U.S. Department of Energy

FreedomCAR and Vehicle Technologies, EE-2G
1000 Independence Avenue, S.W.

Washington, D.C. 20585-0121

FY 2005

INTERIOR PERMANENT MAGNET RELUCTANCE
MACHINE WITH BRUSHLESS FIELD EXCITATION

Prepared by:
Oak Ridge National Laboratory

Mitch Olszewski, Program Manager

Submitted to:

Energy Efficiency and Renewable Energy
FreedomCAR and Vehicle Technologies
Vehicle Systems Team

Susan A. Rogers, Technology Development Manager

September 2005



OAK RIDGE ORNL/TM-2005/222
NATIONAL LABORATORY

MANAGED BY UT-BATTELLE
FOR THE DEPARTMENT OF ENERGY

Engineering Science and Technology Division

INTERIOR PERMANENT MAGNET
RELUCTANCE MACHINE WITH
BRUSHLESSS FIELD EXCITATION

R. H. Wiles
C. L. Coomer
J. S. Hsu

Publication Date: September 2005

Prepared by the
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37831

managed by
UT-BATTELLE, LLC
e for the
UT-BATTELLE U.S. DEPARTMENT OF ENERGY

B Under contract DE-AC05-000R22725



This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States Government
or any agency thereof.




TABLE CONTENTS

Page
LIST OF FIGURES ...ttt bttt ii
LIST OF TABLES ...ttt ettt e e e vii
ACROYNMS .ttt ettt e bt e b et et e e ehe e et e e ek e eemb e e sbeeanbeenbeeanreas viii
INTRODUGTION ...ttt ettt b e sb e be e e e e e abeeaneeenree e 1
BACKGROUND ...ttt ettt b e e et e e s et e bt e e sb e e beesnneenneeannas 1
DESIGN DESCRIPTION OF THE RIPM-BFE MACHINE.........ccooiiiiieeee, 1
PERFORMANCE DATA OF THE 0.100 INCH MAGNET ROTOR.......cccccoiiiiiiieiieeiee 9
PERFORMANCE DATA OF THE 0.240 INCH MAGNET ROTOR.......ccccooiiiiiiieiieie 20
CONCLUSIONS. ...ttt e b e e bb e e bt e s b b e et e e s be e et e e sbeeenbeenbeeenne e e 53
DISTRIBUTION. ...ttt ettt b et e e b et et e e s ae e et e e sbe e e ne e nnneenes o4



Figure

Boovouob~rwnrk

12

13

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

30

31

32

33

LIST OF FIGURES

Page
RIPM-BFE rotor [amination ..........c.cooiiiiiiiiieesie e 2
RIPM-BFE stator and THS 1 STAtOr ..........cooiiiiiiiiieseseneee e 3
RIPM-BFE motor exCitation COil.........coooiiiiiiiiiic s 4
RIPM-BEFE FOTOF ...t 4
ASSemMbled RIPM-BFE FOTOF.........ccoiiiiiiiieiieeie et 5
Comparison of THSII rotor to RIPM-BFE rotOr ..........cccovveviiiieiiecc e 6
RIPM-BFE motor housing with excitation coil and spray ring...........cccceeeeneeinnnens 7
Air-gap flux density distribution of RIPM-BFE 2.5 inch core-length motor ............ 8
Air-gap flux density distribution of THSII 3.3 inch core-length motor .................... 8
Back-emf at 2000 rpm, phase-to-neutral reading with no field weakening/
BNNANCEMENT ...ttt ettt e b et e bt e be e besneesbeebennee e 9
Back-emf at 1500 rpm, phase-to-neutral reading with no field weakening/
BNNANCEMENT ...ttt et e b e e b e bt e be e besseesbeebennee e 10
Back-emf at 1000 rpm, phase-to-neutral reading with no field weakening/
BNNANCEMENT ... ittt et e e b e bt e be e besseesbeenbennee e 10
Back-emf at 500 rpm, phase-to-neutral reading with no field weakening/
BNNANCEMENT ... ittt et e st e b e b e st e be e be s s e nbeeeennee e 11
Back-emf with field weakening 500 rpm, 200 Vdc, and 4.5 AdC .........cccccvevveciienenn. 11
Back-emf with field weakening 1000 rpm, 200 Vdc, and 4.49 AdC .........cccccverueennene 12
Back-emf with field weakening 1000 rpm, 113.98 Vdc, and 2.5 AdC ........ccccvue.... 12
Back-emf with field weakening 1500 rpm, 200 Vdc, and 4.51 AdC .........cccccvereennnne 13
Back-emf with field weakening 1500 rpm, 113.74 Vdc, and 2.56 Adc .................... 13
Back-emf with field weakening 2000 rpm, 200 Vdc, and 4.54 AdC. ........c.cccveeueenene 14
Back-emf with field weakening 2000 rpm, 113.97 VVdc, and 2.57 AdC ........cccueneee. 14
Back-emf with field enhancement 500 rpm, 200 Vdc, and 4.8 AdC..........ccccoveeurenene 15
Back-emf with field enhancement 500 rpm, 102 Vdc, and 2.4 AdC..........ccccevruennee. 15
Back-emf with field enhancement 1000 rpm, 200 Vdc, and 4.7 AdC........c..ccceuveneee 16
Back-emf with field enhancement 1000 rpm, 104 Vdc, and 2.5 AdC..........ccccruenee. 16
Back-emf with field enhancement 1500 rpm, 200 Vdc, and 4.7 AdC...........cccevvenee 17
Back-emf with field enhancement 1500 rpm, 101 Vdc, and 2.3 AdC..........ccceruenee. 17
Back-emf with field enhancement 2000 rpm, 200 Vdc, and 4.7 AdC........c..ccceuvenee 18
Back-emf with field enhancement 2000 rpm, 103 Vdc, and 2.4 AdC............cccuenvee. 18
0.240 in. thick magnet rotor back-emf at 500 rpm without field
WeEaKeniNg/ENNANCEMENT ..........oiiiiieie e 21
0.240 in. thick magnet rotor back-emf at 1000 rpm without field
WeEaKeniNg/ENNANCEMENT .........ooiiiiiee e 21
0.240 in. thick magnet rotor back-emf at 1500 rpm without field
WeEaKeniNg/ENNANCEMENT ..........oiiiiiee e 22
0.240 in. thick magnet rotor back-emf at 2000 rpm without field
WeEaKeniNg/ENNANCEMENT ..........oiiiiiee s 22
0.240 in. thick magnet rotor back-emf at 500 rpm with field weakening
L o oSSR 23



Figure
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

54

LIST OF FIGURES (cont’d)

Page
0.240 in. thick magnet rotor back-emf at 500 rpm with field weakening
AL 2 AGC ..ttt 23
0.240 in. thick magnet rotor back-emf at 500 rpm with field weakening
AL 3 AUC ..ttt 24
0.240 in. thick magnet rotor back-emf at 500 rpm with field weakening
AL AGC ...ttt 24
0.240 in. thick magnet rotor back-emf at 500 rpm with field weakening
AES AGC ..t 25
0.240 in. thick magnet rotor back-emf at 1000 rpm with field weakening
AL L ADC ..t b bbbttt e 25
0.240 in. thick magnet rotor back-emf at 1000 rpm with field weakening
AL 2 AGC ..ttt 26
0.240 in. thick magnet rotor back-emf at 1000 rpm with field weakening
AL 3 AUC ..t 26
0.240 in. thick magnet rotor back-emf at 1000 rpm with field weakening
AL AGC ...ttt nas 27
0.240 in. thick magnet rotor back-emf at 1000 rpm with field weakening
AES AUC ..t es 27
0.240 in. thick magnet rotor back-emf at 1500 rpm with field weakening
AL L ADC ..ottt 28
0.240 in. thick magnet rotor back-emf at 1500 rpm with field weakening
AL 2 AGC ..ttt 28
0.240 in. thick magnet rotor back-emf at 1500 rpm with field weakening
LG 1 o oSSR 29
0.240 in. thick magnet rotor back-emf at 1500 rpm with field weakening
L 3 o oSSR 29
0.240 in. thick magnet rotor back-emf at 1500 rpm with field weakening
L o oSSR 30
0.240 in. thick magnet rotor back-emf 2000 rpm with field weakening at
o oSS PRTR SRS 30
0.240 in. thick magnet rotor back-emf 2000 rpm with field weakening at
72 o [ oSSR 31
0.240 in. thick magnet rotor back-emf 2000 rpm with field weakening at
K3 o (oSSR 31
0.240 in. thick magnet rotor back-emf 2000 rpm with field weakening at
o (oSSR 32
0.240 in. thick magnet rotor back-emf 2000 rpm with field weakening at
S Vo Lo USSR 32
0.240 in. thick magnet rotor back-emf at 500 rpm with field enhancement
L o oSSR 33
0.240 in. thick magnet rotor back-emf at 500 rpm with field enhancement
LA o oSSR 33



Figure
95
56
o7
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

75

LIST OF FIGURES (cont’d)

