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Abstract-This paper proposes a novel control meihod that uses
current harmonics to minimize torgue ripple for Permanent
magnet Synclronous Moior (PMSK) applied to Electric Power
Steering (EP3) sysient. In the EPS sysiem, PRISM is accompanied
by magnetic satuwration of ivon core due to high power and limited
space. Partial magnetic saturation in the stator teeth resulls in
significant torque ripple. In order to reduce oulput torgue ripple,
current harmonics calculated. Presented method is verified hy
experimenis,

L INTRODUCTION

EPS systern 1= a kind of steering system which depends upon
the torgque provided directly by electromotor. Fecently the FPS
systern has been widely used in automohile [t enahles us to
reduce manufachring cost and to inprove fuel efficiency as
cotnpared with the traditional hydraulic power steering systemn
[11[4]. PMISM has many advantages such as high efficiency,
high torque per rotor wolume and wide speed range These
merits make it particularly suitable for automotive and other
applications where space and energy savings is critical [3]. In
the column typed EPS system, PRIEM is directly assembled to
the steering shaft by a reduction gear so the motor vibration and
torgque fluctuations are directly transferred through the steering
wheel to the hands of the driver. Because a driver feels torque
fluctuations, only 13 ripple of rated torque will be permitted.
Fecent research focuszed on the motor design and control which
has low cogging torgque and torque fluctuations. [4] 6] As it is,
there are a lot oftechnical papers that have presented the motor
design and control technigque. Howrever, unlike thermn, this paper
shows the estimation method of compensation cwrent for
suppressing torque ripple caused by the magnetic saturation in
the PRSI Dueto the spatial limnitation in the FPS application,
the magnetic saturation in the stator core iz inesitable in high
torgque region. This paper analyzes torque ripple generated by
the partial saturation in the motor fabricated for the EPS
Furthermore, d-, g-axis inductance iz measured to prove the
saturation with the use of Discrete Fowrder Transform (DFT)
The hammonic cwrent distnibution which must be added to
g-asds curent to minimize torque ripple is caleulated through
Finite Element Analysis (FEA), and the effective method in the
PRI driwer 12 proposed in order to create the hanmonic current.
In the end, the results are verified by test.

II.  Awarysis MODEL

Fig 1 shows a surface typed PRISM for the column typed EPS
systern And the rotor configuration skewed in order to reduce
cogging torgque. The specification of PIEL are listed in Table [,
and cogging torque and Total Harmonic Distortion (THDY of
back-ENMF required in the motor iz less than 0.020Mm and 0.7%4
respectively. Fig 2 displays the torque waveforms when the
PRISW is driven with constant g-asts curent. To measure
torgque ripple accourately, the motor is driven at 10rpmy, and input
current is controlled with THD less than 0.5%. The 6 times
torgque ripple of electric frequency is increased as the magnetic
torgque is higher. Therefore, even if it has good characteristics in
the low torque region, the torgque ripple generated at the rated
torgque can’t be neglected

An inductance measurement method is presented in order to
demonstrate the magnetic saturation effect of PIWISM. The effect
can he obzerved from the stator winding termminals as the change
of inductance The inductance depends on the input current and
the rotor position. The measurement of inductance is
accomnplished by using DFT with high frequency current
injection and discuzsed in the following.

The equivalent circuit for the vector control of PRSI is
based on a synchronously rotating reference fame, and the
mathematical model of equivalent circuit iz given as follow:
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(2] 2D-FEM model (b] Permanert magnet shape
Fiz. 1. 2D-FEM model and PM shape for the cobimm typed EPS.
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Ttems Walue
TEY 20 1k mbn®
Br (@20~25T) 1.35T

Mumber of poles and slots &g
Rated torque/ Rated ourrert AW W, o
Base and Maxinom speed 1000, 2000mm




&n

af
= e, e e ]
£
=
Bz
B i ; A i i
[+] L4 120 150 240 i) 360
Ekeeiric angle] |
Fiz. 2. Torque waveforms of PMEM measured at 10:pm.
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linkzage of permanent magnet;, K, armature winding resistance;
Lz, Ly inductancealong d-, g-axis; p = d/di

The saturation phenotmenon ocowrs in all three phases and can
be transfommed to the orthogonal d-g coordinates oriented
toward a desired direction deterrnined by the angle (&) A high
frequency alternating current is injected in the synchronously
rotating frame, and the inductance is measured at sach angle

when PIISN is rotating. The d-astis behawes just as a resistance
and inductance
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To measure the d-asis inductance at a given angle, the asxis is
excited with a periodic small signal hawing frequency a, and
samnpled M times per period. The walue of commanded voltage
and feedback current are measured at the excitation frequency of
the small signal by using DFT. The inductance iz calculated
from the voltage and current coefficients after one or several
periods of small signal excitation.
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Fiz. 3. Inductance meamremert block diagram at vector cortrol.
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Fiz. 4. D-zxis inductance distibution according to electric angle.
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Fig. 5. Q-axis inductance distribition accceding to electric angle.
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whete aj ahd ayw are the Fourder coefficient of cuwrent and
voltage. Fig 3 shows the block diagram of inductance
measuremnent which has the high frequency current reference,
BFF and DFT block in the vector controller.

