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Abstract — This paper describes a new method for simulations and experiments made on a developed

measurement of frequency characteristics of ac traipn  laboratory traction drive prototype with permanemagnet
drives. It helps to find dangerous resonant frequecies of ~ Synchronous motor (PMSM) employing direct torque
the traction drive supplied from a dc electrification system  Control strategy.

and it allows finding danger oscillations of the ddink LC The : .

; = : presented paper is structured as follows: & th

filter. The presented method has verified a drive vth a ) . .

surface mounted PMSM controlled by DTC. The resuilts ﬁnzztaspl?rretn?éntth%ept?]%?jr,f(grr]etrr?e l?redqeusecrzlfye darfgﬁlpsis «Sf th
that the dri lifies LC filt illati d ) ) . .

prove that oo CTIve ambiies 1er oscliations Undet - yrive. In the next part, there is briefly descritibd used

constant taken power. We have proposed an improveme . A )
of the drive control in order to protect the drive against this ~ diréct torque control method for the traction PM8hte

phenomenon. The behaviour of the improved DTC has bae and several experimental results verifying the prop

analyzed by experiments made on the laboratory modlef ~ function of the system are presented. In the last, p
the traction drive of the rated power of 10 kW. measured frequency characteristics of the trad@igisM

drive controlled by the direct torque control argaduced
Keywords— traction, measurement, permanent magnetand in detail analyzed.

t , .
motors The configuration of the measurement system

.  INTRODUCTION including the power circuit (so called injected reunt
generator) is shown in Figure 1. The voltage attireent
generator capacitor is controlled to the value
corresponding to*®/, where \ is the dc-link voltage of
the measured drive. The power circuit works as @sbo
(step-up) converter in the voltage charger modesstep-
down converter in the injected current generatodeno
Because of the three-phase connection, it is pedsiluse
the converter with shifted control which enables to
increase the switching frequency of the output aign
kglower injected current ripple).

This research has been motivated by the fact tpatta
of a traction drive fed from a dc electrificatiopstem is
an input trolley-wire LC filter which can cause damous
dc-link voltage oscillations. The existence of thes
oscillations in traction drives and their dangeronpacts
are well-known from the past [1], [2] and has beelved
until nowadays. These oscillations can be excitgd ley
an unsuitable control command from the controlesysat
a given output frequency of the drive where theitives
feedback can appear, see e.g. [3], [4]. There a@an
destroyed either an electrical part or a mechamael of A The new measurement method principle

the vehicle propulsion unit [5]. The problem with  1he measuring principle is as follows: The current

oscillations of input LC filter is one of the mosgrious . e
T ) . X generated by the injected current generator ictiefein
topics in modern traction drives. There do notteMft0  {ha main de-link circuit composed of an LC filtdhe

now any generally accepted techniques making plesisib o cteq current is injected with known frequenciesich
mitigate this phenomenon as can be seen from eliffer 5o gjowly changed in time and the excited curietiien
approaches in the literature, e.qg. [6], [7]. measured for all frequencies.

A frequency analysis is an important part of th
stability analysis of electric drives. The aim bistpaper
is to propose a new measurement method allowirigdo 1) The calibration data for the Rogowski coil, whis
dangerous resonant frequencies of the trolley-wi@z used for the further excited curreni.;ieq measurement,
filter and hence, to design corresponding solutifors have to be found. The injected currggdcicqis in the first
mitigation of its possible oscillations and thetidmlity at ~ step measured by both the Rogowski coil and theeotr
given frequencies (i.e. drive control algorithmreation  sensor at the same time and from those data theeney
or adaptation). The proposed technique for measemem spectrum using FFT is determined. The magnitudels an
of the drive frequency characteristics is veriflad both  phase shift between both signals are used to atdilthe

€Measurement is performed in three steps:
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Figure 1. Proposed method for the ac traction drfuequency characteristic measurement: Configamadf both power circuit and measurement chain.
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Figure 2. Designed control system for the PMSMeldentrolled by DTC.