Page
0.240 in. thick magnet rotor back-emf at 500 rpm with field enhancement
AL 3 AUC ..ttt 34
0.240 in. thick magnet rotor back-emf at 500 rpm with field enhancement
AL AGC ...ttt 34
0.240 in. thick magnet rotor back-emf at 500 rpm with field enhancement
AES AGC ..t 35
0.240 in. thick magnet rotor back-emf at 1000 rpm with field enhancement
AL L ADC ..ttt 35
0.240 in. thick magnet rotor back-emf at 1000 rpm with field enhancement
AL 2 AGC ..ttt 36
0.240 in. thick magnet rotor back-emf at 1000 rpm with field enhancement
AL 3 AUC ..ttt 36
0.240 in. thick magnet rotor back-emf at 1000 rpm with field enhancement
AL AGC ...ttt 37
0.240 in. thick magnet rotor back-emf at 1000 rpm with field enhancement
AED ALC ..t eas 37
0.240 in. thick magnet rotor back-emf at 1500 rpm with field enhancement
AL L ADC ..ttt 38
0.240 in. thick magnet rotor back-emf at 1500 rpm with field enhancement
AL 2 ADC ..ttt 38
0.240 in. thick magnet rotor back-emf at 1500 rpm with field enhancement
AL 3 AGC ..ttt 39
0.240 in. thick magnet rotor back-emf at 1500 rpm with field enhancement
L 3 o oSSR 39
0.240 in. thick magnet rotor back-emf at 1500 rpm with field enhancement
L o oSSR 40
0.240 in. thick magnet rotor back-emf at 2000 rpm with field enhancement
L o oSSR 40
0.240 in. thick magnet rotor back-emf at 2000 rpm with field enhancement
LA o oSSR 41
0.240 in. thick magnet rotor back-emf at 2000 rpm with field enhancement
LG 1 o oSSR 41
0.240 in. thick magnet rotor back-emf at 2000 rpm with field enhancement
L 3 o oSSR 42
0.240 in. thick magnet rotor back-emf at 2000 rpm with field enhancement
Lo o oSSR 42
RIPM-BFE locked rotor torque vs. rotor angular position without field
eNhanCeMENT/WEAKENING ......co.oiiiiiiiiee s 51
RIPM-BFE locked rotor torque vs. rotor angular position with 5 amps
Field BNNANCEMENT .......oiie et ee e 51
RIPM-BFE locked rotor torque vs rotor angular position with 5 amps
FIEId WEAKENING ....ee e 52



LIST OF FIGURES (cont’d)
Figure Page

76 Comparison of PM torque components and peak-torque components between
2.5 in. ORNL machine and 3.3 in. THSIHI Machine .........cccccceevveiiieeiic e 52

Vi



Table

O© oo ~NO o1 b

10

11

12

13

14

15

16

17

18

LIST OF TABLES

Mechanical losses on 0.100 in. magnet rotor with field weakening at

2000 TP L. e e nnr e e bre e arre e
Mechanical losses on 0.100 in. magnet rotor with field enhancement at

2000 TP L.t e e nrb e e nre e rre s
Mechanical losses on 0.240 in. magnet rotor at 500-2000 rpm without field
eNhaNCEMENT/WEAKENING .......eivieiieie ettt et e e e
Locked rotor torque of RIPM-BFE motor at 50 amps dc stator current..................
Locked rotor torque of RIPM-BFE motor at 100 amps dc stator current................
Locked rotor torque of RIPM-BFE motor at 150 amps dc stator current................
Locked rotor torque of RIPM-BFE motor at 200 amps dc stator current................
Locked rotor torque of RIPM-BFE motor at 250 amps dc stator current................
Locked rotor torque of RIPM-BFE motor at 50 amps dc stator current

with 5 amps field excitation (ENNANCE) ........ocviieiiriiiie e
Locked rotor torque of RIPM-BFE motor at 100 amps dc stator current

with 5 amps field excitation (ENNANCE) ........ooviiiiiiiiiiereee s
Locked rotor torque of RIPM-BFE motor at 150 amps dc stator current

with 5 amps field excitation (ENNANCE) ........ocveiiiiiiiiie e
Locked rotor torque of RIPM-BFE motor at 200 amps dc stator current

with 5 amps field excitation (ENNANCE) ........ccveieiiiiiiie e
Locked rotor torque of RIPM-BFE motor at 250 amps dc stator current

with 5 amps field excitation (ENNANCE) ........ocviiiiiiiiiie e
Locked rotor torque of RIPM-BFE motor at 50 amps dc stator current

with 5 amps field excitation (WeaKEeN) ..........cccevveiieiieii e
Locked rotor torque of RIPM-BFE motor at 100 amps dc stator current

with 5 amps field excitation (WEaKEeN) ..........ccevvevieiieiieie e
Locked rotor torque of RIPM-BFE motor at 150 amps dc stator current

with 5 amps field excitation (WeaKen) ..........cccevvevieiieiieie e
Locked rotor torque of RIPM-BFE motor at 200 amps dc stator current

with 5 amps field excitation (WeaKeN) ..........ccevveiieiiieiieie e
Locked rotor torque of RIPM-BFE motor at 250 amps dc stator current

with 5 amps field excitation (WEaKEeN) ..........ccevveiieiieiieie e

vii

Page



amp
dc

emf

IPM
ORNL

PM

rpm

THSII
RIPM-BFE

ACRONYMS

ampere
direct current

electromotive force

interior permanent magnet

Oak Ridge National Laboratory
permanent magnet

revolutions per minute

Toyota Prius Hybrid System (2005)
Reluctance Interior Permanent Magnet
with Brushless Field Excitation

viii



INTRODUCTION

In a conventional permanent magnet (PM) machine, the air-gap flux produced by the PM is
fixed. It is difficult to enhance the air-gap flux density due to limitations of the PM in a series-
magnetic circuit. However, the air-gap flux density can be weakened by using power electronic
field weakening to the limit of demagnetization of the PMs. This paper presents the test results
of controlling the PM air-gap flux density through the use of a stationary brushless excitation
coil in a reluctance interior permanent magnet with brushless field excitation (RIPM-BFE)
motor. Through the use of this technology the air-gap flux density can be either enhanced or
weakened. There is no concern with demagnetizing the PMs during field weakening. The
leakage flux of the excitation coil through the PMs is blocked. The prototype motor built on this
principle confirms the concept of flux enhancement and weakening through the use of excitation
coils.

BACKGROUND

The RIPM-BFE was invented at the Oak Ridge National Laboratory (ORNL). It offers a high
torque per ampere (amp) by using a brushless excitation coil to enhance the flux. The motor
eliminates the system need for a dc/dc boost converter at medium and high speeds. The core loss
of the motor is low because the flux can be weakened through the excitation coil.

DESIGN DESCRIPTION OF THE RIPM-BFE MACHINE

The electro-mechanical simulation was completed on the RIPM-BFE showing positive results on
the overall design characteristics as well as the ability to weaken/enhance the magnetic flux of
the machine. Two simulations were performed, one with a magnet thickness of 0.100 in. to
simulate a more cost effective way to produce the motor in a high volume manufacturing
environment. The second simulation was made with the same magnet material but a magnet of
0.240 in. thickness which would produce a higher-torque output on the machine, but would be
more costly to produce in a high volume manufacturing environment. Engineering drawings
were completed and sent to both ORNL and outside fabrication facilities for manufacturing.

Magnets for the RIPM-BFE rotor were fabricated by vendors outside of ORNL. The two
different magnet thicknesses were specified and two different rotors were fabricated with the
same rotor punchings.

The rotor laminations were designed to closely match the electro-mechanical simulated
lamination design as seen in Fig. 1. These laminations were fabricated from 0.014 in. thick
coated silicon steel (29 Ga. M19 C5 non-oriented fully processed). The laminations were
fabricated with a diameter identical to that of the 2005 Toyota Prius Hybrid System (THSII)
drive system motor. The rotor inner diameter was modified from that of the Prius in order to
incorporate the magnets.



Rivet Pin
Thru Hole

Fig 1. RIPM-BFE rotor lamination.

The stator used in the RIPM-BFE is a thinner version of the THSII traction drive motor as seen
in Fig. 2. The stator lamination stack was reduced to a final thickness of 2.5 inches. The stator
was re-wound and inductance and resistance measurements were recorded between each phase of
the windings. This would ensure an electrically balanced stator for use in the RIPM-BFE
machine.

The excitation coils were fabricated at ORNL. Each of the two coils were fabricated from
20 gauge class “H” magnet wire and contained 880 turns each. To check the electrical balance
of each coil, a resistive measurement was taken. The coils had a resistance of 19.30 and
19.37 ohms respectively. Figure 3 shows the finished excitation coils.



THSII stator

RIPM-BFE stator

Fig. 2. RIPM-BFE stator and THSII stator.



Fig. 3. RIPM-BFE motor excitation coils.

The rotor laminations were placed over the rotor hub and mechanically fastened to the hub using
the aluminum *“spider” shown in Fig. 4. Four non-PM pole pieces were placed equally spaced
around each face of the rotor in the spider slots (Fig. 4). Additionally, the laminations were
compressed together using a non-PM pole piece and a “rivet-pin”. This pin passed through the
laminations and was held in position with screws passing through the non-PM pole piece. The
0.100 in. thick pole magnets were placed at the locations shown in Fig. 4 and then held in
position with the magnet retaining ring (see Fig. 5).

Rivet pin
P Non-PM pole
pieces
Aluminum spider
Pole magnet
locations

Fig. 4. RIPM-BFE rotor.
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Fig. 5. Assembled RIPM-BFE rotor.

The 0.100 in. thick magnets were placed axially in the lamination slots and all side-pole and
axial-lamination magnets were fixed in place with Master Bond Supreme 10HT epoxy. The
epoxy was baked at 100°C for a minimum of 4 hours to facilitate the curing process but not at a
high enough temperature to de-magnetize the PMs. Once the rotor was assembled, it was
returned to the fabrication shop and each face of the rotor was trued. Non-magnetic material was
machined and used as a retaining ring and placed around the circumference of each of the rotor
faces with a 0.010 in. interference fit. This ring was used to prevent the pole magnets from being
slung out in the event that the epoxy failed during operation. Mechanical measurements were
made at each of the eight mechanical fastening positions and recorded. The mean thickness of
the assembled rotor was 3.515 inches. See Fig. 6 for a comparison of the RIPM-BFE rotor to the
THSII rotor.



