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Abstract losses and magnetic noise from the motor was
. . _ _ investigated using an experimental setup, a reduction in
In this paper several discontinuous pulse width modula-inverter losses was noted. However, the motor magnetic
tion methods (DPWM) are compared with space-vectornoise did not improve.
pulse width modulation (SV-PWM) method. The com- |n this paper, several DPWM methods are compared
parisons are done based on measurements of motQixperimentally with SV-PWM in terms of motor mag-
magnetic noise and total drive losses for inverter netic noise and both inverter and motor harmonic
switching frequencies from 500Hz to 4000Hz. Itis con- |osses. In order to further understand the relations be-
cluded that using SV-PWM it is possible to reach lower tween motor magnetic noise, losses and PWM meth-
magnetic noise on the traction motor without increasing ods measurements are performed using switching fre-

the total losses significantly. quencies between 500Hz and 4000Hz.

Keywords: DPWM, SVM, magnetic noise, inverter Section 2 describes the characteristics of the tested

losses, harmonic losses traction, Metro PWM methods and Section 3 presents data from
loss and noise tests. Section 4 present an analysis

1 Introduction of the noise measurements, Section 5 summarizes

and concludes.

The typical voltage source inverter (VSI) used in a L.

variable speed drive (VSD) use a pulse width 2 Characteristicsof tested PWM
modulation (PWM) method to generate the required methods

motor phase voltages. Depending on the application an . .

requirements, different control algorithms and dil‘ferentdrhe _d|fferent modula_tlon_ methods are c_ommonly
PWM methods are used. Typical control methods aredescnbed_, _and eas_|ly implemented _using _thelr
direct torque control (DTC), direct self-control (DSC), characteristic du_ty_ ratio (Ha\_/a et al., 1998). _In Figure
indirect self-control (ISC) and field-oriented control 1, the characteristic duty-ratio for SV-PWM is shown
(FOC). All these control methods rely on the control of SId€ by side with the characteristic duty ratio of
certain electrical machine quantities by controlling the PPWM1. At the times, where duty ratio is 0 or 1, the
switching states of the VSI, in doing so the control

method and PWM method can become intervened and it

can become difficult to describe the PWM method as - s ouy e . op;Duy et
separate from the control method. However, during - [F ﬂ

ideal steady state conditions the control method and .. ot

PWM method can be characterized separately. Some -
important PWM methods are sinusoidal PWM (S- ™ ff
PWM) (Schonung and Stemmler, 1964), space vector . L
PWM (SV-PWM) (Van Der Broeck, et al., 1986) S
and Discontinuous PWM (DPWM) (Depenbrock, ‘
1977). The main difference between S-PWM or SV- Figure 1. Duty ratio of SV-PWM (left)

PWM and the DPWM methods is that the DPWM and DPWM1 (right) method.

methods clamp one of the phases at certain angles.

The purpose with the clamp is to reduce the inverterphase is clamped, i.e. not switching. In termsaifage
switching losses of the clamped phase, the reducharmonics, the main difference between SV-PWM and
tion of switching losses depends on the phase curDPWM lies in the amplitude of the main switching
rent magnitude during the clamp. In (Hava et al., 1998)harmonics. For the SV-PWM method the largest veltag
it is reported that inverter switching losses are signifi- and current harmonics occurs at twice the switching
cantly reduced using DPWM methods. In frequency and four times the switching frequendye T
(Binojkumar et al., 2016) it is reported that the inverter discontinuous methods produce a harmonic spectrum
related switching noise is lower using DPWM methods. Where the first harmonic is largest, the seconthés

In (Andersson and Thiringer, 2017), the inverter
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second largest and so on. This is illustrated guigs 2

3 Measurements

to 4, where the measured phase voltage spectrums fo
SV-PWM and two of the tested DPWM methods are 3.1 L 0ssmeasurements

plotted.
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Figure 2. Measured phase voltage spectrum of SV-PWM
operating at 1022Hz.
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Figure 3. Measured phase voltage spectrum for DPWM
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Figure 4. Measured phase voltage spectrum of DPWM1
operating at 1000Hz.
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The traction motor is operated at 627rpm and 1017

Nm, corresponding to full tractive effort at a speed of 15
km/h for typical metro train. Losses in both inverter and
motor are measured. The inverter losses are reduced
for the tested discontinuous PWM methods; how-
ever, the motor harmonic losses are increased. This
is seen in Figures 5 and 6.