Rogowski coil which is used for further measuremait frequency of the circuit and to verify that the miagde of

the ac component of the excited current in theirdc-I the injected current does not cause dangerousgeolta

circuit. oscillations (see next paragraph) and thereafthe t
behaviour of the circuit can be observed in a wegro

2) In the second step, the frequency characeiisti frequency range for more detailed analysis.

the alone LC filter is measured; the traction diizano-
loaded or in stand-by modg.{i= 0). The frequency of .

o - ; ; 3) In the last step, the measurement is completed f
the injected currentinfeed i changed in suitable range predzefined set of F;tator frequencies of the pcdletdol
Wf'th given Stemf‘”iea‘ed (th%frequenﬁy range ang trﬂ%sﬁptraction drive. The stator frequency is changedhfaero
of measurement depends on the assume ity : S A

. the given maximum stator frequency with giveapst
resonant frequency and the duration of the measigm .y solected range of the injected current fredesnc
The first measurement could be performed e.g. & th

range from ifjeced = 100 Hz to zero to find the resonant The measurement loop consists of the next points:
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Figure 3. Speed control mode, speed reversalguian speed profile, Figure 4. Torque control mode, slow change ohm@anded torque from
frema= 100 Hz. Ch1: rotor speed (40 Hz/div), ch2: mgtbase current (10 +5 Nm to -5 Nm (traction/break mode)y¥ 200V, f.= 50 Hz. Chl: rotor
A/div), ch3: stator flux magnitude (0,027 Whb/dieh4: torque (5 Nm/div). speed (40 Hz/div), ch2: motor phase current (5 A/deh3: stator flux

magnitude (0,027 Wb/div), ch4: torque (5 Nm/div).
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Figure 6. Torque control mode, step changecahmanded torque from
Figure 5. Torque control mode, step changes ahneanded torque from -5 Nm to 5 Nm in detail: .= 200V, {.= 50 Hz. Chl: rotor speed (40
+5 Nm to -5 Nm (traction/break mode)y¥ 200 V, f=50 Hz. Ch1l: rotor Hz/div), ch2: motor phase current (5 A/div), ch3ater flux magnitude
speed (40 Hz/div), ch2: motor phase current (5 A/dch3: stator flux (0,027 Whb/div), ch4: torque (5 Nm/div).
magnitude (0,027 Wb/div), ch4: torque (5 Nm/div).

. TRACTION PMSMDRIVE
() to set the demanded stator frequency and Keep i WITH THE DIRECT TORQUE CONTROL
constant e.g. with using an appropriate load, One of tested traction drive configurations for

. ; . _frequency analysis we have performed has beerctiotra
ii) to set the fiecea@nd slow decrease in the defined |, - ; :
ranée) by a definglgﬂesiep. The speed ks changing drive with PMSM controlled by a direct torque catr

: ; method. The configuration of the drive is showrFig 2.
depends on the demanded FFT time window, The control enables to control the drive in soechBpeed

(i) to measure the excited current and perform th control mode or in the torque control mode. The esod
FFT on this current, can be changed by the switch P. In the speed dontro
mode, the demanded speed and measured (calculated)
speed are led to the speed PI controlles,PIThe output
of the controller is the demanded torqygeahd it is led to

An important task is to get the demanded magniaide the torque comparator where it is compared with the
the injected current. It is obvious that if theecied calculated torque of the controlled machine. Thejue
current magnitude is very high, there could appsar and stator flux feedbacks are calculated by theekblo
dangerous voltage oscillation in the dc-link andtba  “Mathematical model of PMSM” which can be writtes a
other hand, if the current magnitude is very laws ivery ~ follows:
hard to measure the excited current. Therefore, the Wos = Wong + Log. i
magnitude of the injected current must be chosem as sd BM T edefed, )
compromise between a high value which causes Yeq = Louigg
dangerous oscillations and a low value which is l#st '
possible to measure (sufficient ratio signal/noisele  where Wy and W, are stator flux components in the
magnitude has to be determined empirically by aoset electrical rotor speed rotation reference fratigy is
performed experiments. permanent magnet flux,s¢and Ly, are stator inductances

(iv) back to point (i).
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in axes d, q (for surface mounted PMSM+ L). isq and L
isq are components of stator current vector in ragatin ryyh
reference frame. Further, the stator flux posifigrcan be

calculated from (2): + R

5. =6, +atauw3d @ V. C) V., ]P const

wsq y

whered, is the rotor flux position (in this case measured
by an absolute position encoder) and it is usedtter
rotor Speedq’e calculation as well. In dependence on the Figure 7. The LC filter for detailed analysis oétbompensation method.
output of the comparators and on the stator flusitjpm
9 the optimum output voltage vector, 6 selected and it s
is used as the control demand for the voltage sourc ;™
inverter. If the torque control mode is enabledspeed PI §I”°J/WV\/\WN\/\NWWV\A/\/
controller is not applied in the control systenttod drive. i j
The torque control mode has been used for the déregu
characteristic measurement and the PMSM has been VN S WSS U—|— J
loaded by the induction motor drive emulating ahhig fme e
moment of inertia of a traction drive. Detailed clgstion
of the DTC algorithm can be found e.g. in [8].
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I1l.  DEVELOPEDPMSM TRACTION DRIVE WITHDTC:
EXPERIMENTAL TESTS 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Next figures show behaviour of the PMSM drive with
the deSIQned DTC_gIgonthm under dn‘ferept transand Figure 8. Behaviour of the LC filter with uncompate current demand
steady- state conditions. The control algorithmsehaeen and constant taken power.
implemented in fixed-point format in the digitalgsal
processor TMS320F2812, the dc-link voltage has Iseén
to V.= 200 V.