THSII rotor

RIPM-BFE rotor

Fig. 6. Comparison of THSII rotor to RIPM-BFE rotor.

The motor housings were assembled with spray rings mounted along the inside diameter at the
top edge of both the excitation coil and the stator windings as shown in Fig. 7. These spray rings
will enable cooling oil to be pumped through the motor and sprayed directly onto both the
excitation coil as well as the stator windings. The cooling oil will then be gravity fed to the
bottom of the motor and pumped through a heat exchanger. Future tests will incorporate R134a
as a coolant in the heat exchanger for cooling the oil, which is utilized to cool the windings



Spray

Excitation ;
ring

coil

Fig. 7. RIPM-BFE motor housing with excitation coil and spray ring.

After inserting the stator and rotor into the motor housing, the radial gap between the two was
measured. A total of 0.028 in. of radial gap was present. Gauss measurements were taken to
record the radial air-gap magnetic flux at each stator tooth. These measurements revealed that
the rotor magnetism was uniform and all magnets were in their proper orientation. The
following figures show the comparison of the air-gap flux densities between the ORNL 0.240 in.
thick magnet motor without field excitation and the THSII motor. The maximum air-gap flux
density of the ORNL motor is 1.27 Tesla which is 1.63 times the THSII’s 0.78 Tesla flux
density. The axial air gap was measured between the magnetic retaining ring on the rotor face
and the motor housing. Each side of the rotor had an air gap of 0.067 inches. Figures 8 and 9
represent the air-gap flux density of the ORNL RIPM-BFE motor and the THSII motor.
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Fig. 9. Air-gap flux density distribution of THSII 3.3 in. core-length motor.



PERFORMANCE DATA OF THE 0.100 INCH MAGNET ROTOR

The RIPM-BFE motor containing the 0.100 in. thick magnet rotor was instrumented to record the
back-electromotive force (emf) of each phase of the motor. Each phase was read from phase to
neutral. The motor was coupled to the dynamometer and driven at revolutions per minute (rpm)
set-points of 500, 1000, 1500, and 2000. The back-emf was measured on each phase of the
motor and the results were recorded. These measurements will be used for checking
demagnetization in the future. Back-emf was also recorded at each rpm set-point while both
“enhancing” and “weakening” the magnetic field. The test parameters for each enhancement and
weakening measurement were: 500, 1000, 1500, and 2000 rpm; 2.5 Adc; and 5.0 Adc or a
maximum of 200 Vdc. Additionally, the mechanical losses were recorded (in Nm) at 1.0 Adc
increments up to 5.0 Adc or a maximum of 200 Vdc. The mechanical losses were recorded at
2000 rpm in both the enhancement and weakening state. Data recorded is presented in Figs. 10—
28.

YOKOGAWA Uover: 2ons S5HS-=
CH1 1Z20Upk Iover: Zons SHS-=
Element1 ElenentZ Element3 Elementd ZA Z B
UrnsL[y 1 43.17 45.15 44 .35 0.00 44 22 8.98
Umn [U 1 47 .21 44 95 44 .63 0.00 43 .73 9.00
Udc [V 1 6.31 1.89 —4.40 —6.,00 1.27 -6.00
Uac [V 1 47 .70 45.11 44 .13 9.00 43 .98 a.00
IrmsLa 1 a.79 a.78 8.00 8.900 a.52 8.000
Inm [A 1 9.68 9.63 0.00 0.000 944 0.000
Idc [A 1 8.36 a.12 8.16 8.906 a.z21 8.006
Iac [A 1 8.7 Q.77 0.90 9.900 @.49 9.000
P [W 1 8.002k a.000k -0.001k a.9000k a.002k a.0000k
5 a 1 8.0934k a.6835k a.000k 8.9000k a.069k 8 .0000k
A [var 1 6 .634k 8.835k 0.000k 0. 0000k 0.069k 0 .0000k
A L 1 0.6722 0.0116 Error Error a.6367 Error
CHZ 1zo.0-Y
CHS .....0... 1 1
CH7 200,00

Stopped 438 ' | ' ' Z005,/00,18 12:52:44

Fig. 10. Back-emf at 2000 rpm, phase-to-neutral reading with no field weakening/enhancement.



YOKODGAWA Uover: 20ns S5M3/s
CH1 128Upk Iover: Zens SHS/s
Elenentl ElementZ Element3 Element4 ZA ZB
Urns[V ] 33.18 33.18 33.18 0.00 33.18 9.00
Urm [V 1 3Z2.80 3Z2.80 32.81 0.00 3Z2.80 0.00
Udc [V 1 0.02 0.01 0.01 -0.08 9.81 -8 .08
Uac [V 1 33.18 33.18 33.18 0.00 33.18 Q.60
IrnsLA ] 0.80 0.78 0.00 9.000 8.53 9.000
Imm L[A ] 8.7 0.64 0.00 9.000 8.45 9.000
Idc [A 1 9.38 8.12 0.20 a.005 8.23 a.005
Iac [A 1 8.71 0.78 0.00 a.000 8.49 a.000
P W 1 0.000k -0 . 000k 0.000k 0.0000k 0.000k 0.0000k
5 va 1 0.027k 0.026k 0.008k 0. 0008k a.053k 0. 0008k
Q [var 1 0.027k 9.026k 9.008k 0.0008k 8.053k 0 .0008k
A [ 1 0.0080 -0.0019 Error Error 0.0043 Error
CHZE 1z0,0
EHSPPPITErTT 0 T
CHT 200,00

Rumming 5

2005-08-189 12:53:36

Fig. 11. Back-emf at 1500 rpm, phase-to-neutral reading with no field weakening/enhancement.

YOKOGAWA Uover: 40ns  2.5MS-s
CH1  1Zeupk [over: 40ns 2 .5MS-s
Elementl ElementZ Element3 Element4 ZhA ZB
Urms[V 1 Z21.55 Z2.20 £2.53 0.00 £2.09 0.00
Um [V 1 Z1.65 22.05 Z22.43 0.00 Z21.84 0.00
Udc [V 1 3.20 Z2.10 -1.07 -0.00 1.41 -0.00
bac [V 1 Z1.31 ZZ.1@ Z2.51 0.00 £1.97 0.00
IrmslA 1 8.79 0.79 0.00 0.000 8.53 0.000
Imm [A 1 9.69 0.64 0.00 0.000 9.44 0.000
Idc [A 1 .37 6.13 0.20 0.005 6.23 6.005
Iac [A 1 9.70 6.78 0.00 0.000 9.49 0.000
P W 1 o6.801k 0.000k -0.000k 6. 0000k 6.001k 0.0000k
3 a1 ©6.817k 09.017k 0.000k 0. 0000k 0.035k 0. 0000k
g [var 1 ©6.817k 09.017k 0.000k 0. 0000k 0.035k 9. 0000k
AL 1 ©.6689 0.0193 Error Error 0.0376 Error
CHE 120004
CHZ . ... .. ]
CHT 200,00

Stopped 22

2005-08-18 12:55:58

Fig. 12. Back-emf at 1000 rpm, phase-to-neutral reading with no field weakening/enhancement.
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YOKOGAWA Uover: Zaegms 500kS-s

CH1 126Upk Iover: 200ms  500kS-/=
Elementl Element2 Element3 Elenent4 ZA

Urns [V 1 11.04 16.95 11.15 0.00 11.685
Urm [V 1 16.93 16.79 11.65 0.00 16.92
udc [V 1 0.48 8.62 8.15 0.00 9.42
vac [V 1 11.63 16.94 11.15 0.00 11.64
Irms[A 1 a.79 a.78 0.68 0.000 8.53
Imn [A 1 8.69 0.64 0.08 0.000 Q.44
Idc [A 1 8.36 0.12 9.18 0.004 0.22
Iac [A 1 0.70 8.78 9.08 0.000 9.49
P [ 1 9 .000k 0. 000k 0 .000k 0. 0000k 0. 000k
3 Va 1 9.009k 0.009k 0 .000k 0. 0000k 0.017k
Q [var 1 9.009k 0.009k 0.000k 0.0000k 0.017k
A [ 1 ©6.0185 9.0084 Error Error 9.0149

CH3 1z20.0-W

CHS .....0... 1

CHT 200,00

Stopped 7 2005-08-18 12:56:50

Z B
0.00
0.00
0.00
0.00

0.000

0.000

0.004

0.000

0.0000k
0.0000k
0.0000k

Error

Fig. 13. Back-emf at 500 rpm, phase-to-neutral reading with no field weakening/enhancement.

