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Objectives:

FE-analysis using JMAG was carried out determining all
relevant characteristics for a (6+6) slot/8 pole, 3 phase
interior permanent magnet (IPM) brushless D.C. motor
considered as a proper candidate for an automotive actuator
application

Experimental analysis is described and the measurement
results are presented and whenever possible compared with
computational results, in order to validate the FEM-
computations for this type of machine
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Outline of presentation:

n Section I. Introduction.

= Section II. IPM BLDC.
A. Defining the case study.
B. Materials, construction and manufacturing technologies.

=  Section III. FEM characterization of BLDC using JMAG.
A. Cogging torque calculation.
B. No-load flux linkage and back-emf.
C. Load torque.
D. Computation of inductances.

=  Section IV. Experimental analysis of IPMBLDC.
A. Phase resistance measurement.
B. Phase self and line-to-line inductance measurement.
C. Standstill torque measurement.
D. Phase back-emf measurement.
E. Cogging torque measurement.
F. Friction and iron loss torque versus speed.

=  Section V. Conclusion. Slide
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I. Introduction

Automotive electric drives — an overview
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I. Introduction

Automotive electric drives — torque-speed demands

Application | Descripiion
1000 - EFAS Electic power assisted
stearing
EAFS Electic assisted frant
EV steering
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E FC-AC Air compressar for fuel
x 10 EPAS -EHAS @ FC-AC cels
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I. Introduction

Steering systems — a classification

Manual steering

mechanical

Power-assisted steering

electrical hydraulical

EPAS-dual-pinion  EPAS-rack EAS-HPAS

Full power steering
(steer-by-wire)

hydraulical electrical

Steering parameters

steering torque (torque assistance)
steering angle (angle assistance)
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I. Introduction

1
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I. Introduction

PMSM-classification based on the shape of back-EMF and excitation currents
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IL.A. Defining the case study.

Schematics of an active front steering system:

4 - front wheel steer angle
I

Motor specification data:

F, - rack stroke force
—>

— - T, =1.14[ Nm|

N hydraulic actuator =N, = 1000[ rpm]
T - swertorque

(TN 6 - seoran - Voo =12[V]

/EI:I]\ electromechanical actuator - 0
e v/ \v T,, - steering wheel steer torque Tcogg —— Eren
Y IO\ s, - steering wheel steer angle - 2p =8
S - rectangular current control
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I1.A. Defining the case study.

Design solution:

- D, =70[mm| - D, =42[mm|
- 9=0.25[mm| - I, =20[mm|
"~ Py =3[ - w,, =13.75[mm|

Motor cross-section  gj4e
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I1.B. Materials, construction and manufacturing
technologies

Winding layout of (6+6) slots/
8 poles machine

Q=6, m=3, 2p=8§,
Ns=6+6, Y||

NN N N .

| 6 1 2 3 4 5 6
| |

N NN ) Stator and rotor
We| Ual Ue| Va| Vel Wal We Ua| Uel Va| Vel Wa .
before assembling

Ua Va Wa
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II1. FEM characterization of BLDC using JMAG

Finite elements mesh
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III. FEM characterization of BLDC.

Magnetic loading
and flux lines
distribution
for the BLDC
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II1.A. Cogging torque calculation.

Cogging Torque (mMNm)
o
!

0 2.5 5 7.5 10 12.5 15

Mechanical angle (deg.)

FEM-calculated
cogging torque

For this topology, the minimization of cogging torque was done directly

without skewing the slots:
T = 7.46[ MNm| < 0.7%!|

max cogging
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II1.B. No load flux linkage and back-emf.

The back-EMF was calculated with:
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II1.C. Load torque
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II1.D. Computation of inductances

The inductance is calculated as a ratio of the flux linkage and the current:
L:Wﬂ
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IV. Experimental analysis of IPMBLDC.

The measurement procedure consists of several tests. These tests
where chosen in order to allow the estimation of machine parameters in a
wide area of variation.

A first classification would subdivide them in standstill or locked-rotor,
and running tests [9].

Whenever possible, the experimental characteristics are compared with
FEM-calculated characteristics, in order to validate the FEM accuracy in
determining the BLDC parameters.
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IV.A. Phase resistance measurement.

Table III.
Resistance measurement results at 20 [°C]

Th'S pI‘OtOtype pl’esentS d Sma” R Dhfference in comparison with mean
asymmetry, 2.73%, of the | [wd Lt
|:_>hase resistances. The line-to- 11571 573 3 500
line resistances have an 11.00
asymmetry of 1.21 %. For the Ry; Difference in comparison with mean
. . . alue.
industrial practice a phase ] b _

. |BAY, VW WU %%
resistance asymmetry of up to 2 225 [ 217 015 08 1o
3% is satisfactory [9]. 21.97

For further parameter estimation the mean values of the phase and line-
to-line resistances will be used.
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IV.B. Phase self and line-to-line inductance

measurement.

The measurement was done using a frequency of 50 Hz for the injected current.
However, the inductances measured with this method are unsaturated values, as

the injected current was very small (40 mApeak).

After measuring the phase self and line-to-line inductances, the mutual

incgls.lctances for the Y-phase connection can be calculated with the formula:
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IV.C. Standstill torque measurement.
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IV.D. Phase back-emf measurement.

The measurements were done running the machine as generator with open

phases.
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IV.E. Cogging torgue measurement.
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IV.F. Friction and iron loss torque versus speed.

0 1000 2000 3000 4000 5000 6000

Measured iron and friction
losses torque vs. speed

TIron+Friction:f(n)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

—————————————————————————————————————————————————————

Iron and friction losses torque (mNm)

-70
Speed (rpm)
In order to separate the two torque components a measurement of the
friction loss torque versus speed must be carried out. This would be
possible only if the permanent magnets were removed from the rotor [9].
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Conclusion

The IPM BLDC was considered as a proper candidate for an automotive
actuator, due to the following advantages:

e concentrated coils, which provide lower copper losses [1], and lower
manufacturing costs

e a very low cogging torque obtained directly without skewing the slots

e a simplified production of the rotor in comparison with surface PMSM, due
to the simple shape and fixture of the permanent magnets.

A comparison between FEM-calculated and measured parameters of an
interior permanent magnet BLDC motor was presented. This comparison
was done in order to validate the FEM-calculated parameters of the motor.
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