Figure 3 shows the behaviour of the drive in theesp
control mode under speed reversal, where the mamimu
rotor frequency has been set tg.f= 100 Hz for both
rotation directions. Figure 4 presents behaviourthef
drive in the torque control mode where the demanded Time, £l
torque changes from the traction force mode tobtieak

mode and vice versa are relatively slow. Figurd&s
the drive behaviour under the step change of the ;G—JM
demanded torque. This figure shows high dynamic ’

response of the designed drive. Figure 6 shows the
transition from break mode to the traction forcededn fo——or Wz w3 _og 05 05 07 G
detail.
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Figure. 9. Behaviour of the LC filter with corredtcurrent demand
IV. ANALYSIS OFFREQUENCY CHARACTERISTICS and constant taken power.

OF THE INVESTIGATED TRACTION DRIVES

Figures 10 and 11 show dependence of the ratio
Al exgiedAlinjected ON the stator frequency of the drive and onparagraph. For the measurement the PMSM drive with
the injected current frequency, whekR,geq@ndAlijecea  Fated power of 10 kW has been controlled in theuer
are the current alternate components peak to palalesy control mode with the demanded torqug=T10 Nm. The
Of excitea @Nd hjected respectively. The ratio representsdc-link voltage has been set to 200 V. The load e
quality of resonance in the LC filter circuit. Teeran be created using an induction motor drive with theselb
seen dangerous states of combination of statoudrezies loop scalar control. The stator frequency of thste
with the resonant frequency of the LC filter frommet drive has been controlled and changed with steh3Hz
graphs and its moving in the area of stator fregiesn every 5.5 minutes. The rotor speed of the teste®®M
. drive has been controlled by a loading inductiontano
A.  Uncompensated torque control of the PMSM drive drive. In each of those inter>\//als, thereg has bexnthe

with DTC injected current frequency;fueqsfrom 15 Hz up to 39 Hz

Figure 10 shows the frequency characteristic aed thwith step 0.5 Hz and 5 seconds time window. Intime
phase characteristic of the drive with PMSM cotébby  windows, frequencyidecea has been halted constant for
direct torque control algorithm described in pinevious  the FFT analysis of the measured currents.
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stator frequencies the effect of the resonancesdisitio Twcorr v
cf2

AlgxcitedDlinjectea raises with the stator frequency). This
phenomenon can be evaluated as a positive feedivatk
it could lead to uncontrolled voltage oscillatioat the

input of the inverter and that phenomenon must b

It can be seen from Figure 10 that with increasing Ver1 Z
= Tw.( ) ’ ©)

where T, cor iS the corrected demanded torqug,ig the
riginal demanded torque without any correctioriee (t
emand from the control system in Figure 3}; §ind

suppressed. are filtered dc-link voltages, whereag;\Ms filtered by a
B. Compensated torque control of the PMSM drive filter with much shorter time constant than theefil of
with DTC V. This correction causes that the torque demand is

As has been shown in the previous paragrapﬂ,aised with the square of the ratio o_f th_e fiI_temitages
uncompensated torque control of the drive can kead 2nd the power taken from the capacitor is higheoifage
dangerous voltage oscillations and instability loé dc-  Yen iS higher than , (that means the voltage increases).
link LC filter and hence of the whole drive. Thevef, we ~ 11hat causes decreasing of the capacitor voltagés — i
proposed a compensated torque control for the pmstabilization (negative feedback). The stabilizateffect
traction drive with the DTC which should mitigateetLC ~ ¢&n be seen from the measured magnitude charécgeris
filter oscillations. This proposal involves adjusim of the ~ "atio AlexciedAlinecread€Creases with the stator frequency of
demanded torque in dependence on the dc-link dapaci the PMSM drive, as can be seen in Figure 11.
voltage (3):
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Figure 10. Magnitude and phase characteristicthefPMSM drive controlled by uncompensated DT{= 10 Nm, .= 200 V, ftator= 0 —70 Hz,
finjected= 1539 HZAT = 1.2 NmAy = 0.009 Wb.
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Figure 11. Magnitude and phase characteristicshefPMSM drive controlled by compensated DT =TL0 Nm, \t= 200 V, &tator= 0 =70 Hz,
finjected= 15- 39 HZAT = 1.2 Nm Ay = 0.009 Whb.
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For detailed explanation of this proposed(2]
compensation method it can be used the systengimrd-i
7 which is composed of the LC filter and a loadirigk
constant power. Figure 8 presents idealized bebavib 3]
the dc-link circuit in an uncompensated system \iliti
taken constant power of 500 W. The torque demand is
substituted by a demand of the load curregs in this

idealized example. In time of 0.1 s, voltagg. Yhanges [4]