YOKOGAWA Uover: Zaegns 500kS-/s
CH1 1Z26Upk Iover: Z00ns  500kS/s
Elementl Element2 Element3 Element4 ZA

Urns[v 1 6.78 6.71 6.80 199.49 6.74
Umn [V 1 6.61 6.63 6.75 221.47 6.66
Udc [V 1 9.34 9.34 9.81 -199.40 8.23
Uac [V 1 6.69 (.78 6.8 @.18 6.73
IrnsLA 1 9.78 9.78 9.0 4.519 8.49
Imm [A 1 0.68 9.61 0.0 5.019 0.40
Idc [A 1 0.32 0.08 8.21 -4.519 0.20
Iac [A 1 0.62 a.77 0.0 0.023 0.46
P W 1 0. 000k 0. 000k 0 .000k 0.9818k 0 .00ak
5 va 1 0. 005k 0.005k 0 .000k 0.9818k 8.01ak
Q [var 1 0. 005k 0,005k 0. 000k 0.0047k 0.010k
A [ 1 0.9252 0 .0038 Error 1.6060 8.6139

CHT L2000

CHS co-lz0aocu : : : : : : :

BH - - S R R SooRaanas Samaoaans Samanoaas Saamaoas Somanaanas Samamoaans Samanoaaas
Stopped 48 2005-08-18 14:20:50

ZB
199 .40
221.47

-199.40
6.18

4.519

5.019
-4.519

0.023
6.90106k
6.90106k
0.0047k
1.0000

Fig. 14. Back-emf with field weakening 500 rpm, 200 Vdc, and 4.5 Adc.
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YOKOGAWA Uover : 40ms  Z.5M5-8

CH1  1ZeVpk  Iover: 40ms  Z.5M5-3
Elementl ElementZ Element3  Element4 ZA ZB
Urms[U 1 13.64 13.21 13.81 199.78 13.55 199.78
Umm [V 1 13.55 12.92 13.74 £21.90 13.41 221.99
Udc [V 1 -1.21 -1.9?7 -8.75 -199.78 -1.31 -199.78
ac [V 1 13.58 13.66 13.79 0.186 13.48 6.18
IrmsfA 1 9.70 0.80 0.00 4.490 0.50 4.490
Imn [A 1 9.60 0.64 0.00 4.987 0.41 4.987
Idc [A 1 .33 0.06 0.20 -4.490 0.20 -4.490
Iac [A 1 0.62 9.79 0.00 0.024 0.47 0.024
F W 1 -0.000k —-0.000k —-0.000k 6.8970k —0.001k 8.8970k
3 [va 1 06.910k 6.011k a.000k 6.8970k 0.0620k 8.8970k
Q [var 1 ©6.010k 0.011k 9.000k 0.0048k 0.020k 0 .0048k
A L 1 -0.9422 -0.9132 Error 1.0000 -0.0352 1.0000

CHT Co=zZ00L 0y

CHS co-lz0aocy : : : : : : :

EHE - - A R A Sanamnooa: Sanaanacas Sanasandat Sanannaoa SaaanaaAas Ganamandat Sanannaac
Stopped 29 2005-08-18 14:25:17

Fig. 15. Back-emf with field weakening 1000 rpm, 200 Vdc, and 4.49 Adc.

YOKOGAWA Uover : 40ms  Z.5M5-3
CH1 1ZeVpk  Iover: 40ns  2.5M3-s
Elementl ElementZ Element3  Elementd A =B

Urms[V 1 14.47 14.57 13.95 113.98 14.33 113.98
Umm [V 1 14.39 14.52 13.62 126.60 14.18 126.66
Udc [V 1 1.18 -0.92 -2.09 -113.98 -6.61 -113.98
ac [V 1 14.42 14.54 13.80 0.15 14.25 0.15
IrmslA 1 9.69 9.77 0.00 Z.524 0.49 Z.524
Imn [A 1 .59 08.61 0.00 Z.803 0.40 Z.803
Idc [A 1 9.31 6.69 6.1?7 -2.524 6.19 -2.524
Iac [A 1 9.62 8.7? 06.00 0.624 0.46 0.024
F W 1 o©.000k -0.000k -0.000k 0.2877k 0.000k 9.2877k
3 A 1 o©.010k 0.011k 9.000k 0.2877k 0.021k 9.2877k
 [var 1 ©6.010k 0.011k 9.000k 0.0027k 0.021k 9.0027k
A L 1 0.9426 -0.0060 Error 1.0000 9.0010 1.0000

tHs -1zo.oov

EHE - LI | B LR ......... ......... ......... ......... ......... ......... .........
Stopped 44 ' ' ' ' 7005,00,18 14:27:45

Fig. 16. Back-emf with field weakening 1000 rpm, 113.98 Vdc, and 2.5 Adc.
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YOKDGAWA Uover: 40ns  2.5M5-%

CH1  1Zeupk [over: 40ns 2 .5MS-s
Elementl ElementZ Element3 Element4 ZhA

Urms[V 1 20.34 £0.36 £0.36 200 .18 £0.35
Um [V 1 20.10 20.15 20.13 222 .34 20.13
Udc [V 1 9.01 6.01 9.01 -200 .18 .01
bac [V 1 Z0.34 Z20.36 Z0.36 0.18 Z£0.35
IrmslA 1 9.69 0.77 0.00 4.519 9.49
Imm [A 1 9.60 0.60 0.00 5.619 0.40
Idc [A 1 9.32 0.06 8.17 -4.519 6.19
Iac [A 1 8.61 8.76 0.00 0.624 0.46
P W 1 o.000k 0.000k -0.000k 0.9645k 0.000k
3 [ua 1 ©6.014k 0.016k 0.000k 0.9645k 0.030k
g [var 1 ©6.014k 0.016k 0.000k 0. 0048k 0.030k
AL 1 ©.6013 0.0055 Error 1.0000 0.0030

CH7? Co=20n. 0

CHS co-lz0o0cd : : : : : : :
CH3. ..... _lzu_uu ........ LELELEEEL ELLELEEEE LELELELEL LLLELEEEL LELEEEELL LELELEEEL EELLELEEEE
Rumming 18 Z065-08-18 14:36:18

ZB
200.15
222.34

-200.18
0.18

4.519

5.019
-4.519

0.024
8.9045k
9.9945k
9.0048k
1.0000

Fig. 17. Back-emf with field weakening 1500 rpm, 200 Vdc, and 4.51 Adc.

YOKOGAWA Uover: 40ms  Z.5M5-=
CH1 1Z20Upk Iover: 40ns  Z2.5MS-s
Elementl Element2 Element3 Element4 A
Urms[v 1 21.45 Z1.46 Z21.47 113.74 Z1.46
Umn [V 1 21.21 21.25 Z21.23 126.34 Z21.23
Udc [V 1 6.91 8.91 6.01 -113.74 06.91
Uac [V 1 21.45 21.46 21.47 a.15 21.46
IrmsLA 1 6.70 a.76 8 .00 Z.563 0.49
Immn L[A 1 8 .60 8.60 8 .00 Z.846 0 .40
Idc LA 1 6.32 6.08 6.17 -Z.563 6.19
Iac [A 1 8 .62 a.76 8 .00 a.024 0. 46
P [y 1 -9._6000k -0 . 000k 0 ._000k a._2915k -0 .800k
5 va 1 6.915k @.016k 0 .000k a.2915k G.931k
1] [var 1 8.915k @.016k a.008k 8 .0028k a.931k
A L 1 -6.86824 -8 .0046 Error 1.9066 -8 .0825
CHZ 120,04
CHZ ......... T
CH7 200,00

Stopped 24 2005-08-18 14:38:24

Fig. 18. Back-emf with field weakening 1500 rpm, 113.74 VVdc, and 2.56 Adc.
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YOKOGAWA Uover: 40ms  2.5M5-s
CH1 126Upk Iover: 40ms  2.5MS5-/s
Elementl Element2 Element3 Elenent4 ZA
Urns [V 1 27.82 26 .98 27.595 200 .97 27.18
Urm [V 1 26.63 26 .62 27 .42 223.22 Z6.89
udc [V 1 -1.89 8.98 Z2.008 -200 .97 9.60
vac [V 1 27 .00 Z6 .96 27 .48 0.18 27.14
Irms[A 1 0.69 a.76 0.00 4 .540 a.48
Imn [A 1 0.60 a.60 0.00 5.043 a.40
Idc [A 1 8.32 a.066 8.19 -4.5408 a.19
Iac [A 1 8.61 a.76 9.96 8.823 8.46
P [ 1 -0.900k 8.000k 8.000k 8.9124k 8.000k
S va 1 8.919k 8.021k 8.000k 8.9124k 8.039%
Q [var 1 8.019k 8.021k 8.000k 0.0048k 8.039%
A [ 1 -6.01838 9.0001 Error 1.0000 9.0018
CH3 120,04
CHS .....0... 1 1
CHT 200.05'.}

Stopped 29

7005,08,18 14:41:59

Z B
200 .97
223.22

-2009 .97
9.18

4 .540

5.843
-4 .540

0.0823
8.9124k
8.9124k
0.0048k
1.0000

Fig. 19. Back-emf with field weakening 2000 rpm, 200 Vdc, and 4.54 Adc.

YOKOGAWA
CH1

Urns[U
Umn [V
Udc [V
vac [V
IrmsLA
Imn [A
Idc [A
Iac [A
P W
3 VA
Q [var
A

126Upk

Uover:

Elementl
28.28
27.87
-6.69
28.27

0.70

a.
6.33
a.
—0.000k
0.020k

0.020k
-0.6691

Iover:

Elementz
28.94
28.82
—-Z.85
28.87

0.76

a.
6.08
a.
—0.000k
0.022k

0.022k
-0.0140

Element3
28.52
28.14
-1.34
28.49

0.00

6.
6.17
a.
—0.000k
9.000k

9 .00k
Error

40ns  2.5M3-3
40ns  2.5M3/s

Element4
113.97
126.59

-113.97

.15
2.578
Z.863

-2.577
0.024
6.2938k
6.2938k
0.0028k
1.06800

Zh
28.58
28.27
-1.36
28.54
9.49
.40
8.19
.46
—0.001k
0.042k
0.042k

-0.8170

Co-lzoLow

CH3. ..... _120.UI°I ........ ......... ......... ......... ......... ......... ......... .........
Stopped Z1 £005-08-18 14:44:14

Z b
113.97
126.59

-113.97
9.15

2.578

Z.863
-2.977

0.024
8.2938k
8.2938k
0.0028k
1.0000

Fig. 20. Back-emf with field weakening 2000 rpm, 113.97 VVdc, and 2.57 Adc.
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YOKOGAWA Uover : Z00ns  500k3-=