The three percent ofrated current with 500Hz are injected and
Lo and Faesignals are filtered by BPF when the motor is tunning
at low speed D-, grass inductance is decreased according to

(6
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Fiz. 7. Torque comparisonof analysis and test resalt.

d-azis cutrent increases, and it has 6 titnes fluctuation of electric
frequency as shown in Fig 4. We can find that the partial
saturation of stator teeth malkces 6 times torgque ripple of eectric
frequency in the PMEW. Fig 5 shows the g-axis inductance
J-azms inductance has smaller wariation compared with d-asis
inductance.

II1  ESTIMATION PROCESS OF COMPENSATION CUREENT

In thiz paper, FEA is used in order to analyze the
characteristics of PGB and get the waveformn of injection
cutrent to reduce torque pulsation. MNonlinear analysis considers
the magnetic saturation of stator core. Figo 6 shows the flux
density distribution, and the masgmun flux density of stator
teeth indicates 2.2T at the rated current.

Az shown in Fig 7, the torque characteristics of PGS are
ohtained by FEA, and the analysis result iz compared to
experimental result. The result at the rated cwrrent is similar to
experimental result In the test, the PMSM iz rotated at low
speed in order to drive the motor with a sitsoidal current. In
thiz paper, the flow chart displayed in Fig 2 is employed in
order to obtain g-ams cwrent distribution which minitnizes
torgque ripple according to electricangle & FEA iz iterated at the
gach rotar position with varying fue to search the flat torgque
waveform,

=i+ (7
where iy o component of anmature curent for the rated torgque;
fpaci compensation curent added to fp in order to minimize

torogque ripple.
From thiz method, the compensation current which can
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Fiz. 8. Torque calmlation procedure of the compensation currerd.

mirimize torque fluctuation is calculated according to curent
angle and expressed likke Fig 9. At therated torque, 254 peak
cutrent is added to g-asis curent.

IV, FE4 ANALYSIS AND TEST RESULTS

The compensation current according to a given torque is
ohtained like Fig 10 while d-azis current is cortrolled to zero.
Az shown in Fig 11, the hammonics of compensation curent
displayed in Fig 11 consist of @ 12 188 24 and 30
hartonic component according to g-ass current. Therefore, if
1588 248 and 30 harrnonic component is neglected, the current
can be simplified as the function ofig:

e = 0062+ 00002877 -cos(6id] )
+(0.071+ 0.00567,,)-cos(126,)

(&

Fig 12 showrs the effective real time compensation strategy to
minitnize torque tpple caused by magnetic saturation in the
vector controller. From the test result, the 6 times torque
hartnonic of glectric frequency is decreased to 3000 as shown in
Fig 13. By injecting the only 2% current of rated current, torque
tipple caused by the partial saturation could be effectively
suppressed

W CONCLUEION

Thiz paper studies the torque ripple reduction method for the
PLISW applied in FPS systermm Due to the partial magnetic
saturation in the stator teeth, the significant torque ripple may be
generated in the PRSI This magnetic saturation cavses the
inductanice variation with different position, which can be
ohtained by measuring the real time inductance using the DFT.
In this paper, the saturation effect was analyzed by a nonlinear



analysis, and the simple compensation strategy to minimize the
torgque ripple at each electric angle was proposed. Finally, the
validity of the analysis and compensation method was verified
by test result of PWSW fabricated for the EPS, and with the
method, the torque ripple caused by the magnetic saturation
could be effectively reduced at the rated torque

FEFERENCES

[1] Toshifurm Morita, Kertam Tori, Horio Truchida, Hivoyuki Ukai, Makots

(2]

(3]
4]

(2]

(5]

Darasaki, Mobuyaki Matan, Jiro Harashi, Nonyuki Ido and Hioosho
shikawra “Decoupling Comtiol of Electric Power Steering System wath
Variable Gear Tramsmission System,” JEEF hduspial Flechowies
TIECON 2006 — 52 fwmal Conference on, pp.5264-5265, Novenher
2008,

Fiong langian, Tang Ziaogi, and Chen Jthong, “4 Kind of Embedded
Electric Powrer Steering System Based on DEP LF407, " Mechatroric and
Brbedded Systans and Spplications, Proceedings af the ™ IEEF/ASME
International Conference on, pp.1-5, fugust 2006,

¥ Shirimy, T Eawai, “ Development of Electic Power Steering™, SAE
Transactions, Hao, 1921-0014,1921

M. 3 Islam, 5. Mir, T. Sebastian, and 5. underarood, “Design
considerations of simisoidally excied permarert-magnet machaines for
lowr-torque-ripple applications,” IFEF Tvans. d Applicat, vol. 4], no. 4,
pp. 955-%02 haly 2005,

P. Mattawelli, L. Tubiana, and M. Zighotto, “Torque-ripple ®duction m
PM synchronous motor dives wsing repetiive ourent comtol™ JEEF

Fiz. 9. Compensation murrent distribution according to ourrert angle.

40
——{6Hm ——12Nm

FIH e 20Mm —e— 3 16Hm
5 4,15Km

o 30y

=

E 25

o

3

k-]

4

&

o

E

o

1] 150 180

0 30

L] m 1
Heatric Angle[']

Fiz. 10, Compensation ourrert distrbution according to a given torque.
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Fiz. 11. Hamonic componeats of compensation currerd.
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Fiz. 12, Compensation strategy m the vector comtioller.
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Fiz. 13. Torque waveformat WA,