Hill, R.J.; Fracchia, M.; Pozzobon, P.; Sciutto; &\ frequency
domain model for 3 kV DC traction DC-side resonance
identification," Power Systems, IEEE Transactioms ,ovol.10,
no.3, pp.1369-1375, Aug 1995.

Peroutka, Z.; Zeman, K.; , "Robust Field Weaken#igorithm

for Vector-Controlled Induction Machine Tractioniies," IEEE
Industrial Electronics, IECON 2006 - 32nd Annualn@rence,
pp.856-861, 6-10 Nov. 2006.

Gay, S.E.; Ehsani, M.; , "Impact of electric mofietd-weakening
on drive train oscillations," . IEEE Internatioridkectric Machines

from 90V to 100V which causes oscillations of the
voltage \.. These oscillations are transferred to the load
current j,q and are not dumped (or weakly dumped[]
depending e.g. on the resistance of the filter dtahce).
Figure 9 shows behaviour of the system with theezted
current demand analogically to the corrected torque
control (3). It can be seen that the oscillation tioé
capacitor voltage Vare dumped well.

and Drives Conference IEMDC 2003, vol.2, pp. 6446,61-4
June 2003.

Winterling, M.W.; Tuinman, E.; Deleroi, W.; , "Atteiation of
ripple torques in inverter supplied traction drives Power
Electronics and Variable Speed Drives, 1998. Sévent
International Conference on (Conf. Publ. No. 458), 364-369,
21-23 September 1998.

Laczynski, T.; Werner, T.; Mertens, A.; , "Activamping of LC-
filters for high power drives using synchronous it
pulsewidth modulation,” IEEE Power Electronics Saksts
Conference PESC 2008, pp.1033-1040, 15-19 June 2008
Bina, M.T.; Eskandari, B.; , "Compensation of DQGki
Oscillations of Cascaded H-Bridge Converters," [filernational
Conference on Power Electronics and Drive SysteBi3322007,
pp.855-859, 27-30 November 2007.

(6]

V. CONCLUSIONS

There has been introduced a new method fofy
measurement of frequency characteristics of adidrac
drives in this paper. The knowledge of the drivesjfrency
characteristic which is linked with danger oscitlas of

the input trolley-wire LC filter is a key factorrfa proper [8] Vas. Peter; , "Sensorless vector and direct tocuérol . Oxford
desigr? of the t)r/action drive control. 'the descrihere)uih%d University Press. 2003. ISBN 0-19-856465-1.

consists of harmonic current injection to the faacdrive

dc-link circuit which includes an input trolley-wirLC THE AUTHORS

filter. The response of the drive to the injectedrent in . ,

the form of the excited current which is an ac congmt Ing. Tomas Glasberger, Ph.D.is an

assistant professor and researcher at the
University of West Bohemia in Pilsen
(UWB)/RICE. His research area concerns
electric drives with PMSM in small and
medium power range, control of power
converters microprocessor based controllers, abntr
theory.

of the trolley-wire current is then measured ané th

current spectrum is analyzed by the Fast Fouriel £
Transform. Resonant frequencies of the tractionedcan

be found by this method.

Based on the known resonant frequencies it is plessi
to adjust the traction drive control algorithm whican
actively damp dangerous oscillations at exactlyegiv
frequencies.
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avice-dean for science and strategy,
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The presented method of measurement of the traction
drive frequency characteristics has been verifigd b
simulations and laboratory prototype of the tractio
PMSM drlve.W|th the rated power of 10 kW controlley head of the Dept. of Electromechanical
a DTC algorithm. Engineering and Power Electronics at the

It has been discovered that the developed PMSMedri’WWB. His research area concerns power electronics,
with the DTC begins to be instable with increasitajcs control theory, electric drives control in tractiand
frequencies; therefore the compensation for th&nicroprocessor control systems.
demanded torque has been proposed. Thereafter, the
traction drive is stable and the danger of resoaafithe
dc-link LC filter decreases using our modificatiof o
DTC, as can be seen from the measurement results.
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