CH1 1Z6Upk Iover: Z00ns  500k3-=
Elementl Element2 Element3  Elementd ZhA =B
Urns[V 1 17.70 17.58 17.92 200 .04 17.73 200 .04
Urnn [V 1 17.31 17.11 17.57 2Z22.19 17.33 2Z22.19
udc [V 1 -8.82 -8.98 -8.15 -200 .04 -0.62 -200 .04
Uac [V 1 17 .68 17.55 17.92 0.17 17.72 8.17
IrmsLA 1 0.69 0.81 0.00 4.802 8.50 4.802
Imn [A 1 0.60 0.65 0.00 5.333 8.41 5.333
Idc [A 1 6.31 06.13 0.22 4.801 8.22 4.801
Iac [A 1 0.62 0.50 0.00 8.0624 8.47 0.024
P [W 1 -0.000k -0.000k -0.000k -0.9605k -0.000k -0.9605k
3 va 1 0.012k 0.014k 0.000k 8.9605k 8.027k 8.9605k
Q [var 1 0.012k 0.014k 0.000k 9.0048k 8.027k 9.0048k
A L 1 -6.0216 -0.0006 Error —1.0000 -0.0121 —1.0000
CH3 120.0:M : : :
CHS .....l... L S P S
CHT 200,00 : : :
\VAVAVAVAVAVA,
e R S8 Bob8000: 80005505 0020855800 5055830055 43080000551358208:05 2330058 03 0b oo
CHS o-lzoaoy : : : : : : :
EHE - —120.0'0' ........ 0000000000 0000000000 0000000000 0000000000 0000000000 0000000000 0000000000
Stopped 22 2005-08-19 04:29:17

Fig. 21. Back-emf with field enhancement 500 rpm, 200 Vdc, and 4.8 Adc.

YOROGAWA Uover: 200ms  500kS/s
CH1  1ZeUpk Tover: Z00ms  500kS/=
Elementl ElementZ Element3  Element4 ZA Z B

Urns[y 1 17.09 16.76 16.87 162.89 16.91 162.89
Umnn [V 1 16.75 16.32 16.49 114.28 16.52 114.28
Udc [V 1 -8.1?7 -6.85 -0.75 -162.89 -6.59 -162.89
Uac [V 1 17.69 16.74 16.85 0.14 16.89 0.14
IrmsLA 1 .69 0.80 0.00 Z.430 0.50 Z.430
Imn [A 1 0.58 0.64 0.00 £.699 0.41 Z£.699
Idc [A 1 0.30 0.13 9.22 2.430 6.21 Z.430
Iac [A 1 0.62 0.79 0.00 9.024 0.47 0.024
P [W 1 -0.000k —0.000k -0.000k -0.2500k —0.900k -0.2500k
3 va 1 0.012k 0.013k 0.000k 6.2500k 0.025k 0.2500k
Q [var 1 @.012k 09.013k 0.000k 0.0025k 0.025k 0.0825k
A d 1 -6.09635 —-0.0085 Error -6.9999 -0.0143 -6.9999

CHT Co-zonaacy

CHS co-1zoa oy : : : : : : !
CHS. ..... _120_0 :IUI ........ LEEELEEEL Doooocaoan LEEELEEEL Doooocaoan LEEELEEEE SELLELEEEE LELEEEEEE
Stopped 24 2005-08-19 08:31:40

Fig. 22. Back-emf with field enhancement 500 rpm, 102 Vdc, and 2.4 Adc.
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YOKOGAWA Uover : 100ns 1HS -5

CH1  120Upk Tover: 100n=s 1M3-s
Elementl ElementZ Element3  Elementd Zh

Urns [V 1 35.56 34.92 35.47 £01.56 35.32
Umnn [V 1 34.86 33.92 34.75 223 .88 34.51
Udc [V 1 -8.92 -1.99 -1.14 -201.56 -1.35
Uac [V 1 35.55 34.86 35.45 8.17 35.29
Irm=LA 1 8.69 9.81 .00 4.752 8.50
Imm [A 1 8.60 9.65 .00 5.279 8.42
Idc [A 1 8.32 9.1/ 6.19 4.752 8.22
Iac [A 1 8.62 9.79 6.00 0.024 .47
P W 1 -0.000k —0.000k -0.000k -06.9579k —0.001k
3 Va 1 0.825k 9.028k 9.000k 9.9579k 6.0853k
1] [var 1  0.8Z5k 8.028k 8.000k 8.0050k 6.053k
A q 1 -6.0149 —0.0061 Error -1.0000 —0.0148

CHZ - - E-—}ZD-.-EI;U ........ ......... ......... ......... ......... ......... ......... .........

Stopped 21 ' ' ' ' 7605,/06,/19 08:35:29

B
201 .56
223 .06

-201.56
9.17

4.752

5.279

4.752

0.024

-0.9579%
0.9579%k
0.0050k

—-1.0000

Fig. 23. Back-emf with field enhancement 1000 rpm, 200 Vdc, and 4.7 Adc.

YOROGAWA Uover: 100ns 1MS-/s
CH1 1ZeUpk Iover: 100ns 1M5/5
Element1 ElementZ2 Element3 Element4 ZA

Urns[V 1 33.45 33.75 34 .68 164 .62 33.76
Umn [V 1 32.54 33.02 33.40 116.21 32.99
udc [V 1 1.87 1.48 -8.46 -104 .62 8.96
vac [V 1 33.40 33.72 34.07 0.14 33.73
IrnsLA 1 9.69 8.79 0.00 Z.450 6.49
Imn [A 1 8.59 8.63 0.00 2.721 0.41
Idc [A 1 8.31 8.13 8.18 Z.458 a.21
Iac [A 1 9.61 9.78 0.00 0.024 0.47
P W 1 0.000k 0. 008k -0.000k -0.2563k 9 .000k
3 a 1 8.0823k 0.027k 8.008k 8.2563k 9.050k
h] [var 1 0.023k 0.027k 0.000k 0.0025k 0.050k
A [ 1 0.0087 0.0062 Error -1.060060 0.0064

CHY I

CHS co-1zoLocy : . : . : : :
EHS. ..... :._IQD.I.D:U ........ : ......... . ......... : ......... . ......... . ......... : ......... . .........
Stopped 16 ' ' ' ' 005,066,139 08:37:01

=B
164 .62
116.21
-104 .62
0.14
Z.450
2.721
2.450
0.024
-0.2563k
8.2563k
9.0025k
-1.0000

Fig. 24. Back-emf with field enhancement 1000 rpm, 104 VVdc, and 2.5 Adc.
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YOKOGAWA Uover : 40ms  Z.5M5-8

CH1  1ZeVpk  Iover: 40ms  Z.5M5-3
Elementl ElementZ Element3  Element4 ZA ZB
UrmsfV 1 52.79 52.77 52.79 200 .24 52.78 200.24
Umm [V 1 51.60 51.56 51.59 222 .42 51.58 222 .42
Udc [V 1 -0.62 .08 0.63 —208 .24 6.03 —200 .24
ac [V 1 52.79 52.77 52.79 8.17 52.78 6.1?7
IrmsfA 1 8.71 0.80 0.00 4.713 0.50 4.713
Imn [A 1 9.61 0.64 0.00 5.235 0.42 5.235
Idc [A 1 9.35 0.16 0.20 4.713 0.23 4.713
Iac [A 1 0.62 0.78 0.00 0.024 0.47 0.024
F W 1 0.000k 0,000k @.000k -06.9438k 0.000k -0.9438k
3 [va 1 06.837%k 0.042k a.000k 6.9438k 0.080k 8.9438k
Q [var 1 ©6.837k 0.042k 9.000k 0.0649k 0.080k 9.0049k
A L 1 ©.00902 0.0056 Error -1.0000 9.0036 -1.06000

L2000 Ty

CHS oo-lz0.0; : : : : : : :
EHE - - A R A Sanamnooa: Sanaanacas Sanasandat Sanannaoa SaaanaaAas Ganamandat Sanannaac
Stopped 18 2005-08-19 63:40:47

Fig. 25. Back-emf with field enhancement 1500 rpm, 200 Vdc, and 4.7 Adc.

YOKOGAWA Uover: 40ns  Z.5MS-s
CH1  126Upk Tover: 40ns  Z.5MS-s
Elementl ElementZ Element3 Elenentd ZA Z B

Urms[y 1 50.42 56.41 50.41 101.12 50.41 101.12
Umn [V 1 49.28 49.24 49.26 112.31 49.26 112.31
Udc [V 1 -8.01 6.09 9.063 -101.12 0.04 -101.12
Uac [V 1 50.42 56.41 50 .41 6.14 50 .41 6.14
IrmsLA 1 9.69 0.79 0.00 Z.368 .49 £.368
Imn [A 1 8.59 0.62 0.00 Z.630 0.40 £.630
Idc [A 1 8.32 0.12 0.20 Z.368 .21 Z.368
Iac [A 1 8.61 0.78 0.00 0.024 0.46 0.024
P W 1 -0.000k 0.000k -0.000k -0.2394k -0.000k -0.2394k
3 va 1 ©.635k 0.040k 0.000k 0.2394k 0.074k @.239k
1] [var 1 ©.635k 0.040k 0.000k 0.0025k 0.074k @.0025k
A 1 -6.0016 0.0835 Error -6.9999 —0.0001 —0.9999

CHT o Sngdhad)

CHS [ v T ) . . . . . . :

EHE. ..... :._IZD.I.D:U ........ . ......... : ......... . ......... : ......... . ......... . ......... : .........
stopped 14 ' ' ' ' 7005,08,19 08:42:33

Fig. 26. Back-emf with field enhancement 1500 rpm, 101 Vdc, and 2.3 Adc.
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Uover:

Iover:
ElementZ
69.27
67 .43
-1.68
69.27

YOKOGAWA
CH1 126Upk

Elementl
Urns[v 1 70.19
Umn [V 1 68 .52
Udc [V 1 3.71
Uac [V 1 70, 16
IrmsLA 1 8.69
Imm L[A 1 8.59
Idc [A 1 8.32
Iac [A 1 9.61
P W 1 0.001k
S VA 1 0. 048k
Q [var 1 0.048k
A [ 1 ©6.0183

Element3
76.93
69.70
-4 .85
70,77

40ns  Z.5M5-8
40ns  Z.5M5-8

Element4 2R
200 .68 76.13
22¢ .81 68.55

—Z200 .60 -0.74

a.1? 70,04
4.713 8.49
5.234 0.41
4.713 a.22
0.024 0.46

-9 .9453k -0 .000k
9.9453k 9.103k
0.0049k 9.103k

-1.0000 -0.0018

Stopped 21

2005-08-19 08:45:41

Fig. 27. Back-emf with field enhancement 2000 rpm, 200 Vdc, and 4.7 Adc.