5000

SV-PWM

o —DPWM1

/

Tt

e e

——DPWM MAX

e TaTa]

—DPWM2

1000

——DPWM MIN

Inverter losses [W]

1000 3000 4000

Inverter switching frequency [Hz]

Figure 5. Measured losses in the inverter using different
PWM methods.
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Figure 6. Measured motor harmonic lossgsing different
PWM methods.

A comparison of total switching related lossesgemer
and motor harmonic losses is shown Figure 7.
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Figure 7. Measured inverter and motor harmonic losses
using different PWM methods.
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3.2 Noise measurements generate the highest noise for switching frequencies

In order to investigate the pulse patterns mormeiail, around 3000Hz as seen in Figure 8.

the magnetic noise from the motor is measured using
different inverter switching frequencies and pulse 25 . , , ,
patterns. For each pulse pattern the inverter Bimdc O  SV-PWM
frequency is changed in steps of approximately 10H 2t O  DPWM1
Each frequency is kept for 5seconds, so that theage o oo
DPWM-Max
sound pressure level (SPL) can be measured. The
measurements are done at no-load since at fulltlead
Silicon (Si) based IGBTSs of the inverter could dweat
during such a testA comparison of measured sound
pressure level (SPL) using different PWM methodd an
switching frequencies is presented in Figure 8.
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Figure 9. Raw amplitude and frequency of two
a5 largest harmonics for all noise tests.
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—— SV-PWM
Ay DEWIM 1 In order to further investigate, if the measured
) DPWIMMAX magnetic noise is mainly related to the frequerfdpe

Average SPL [dBA]

I main voltage harmonics. The measured noise using SV
s PWM between 500-2000Hz is frequency shifted into
1000-4000Hz and plotted together with the noise
70 measurement from DPWM1. The result from the
0 1000 2000 3000 4000 5000 calculation is shown in Figure 10, the general bita
Inverter switching frequency [Hz] in the noise measurement using DPWM1 maps well
] ] with the noise measurement using SV-PWM using half
_F|gure8. Mgas_ured SPL for different pulse patterns and 0 switching frequency. Indicating that it is the
inverter switching frequencies. frequency of the main harmonics which is relevant f
From the measurement it is seen that SPL variesthe magnetic noise.
significantly with the switching frequency and that
relatively small changes in switching frequency can
result in large changes in noise. It is also skahabove
1.8kHz, SV-PWM offers the lowest magnetic noise.
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4 Analysis of noise measurements

In order to understand the behavior of the magnetic
noise more in detail, the raw data from a single
microphone, which was used during the tests, is
analyzed more in detail. An FFT is performed aral th
amplitude and frequency of the two harmonics with
largest amplitude are plotted in Figure 9. The datg 75
amplitudes are recorded for frequencies betweddz k
and 4 kHz (Figure 9). This behavior can be explimg
considering that the structural mechanical resomanc "
modes 0 and 4, of a traction motor this size, pically
located between 2kHz and 4kHz. Considering the
relationship between harmonic amplitudes for SV- ) _ )
PWM and DPWM pulse pattern, one can explain the Figure 10. comparison of frequency shifted SV-PWM
behavior in figure 9. The SV-PWM method generage th and DPWM1 noise.
largest voltage harmonics at twice the switching
frequency. The highest magnetic noise appears at; Conclusions

roughly 1500Hz switching frequency. The DPWM . . .
methods, where the first harmonic is the largest, | "€ comparisons and analysis on loss and noise
measurements for SV-PWM and DPWM methods
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show, that the magnetic noise using PWM methods can
be understood by considering the resonance freggsenc
of the motor and the frequencies of the main veltag
harmonics, generated by the PWM method. A more in-
depth analysis reveals that in terms of noiseDiR&/M
methods produce similar results as an SV-PWM,
operating at half the switching frequency. The
measurements further show that SV-PWM operated at
2kHz switching frequency generate both low losseks a
low noise for the tested traction motor.
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