection occurs. It should be noted that the common
mode voltage (result of the switching action of the inverter
and rectifier) can be transferred from the motor side to the
secondary winding of the isolation transformer [18].
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Fig.9. (1) Output phase-to-phase voltages U,, measured at the
inverter terminals, (2) voltage measured at motor terminals: (2a)
without LC filter, (2b) with LC filter installed

Fig. 9 illustrates an exemplary output phase-to-phase
voltages U, at the NPC inverter terminals and at the motor
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terminals for 1" configuration of the LC filter (f, = 500 Hz).
The cable connection due to traveling wave phenomena
caused voltages reflection as mentioned above. The
voltage waveforms presented in Fig. 9 consider two cases:
with and without LC filters installation.
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Fig.10. Harmonic spectrum of the voltage waveforms in Fig 9;
THD(1)=19.28%, THD(23)=33.75%, THD(Zb)=O.96%

Fig. 10 presents a comparison of Uy, voltages harmonic
spectrums of the voltages shown in Fig. 9. A significant
reduction of high order harmonics was obtained as
expected. The required total harmonic distortion for the
voltage below 69 kV is defined in [19] as 5% calculated for
first 50 harmonics [20]. According to Fig. 11 appropriately
selection of filter f, ensures this requirement is fulfilled.

In accordance to the guidelines for LC filter design
presented in the previous section, dumping capabilities of
1™ filter configuration in Fig. 7 were examined for different
resonance frequencies f;, as presented in Fig. 11.
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Fig.11. THD dependence on cable length for various resonance
frequencies f, for 1% filter configuration
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Fig.12. Impedance curves simulated for two cable lengths, with
highest and lowest THD levels
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For different f, analyzed in Fig. 11 the decrease of the
value of the filter resonance frequency causes reduction of
THD level. Additionally fewer fluctuations were observed.

Fig. 12 presents the results of impedance frequency
sweep, for one phase, calculated between the inverter and
the motor terminals (as shown in Fig. 6 by Impedance
Measurement block). Two cases are presented for filter f, =
500 Hz, where the lowest and the highest THD level have
been observed. In Fig. 12 one can observe, the longer
cable local maxima are placed more densely than for the
shorter one but they have lower magnitudes.

To limit the undesirable harmonic content one can select
such switching frequency fy, that the cable impedance is at
one of the maximum values.
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Fig.13. Measured curves of the electromagnetic torque and the
rotor speed

As a result of this work the typical waveforms of
induction machine were derived. Fig. 13 presents
electromagnetic torque and rotor speed during the motor
start-up process. Presented results are obtained for two
resonance frequencies of the filter connected with a 10 km
cable length. To the best of author's knowledge the filter
installation limits torque oscillation and ripples. In this study
the dependence of the ~cable length on the
electromechanical torque can be observed.

Conclusions

In this paper the impact of various cable lengths on
output waveforms produced by three-level NPC inverter
feeding the induction motor drive has been investigated. Six
filter configurations were examined to determine the most
effective solution for damping harmonic components
produced during the inverter operation. In all the cases the
required level of THD factor, as defined according to [19],
has not been exceeded when appropriate filter f. was
selected.

Out of the presented analyses, the filter configuration
which offers best THD level can be taken for further
considerations. All aspects have been examined to
determine the optimal and possible operating condition,
which provides proper operation of the whole system.

It has been noticed that the cable length will influence
the selection of filter f.. For some cable length it is possible
to utilize higher f.. This allows for installation of smaller
components for LC filter.

Appendix
Table 1. Ratings and parameters of the induction machine [21]
Pn kW 100
Un kV 3
fi Hz 50
[N rpm 3000 (2963)
Poles - 2
J kg-m” 2.7
Tn Nm 322
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Table 2. Parameters of filters

fr [HZ] Ci [mF] L¢ [mH]

750 0.1 0.45

500 0.1 1.00

250 0.4 1.00

150 1.0 1.10

Table 3. Ratings and parameters of the cable [22]

Cross section mm’ 70

Un kV 10

C. UF/km 0.31

L, mH/km 0.41

Table 4. Measurement data to Fig. 8
Obtained values of THD [%]
Length Filters configurations
[km] 1st 2nd 3rd 4th 5th 6th
0 0.80 0.80 2.46 2.26 1.04 0.91
1 1.04 1.05 2.46 1.99 1.22 1.02
2 1.11 1.11 2.74 2.27 1.51 0.78
3 1.48 1.48 3.12 2.64 1.73 1.52
4 1.00 1.01 2.61 2.21 1.17 1.05
5 1.19 1.19 2.78 2.39 1.57 1.26
6 2,97 2.98 3.91 3.58 3.07 2.91
7 2.52 2.53 3.74 3.35 2.73 2.59
8 1.18 1.18 2.78 2.21 1.53 1.28
9 1.08 1.10 3.01 2.15 1.27 0.96
10 0.96 1.02 2.79 2.03 0.97 0.84
11 0.71 0.72 2.81 2.36 1.13 0.94
12 1.07 1.09 2.64 2.07 1.30 1.23
13 0.95 0.96 2.96 2.28 0.92 0.74
14 1.29 1.02 3.33 242 1.33 0.96
15 1.02 1.55 3.68 2.30 1.91 1.37
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