YOKDGAWA
CH1 126V

E
Urns[V 1
Unn [V 1
udc [V 1
Uac [V 1
IrmsLA 1
Inn [A 1
Idc [A 1
Iac [A 1
P W 1
1

1

1

3 [VA
0 [var
A [

Uover:
pk Iover :

lementl
67.29
65.70
-3.71
67.19

ElementZ
66.30
64.54

1.03
66.30

Element3
67.89
66 .68

4.66
67.73

40ms  Z.5M5-8
40ms  Z.5M5-s

Element4 ZA
163.34 67.16
114.78 65.64

-103.34 0.66

0.14 67 .07
Z.418 6.49
Z.686 6.41
Z2.418 6.21
0.624 6.46

-0.2499k —0.000k
0.2499k 0.0899k
0.0625k 0.0899k

-6.9999 -0.0043

CHT £ o0 0
CHS 1z20.0;
EHE BE O

Stopped 8

2005-00-19 64 :46:54

z B
163 .34
114.78

-163.34
0.14

Z.418

Z.686

Z.418

6.024

—0.2499k
0.2499k
0.0025k

-6.9999

Fig. 28. Back-emf with field enhancement 2000 rpm, 103 Vdc, and 2.4 Adc.
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The mechanical losses on the rotor with 0.100 in.-thick magnets were recorded as follows in
Tables 1 and 2.

Table 1. Mechanical losses on 0.100 in. magnet rotor with field weakening at 2000 rpm

No Excitation 0.1 Nm Torque

1.0 amp DC Current 0.3 Nm Torque

2.0 amp DC Current 0.7 Nm Torque

3.0 amp DC Current 1.1 Nm Torque

4.0 amp DC Current 1.4 Nm Torque

4.3 amp DC Current @ 200 Volts DC 1.5 Nm Torque
4.5 amp DC Current @ 200 Volts DC 1.6 Nm Torque
4.0 amp DC Current 1.4 Nm Torque

3.0 amp DC Current 1.1 Nm Torque

2.0 amp DC Current 0.6 Nm Torque

1.0 amp DC Current 0.2 Nm Torque

No Excitation 0.1 Nm Torque

Table 2. Mechanical losses on 0.100 in. magnet rotor with field enhancement at 2000 rpm

No Excitation 0.2 Nm Torque
1.0 amp DC Current 0.4 Nm Torque
2.0 amp DC Current 0.7 Nm Torque
3.0 amp DC Current 1.2 Nm Torque
4.0 amp DC Current 1.6 Nm Torque

4.5 amp DC Current @ 200 Volts DC 1.8 Nm Torque
4.0 amp DC Current 1.6 Nm Torque

3.0 amp DC Current 1.2 Nm Torque

2.0 amp DC Current 0.6 Nm Torque

1.0 amp DC Current 0.4 Nm Torque

No Excitation 0.2 Nm Torque
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PERFORMANCE DATA OF THE 0.240 INCH MAGNET ROTOR

The RIPM-BFE motor with the 0.240 in. magnet rotor was instrumented to record back-emf of
each phase of the motor. Each phase was read from phase to neutral. The motor was coupled to
the dynamometer and driven at rpm set-points of 500, 1000, 1500, and 2000. The back-emf was
measured on each phase of the motor and the results were recorded. These measurements will be
used for checking demagnetization in the future. Back-emf was also recorded at each rpm set-
point while both “enhancing” and “weakening” the magnetic field. The test parameters for each
enhancement and weakening measurement were: 500, 1000, 1500, and 2000 rpm; 1-5.0 Adc in
1.0 Adc increments; or a maximum of 200 Vdc. Additionally, the mechanical losses were
recorded (in Nm) at 1.0 Adc increments up to 5.0 Adc or a maximum of 200 Vdc. The
mechanical losses were recorded at 2000 rpm without field enhancement or weakening. Data
recorded is presented in Figs. 29-72.

Uover: 168ns 1MS-/s
8.1Apk Iover: 160ns 1MS-s
Elementl ElenentZ Element3 Element4 ZA
29.648 30.927 368.569 . 000 30.381
27 .804 £9.474 28 .845 . 000 £8.708
-0 .584 -3.271 -7 .688 002 -Z2.181
29.647 360.753 30451 060 30.282
a 4] a 4]
a 4] a 4]
a 4] a 4]
a 4] a 4]

1]
.00
.00
.02
.o
.000
.000

Urns [V
Unn [V
lUdc [V
Uac [V
IrmsLA
Inn

1
1
1
1
1 . 440 .529 .od4 . 000 .504
1

Idc 1
1
1
1
1
1

.374 .463 .456 . 000 431
.609 .914 .010 .033 011 .833
. 440 .529 544 . 000 .504 .000
0.0000k -0.0000k -0.0000k 0.0000k 0. 0000k 0 .0000k
0.0130k 0.0164k 9.0166k 0.0000k 0. 6460k 9. 0000k
0.0130k 0.0164k 0.0166k 0.0000k 0.0460k 9 .0000k
0.00262 -0.0002Z -0.00162 Error 0.00008 Error

S22 DM

Iac
P

3
0
A

100, 000m=

Stopped 279 2005-09-03 00:57:47

Fig. 29. 0.240 in. thick magnet rotor back-emf at 500 rpm without field weakening/enhancement.
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Uover: 168ns 1MS/s
0. 1apk Iover: 100ns M55
Elementl ElementZ Element3 Element4 2R
.668
.373
545
.615
.585
.491
.815
. .584 . . .
0.0003k -0.0000k -0.0002k 0 .0000k 0.0001k 0 .0000k
0.0308k 0.0355k 0.0352k 0 .0000k 0.1015k 0 .0000k
0.0308k 0.0355k 9.0352k 0 .0000k 0.1015k 0 .0008k

S22 M

8.60963 -8 .00042 Error a.066889 Error

Stopped 14

Fig. 30. 0.240 in. thick magnet rotor back-emf at 1000 rpm without field weakening/enhancement.

OROGALA Uouer: 40ns  2.5MS/5
+CHB  @.1apk  Iover: 40ns  2.5M3/5
Elementl ElementZ2 Elenent3 Elementd A
1 91.321 91.144 91.295 .000 91.253
1 86.287 86.031 86.252 .00 86.190
1 -6.188 0.035 9.232 .001 0.026
Uac [V 1 91.321 91.144 91.294 .00 91.253
IrmsfA 1 .551 .628 0.620 .00 .bog .800
Imn [A 1 431 516 9.509 .00 . 4485 .800

1

1

1

1

1

1

B
.000
.800
.801
.800

Urms [V
Umn [V
Udc [V

S22 M

0.
Idc [A .09 0.010 9.013 025 .011 .825
Tac .951 0.626 0.620 .00 .599 .800
P 0.0008k 0.0000k -0.0007k 0.0000k 0.0001k 0.0000k
6.08503k 9.0572k 6.6566k 6.00600k 6.1641k 6.6000k
6.08503k 9.0572k 6.6566k 6.00600k 6.1641k 6.6000k

3
]
A 0.01492 0.8606851 -0.01171 Error 0.000671 Error

Fig. 31. 0.240 in. thick magnet rotor back-emf at 1500 rpm without field weakening/enhancement.
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Uover: 20ns S5MS-s
8.1Apk Iover: 20ns SHMS-sS
Elementl Element2 Element3 Element4 A
1 117.936 122 .488 123.498 000 121.385
1 169.353 116 .664 117.758 000 114 .592
1 -17.613 -16.156 7.475 .063 -b. 764
1 116.608 122 .066 123.271 .009 120 .648
IrmsLA 1 .594 0.667 .651 .009 .637
Imm [A 1 457 9.541 .534 .009 .510 .000
Idc [A ] .010 0.011 .813 .631 .011 .631
] a.

]
]
]
]

i}
.00
.00
.03
.00
.000

Urns[yV
Umn [V
Udc [V
Uac [V

S22 M

Tac .594 667 .651 .00 .637 .800
P 9.0015k -0.0001k -0.0017k 0.0000k -0.0003k 0.0000k
0.0700k 9.0817k 0.6804k 0.0600k 9.2321k 0.0000k
0.0700k 9.0817k 0.6803k 0.0600k 9.2321k 0.0000k

3
]
A 0 -0.00171  -0.02057 Error -0.00109 Error

Uover: 200ms 500kS/s
0.1apk  Iover: 200ns  500kS/s
Elenentl Elenent2 Element3 Elenent4d ZA ZB

£9.057 £8.588 28 .447 .601 Z8.697 001
£7.951 Z7.009 Z26.761 .319 Z7.107 .319
—0.210 1.316 1.542 .601 0.883 .01
£9.0856 28 .558 28 .405 092 28.673 092
a.437 .928 BT ¥ .036 .02 .038
a.373 464 456 .151 431 151
a.009 .010 .012 .636 .010 .036
a.437 .528 542 672 .502 .72
0.0001k 0.0000k -0.0000k 0.0404k 0. 0000k 9 .0404k
0.0127k 0.0151k 9.0154k 0.0405k 0.0432k 9.0405k
0.0127k 0.0151k 9.0154k 0.0028k 0.0432k 0.0028k
9.00457 0.006039 -0.001685 8.99757 0.00110 0.99757

Urns [V 1
Umn [V 1
lUdc [V 1
Uac [V 1
Irms[A 1
Inmn [A 1
Idc [A 1
Iac [A 1
P [ 1
[va 1

1

1

S
Q@ [var
A

Fig. 33. 0.240 in. thick magnet rotor back-emf at 500 rpm with field weakening at 1 Adc.
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Uover: 200ns  500kS-s

0. 1apk Iover: 200ns  500kS/s
Elementl ElementZ Element3 Element4

1 513 . .649
1 .014
1 .218
1 .486
1 . .529
1 . .463
1 .811
1 .529 . . . .
1 0. 0000k . . . 0.1609k
1 0.0146k . . . 0.16160k
1 0.0146k . . . 9.0057k
1 0.000p9 -0.60812 . . 8.99937

LCtopped 12

Uover : 200ns  500k5/3
9.1Apk Tover: 200ns  500k5/3
Element1 Elementz Elenent3 Elementd4 A

26.793 £7.193 £7.275 120.713 Z7.089
£5.148 £5.822 £5.872 134.679 Z£5.614
-1.572 -0 .868 8.717 120 .713 -0.574
26.747 .164 £7.265 .096 Z7 .066
8.435 92?7 .540 .049 6.501
9.374 . 455 .J86 0.431
0.006 . .014 048 0.012
9.435 . .540 072 0.501
0.0000k . —-0.0000k 0.3680k -0.0000k
0.0117k . 0.0147k 0.3681k 0.0407k
0.0117k . 0.0147k 0.0087k 0.0407k
0.00145 . -0 .00852 8.99972 -0.00071

]
Umn [V 1
lUdc [V 1
Uac [V 1
IrmsLA 1
Imn [A 1
Idc [A 1
Iac 1
P ]
]
]
1

3
0
A

Fig. 35. 0.240 in. thick magnet rotor back-emf at 500 rpm with field weakening at 3 Adc.
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Uover : Z00ms  500kS/s

8.1apk Iover: £06ms  500kS-s
Elementl ElementZ Element3 Element4 ZA ZB
27 .060 £26.851 26.523 166. 26.812 166.170
£5.698 £5.453 24.921 184. £5.357 184 .568
-08.469 1.059 1.543 166. 8.711 166.170
Z£7.056 £Z6.830 £6.479 0. Z26.788 .259
9.439 .529 .542 4. .503 .48
8.375 .464 .456 4. .431 .496
0.009 .011 .011 4. .010 .47
0.436 .929 042 0. .503 073
0.0000k 0.0000k 0.0000k 8.6726k 0.0001k 0.6726k
6.0119k 0.0147k 0.0144k 8.6727k 0.06405k 0.6727k
6.0119k 0.0147k 0.014dk 8.0122k 0.0405k 0.0127k
0.00286 0.00209 0.00041 6.99983 0.00172 9.99933

1
1
1
1
1
1
1
1
1
1
1
1

CH1
0,000z -

Uouver : £00ms  500kS/s
9.1apk  Iover: 200ms  500k3/s
Elementl Elenent2 Elenent3 Elenent< ZA
26.413 26,720 .935 200 .840 .689
.824 £5.346 .568 223.678 .246
.529 -1.035 . 506 £00.840 .b86
.369 26.700 .930 9.685 .6B6
440 .530 .5d4d 4.730 .505
.374 0.464 456 5.253 431
.014 0.007 .010 4.729 .010 .
440 6.530 .944 0.078 .505 .
0.0000k -0.0000k -0.0000k 0.9498k -0.6000k 0.9498k
0.0116k 9.0142k 0.0147k 0.9499k 9.0404k 0.9499k
0.0116k 2.014Zk 0.0147k 0.0140k 0.0404k 0.0140k
1 0.00254 -0.00239 -0.00037 0.99989 -0.00042 9.99989

CH1
0.000s

Fig. 37. 0.240 in. thick magnet rotor back-emf at 500 rpm with field weakening at 5 Adc.
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Uover : 100ns 1H5-8
8. 1apk [over : 100ns 1HM5-=
Elementl ElementZ Element3d Element4 ZB
58.021 57.084 56.798 .979 42.979
55.030 53.969 53.428 737 47 .737
0.427 -2.579 -2.992 .979 . 42.979
58.019 57.026 56.719 .078 0.078
.501 6.584 6.583 .830 1.030
4] 6.492 0.483 .141 1

0.011 0.008 0.008 Q27 1.027
0.501 0.584 0.583 873 0.073
0.000Zk -0.0000k -0.000Zk 9.0441k 0. aaaak 0.06441k
0.0291k 9.0333k 9.0331k 9.04472k 0. 6955k 0. 6447k
9.0291k 9.0333k 9.0331k 9.0031k 6.6955k 0.0031k
0.00756 -0.00051 -0.00502 6.99750 0.06038 0.99750

. 404 .141

Uover: 168ns 1MS-/s
8.1Apk Iover: 160ns 1MS-s
Elementl ElenentZ Element3 Element4 ZA Z B

lUrns [V 55.826 54 .985 54 643 86.161 .149 86.161
Umn [V 5Z.983 51.986 51.425 95.635 13 95.635
lUdc [V -.453 Z.487 Z.968 86.161 .668 86.161
lUac [V 55.818 54 .929 54 562 .083 .163 0.083
IrmsLA 8.582 .585 .587 .038 .55 Z.038
Inn [A Z.2b2
Z.037
0.073

.403 430 .483 .2bZ 459

8
Idc 9.010 812 012 .37 011
8.502 .585 .587 .73 .558
P 0.0003k 0.0001k -0.000Zk 0.1754k 0.0002k 9.1754k
3 0.0280k 0.0322k 9.0321k 0.1755k 0.6923k 8.1755k
Q : 0.0Z80k 0.032Zk 9.0321k 0.0063k 0.0923k 8.0063k
A

Iac

1 9.91629 0.00258 -0.00494 @.99936 0.00231 8.99936

200.0:4 : £4 Maini 10000

Stopped 11 2005/09/03 0z: 13 1?

Fig. 39. 0.240 in. thick magnet rotor back-emf at 1000 rpm with field weakening at 2 Adc.
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Uover: 100ns 1MS-s
8.1Apk Iover: 106ns 1HS-s
Element1 Element2 Element3 Element4 ZA
Urns[y 54.369 732 53.659 129.230 .253
Umm [V 51.557 .983 56.389 143.538 .318
Udc [V -2.014 .893 3.130 129.236 .736
Uac [V 54.332 721 53.568 9.084 207
IrnsLA 0.565 .584 .585 3.046 .558
[A 8.403 .4906 .482 3.382 .458
[a 0.011 812 .011 3.045 011 .
[A 8.565 .584 .585 9.072 .558 872
[W 0.60001k 0.06000k -0.0001k 8.3935k 0.0000k 6.3935k
[VA 0.8275k 0.0320k 0.0314k 8.3936k 8.6968k 0.3936k
[var 1 8.8275k 0.0320k 8.0314k a.0094k 8.6908k 0.6094k
1 0.00277 0.00108 -0.00229 0.99972 0.00043 0.99972

Uover: 108mn= 1MS-s
9.1Aapk Iover: 160ms 1MS-s
Elementl ElementZ Element3  Element4 ]

1 .139 .957 54.163 174 .518 .733
1 .94 .238 . 193.846 .832
1 161 . 744 . 174 .518 .158
1 .948 .929 . 0.684 .687
1 .52 .586 . 4.047 .557
1 .43 .498 . 4.495 .458
1 .99 .13 4,047 016
1 562 .586 0.074 557
1
1
1
1

0.0000k -06.0001k - 8.7062k -0.0002k
0.0267k 6.0316k - 8.7063k 6.06899%k
0.0267k 6.0316k 8.0129k 6.06899%k

-0.00293 6.99983 -0.00168

Fig. 41. 0.240 in. thick magnet rotor back-emf at 1000 rpm with field weakening at 4 Adc.

26



AlA Uowver : 166ms 1M3/s
8 0.1apk Iover: 166ns 1HS =
Elementi ElementZ Element3 Elenentd ZA
53.478 53.6818 54 .168 286,295 .535
50 .644 49.913 51.388 2ee . 472 .648
Z£.303 Z.966 8.681 200 . 295 .983
53.4Z8 .935 164 a.07?7 .489
.5H00 .580 .5e1 4.559 554
461 . . 5.063 457
.811 . . 4 .559 .810
500 . . 0.074 .554
0 .0062k . . 8.9131k 0.0061k
0.0267k . . 8.9132k 8.0889k
0.0267k . . 0.0149k 0.0889k
a.68748 . . 8.99987 0 .60081

Urns[yU
Umn [V
Udc [V
Uac [V
IrnsLA
Imn L[A
Idc [A
Iac [A
P [W
S VA
1} [var
A

1
1
1
1
1
1
1
1
1
1
1
1

L

Uover: 40ms 2 .5M5-8
8.1Apk Iover: 40ms  2.5MS/s
Elementl Element2 Element3 Element4 A ZB
1 B86.636 85.968 86.068 48 .681 86 . 004 .681
1 81.281 81.677 81.290 45.185 81.216 .185
1 0.209 0.026 -8.194 48 .681 0.013 .681
1 B86.636 85.908 86.068 .879 86 .004 .679
IrmsLA 1 .5h5 .631 .6ZZ2 .933 .6OZ .833
Imm [A 1 .430 8.515 .508 .145 .484 .145
Idc [A ] . 007 0.007 06?7 .631 007 .631
Iac ] .5h5 9.631 .621 .873 .60Z 873
P 1 0.0007%k 0.0000k -0.0006k 8.0419k 0.0001k 8.0419k
1 0.8478k 8.8542k 0.0535k 0.0420k 9 .1554k 0.0420k
1 0.8478k 8.8542k 0.0535k 8 .0030k 9 .1554k 8.0030k
]

3
]
A 0.61461 0.00045 -0.01142 0.39747 0.00073 0.99747

i :
0.000s 40, =

Stopped 47 2005-09-03 02:47 i

Fig. 43. 0.240 in. thick magnet rotor back-emf at 1500 rpm with field weakening at 1 Adc.
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OKO0GAWA Uover: 40ms 2 .5M5-/8
8 6.1apk [over: 40ms  2.5HS-s
Elenentl ElementZ Element3 Elementd ZA ZB
82 .880 82.769 770 .643 82 .806 .643
78.349 78.254 .216 .6BZ 78.273 .682Z
a.191 0.1606 .B55 .b4Z 8.679 .b4Z
9.080 82 .806 8.080
622 Z.038 .6O2 Z2.038
Inn [A . 430 .516 .569 Z.2he .485 2. 2he
P 2
a a

Urns[v 1
1
1
1
1
1 1]
Idc 1 . 608 009 .637 0.069 .637
1 a
1
1
1
1

Umn [V
Udc [V
vac [V
Irm=LA .5h5 .630

011

82
7’8
-6
8z .4o8e 82.769 8z.770
0
0
6
6

Iac .555 .636 .621 .73 .6o2 .673
P 0.0007k 0.0000k -0.0006k 0.1663k 0.0001k 0.1663k
0.0460k 8.0522k 0.0514k 0.1664k 9.1496k 0.1664k
0.0460k 8.0522k 0.0514k 0.0059k 9.1496k 0.00659k

3
0
A 09.061489 0.00003 —0.01092 8.99936 0.00083 9.99936

Uover: doms  2.5HS-s
9.1apk Iover: doms  2.5M3-s
Elementl ElementZ Element3  Element4 bl ]
.463 .521 123. .471
.875 .082 137. .835
.129 .185 . .114

.463 .521

625 .617

.514

.012

625

0. 0000k

9.0569k

9.0569k

0.90006 9 .00046

f
f
f
f

Fig. 45. 0.240 in. thick magnet rotor back-emf at 1500 rpm with field weakening at 3 Adc.
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Uover: 40ms 2 .5M5-8
HEB @.lApk Iover: 40ms  2.5MS/s
Elementl Element2 Element3 Element4 A ZB
86.657 86 .724 80.632 167 .553 86.671 167 .553
76.297 76.396 76.251 186. 1685 76.315 186 .165
6.101 0.184 9.165 167 .553 0.130 553
80.656 80.724 80.632 .875 80.671 875
IrmsLA .5h7 .632 .6Z21 .945 .604 .845
Imm [A .431 516 .59 .493 .485 .493

Urns[yV 1
1
1
1
1
1 a.
Idc [A ] .010 0.012 .813 .945 012 .045
] a.
]
]
]
]

Umn [V
Udc [V
Uac [V

Tac .557 632 621 074 .6O3 .674
P 0.0006k 0.0000k -0.0005k 0.6777k 0.0002k 0.6777k
9.0449Kk 8.0510k 0.6501k 0.6778k 9.1461k 0.6778k
9.0449Kk 8.0510k 0.6501k 0.0125k 9.1461k 0.0125k

3
]
A 0.61415 0.00076 -0.01941 0.39383 0.00104 9.99983

im Oz
Z2:50:45

Uover: 40ns  2.5M3/8
0.1apk  Iover: 40ns  2.5M3/5
Elenentl Elenent2 Element3 Elenent4d ZA
80.403 8§0.301 80.236 202 .887 80.313
76.085 76.015 75.825 225.351 75.975
a.221 9.149 0.027 202.887 8.132
80.402 80 .300 806.236 .0678 80.313
.ab2 .6Z28 .620 215 .60
a.430 .515 .008 .236 484
a.007 .010 .014 .714 .010
a.552 .6Z28 .620 .67a .6oo
0.0006k 0.0000k -0.0005k 8.9565k 0.0001k
0.0444k 0. 0504k 9.0497k 8.9566k 0.1445k
0.0444k 0. 0504k 9.0497k 0.0141k 0.1445k
9.01316 0.00030 -0.01080 8.99989 0.00041

Urns [V 1
Umn [V 1
lUdc [V 1
Uac [V 1
Irms[A 1
Inmn [A 1
Idc [A 1
Iac [A 1
P [ 1
[va 1

1

1

S
Q@ [var
A

: : =:1|]. Oms.
2005,09,03 02:52:05

Fig. 47. 0.240 in. thick magnet rotor back-emf at 1500 rpm with field weakening at 5 Adc.
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Uover : 40ns  2.5M5-3
8. 1apk [over : 40ms  2.5M5-s
Elementl ElementZ Element3d Element4 ZA ZB

112.321 115.121 114.944 .496 114.129 .496
105. 109. 108. .201 107 .772 .201
7.208 6.928 .496 4.808 .496
114 .895 114.735 .875 113.984 .875
.603 .674 .656 .944 .64 . 944
6.459 .540 .534 .152 .511 .157
0.010 .017 .010 .42 012 042
0.603 .674 .656 873 .b44 .873
9.0015k 0.0001k -0.6013k 9.0443k 0. 0003k 0.6443k
0.0678k 0.0776k 9.0754k 9. 0444k 0.2208k 0. 6444k
0.0678k 0.0776k 9.0754k 9.0031k 0.2207k 0.0031k
6.02274 6.00175 -0.01772 6.99755 0.06154 0.99755

OR0GAWA Uover: 40ms 2 .5M5-8
.~CH8 8.1Apk Iover: 40ns  2.5MS/s
Elementl Element2 Element3 Element4 A ZB
116.189 111.424 168 .663 83.782 116.645 .782
163.839 166 .8685 162 .069 93.658 163.998 .658
-5.623 —7.657 —-1.987 83.782 -5.689 .782
.966 111.166 168 .585 .873 169.963 .873
8.595 0.665 9.649 .939 0.636 .630
0.456 8.536 9.531 .203 0.508 P
0.007 0.012 0.012 .028 0.010 .028
[ L L 8.665 9.649 .873 0.636 873
9.0016k -9.0001k -0.0013k 8.1699k 9.0002k 8.1699k
8 .8655k 8.0741k 0.0705k 8.17600k 9.2101k a.1700k
8 .8655k 8.0741k 0.0705k 8.0061k 9.2101k 0.0061k
0.62385 -0.00083 -0.01373 8.99935 0. 00084 9.99935

Urns[yV 1
Umn [V 1
Udc [V 1
Uac [V 1
IrmsLA 1
Imm [A 1
Idc [A ]
Iac ]
P ]

]

]

]

3
0
A

Stopped 13

Fig. 49. 0.240 in. thick magnet rotor back-emf 2000 rpm with field weakening at 2 Adc.
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0.1apk

OKOGAWA

9. 1apk

Unn [V
Udc [V
Uac [V
IrnsLA
Imnm
Idc
Iac

P

3
0
A

Stopped 10

Fig. 51. 0.240 in. thick magnet rotor back-emf 2000 rpm with field weakening at 4 Adc.

Uover:

Elementl
106 .942
106,

.592
6.455
0.008
9.592
9.0015k
0.0634k
9.0633k
6.02390

[over:

ElementZ2
109.602
104 .
7.4
199 .328
.b63
.536
.009
.b63
0.0001k
0.0726k
0.0726k
6.00133

Uover :

Elementl
165.597
99.351
.335
.o89
.996
9.456
9.010
8.596
0.0014k
0.0629k
0.0629k
0.02246

Iover:

Elenent2
167 .477
161.636
-5.060
167.317
.bob
537
.913
.bob
-0.0001k
0.6716k
0.6716k
-0.00077

Element3
167 .9506
161.
5.166
167 .826
.b48
.538
.010
.b48
-0.6013k
9.0700k
9.0700k
—0.01832

Element3
108.378
163 .852
-7 .208
105.138
.649
.530
.815
.649
-0.0014k
0.0704k
0.0704k
-6.01971

31

40ms  Z.5M5-8
40ms  Z.5M5-/8

Elementd
127.
141.
127.

0.

3.
3.
3.
0.

9.3886k

8.3887k

8.0095k
6.99970

ZA
168.164
102 .262

5.161
168 .022

.635
.567
009
.6b34
0. 0003k
0. 2060k
0. 2060k
0.06160

40ns  2.5MS/s
40ns  2.5MS/s

Element4
171.356
198.329
171.356
073
042
.488
.041
075
0.6924k
8.6925k
0.0128k
9.99983

ZA
167.151
161.346

-3.911
167.915
637
008
.013
637
-0.0000k
0.2049k
0.2049k
-0.00014

ZB
127.146
141.223
127.146

.074
.857
.395
857
875
0.3886k
0.3887k
0.0095k
0.99970

Z b
171.356
196.329
171.356

0.073
4.042
4.488
4.041
0.075

8.6924k

8.6925k

9.0128k
9.99983




Uover : 40ns  2.5M5-3
8. 1apk [over : 40ms  2.5M5-s
Elementl ElementZ Element3d Element4 ZA ZB

.153 108.128 165.668 199. 166 .650 199.976
103. 99.444 222. 166 .8399 222.117
7.744 3.244 199. 5.169 199.976
167 .850 165.618 0. 106 .568 0.078
.594 .b65 .649 4. .636 4.640
.456 .538 .531 5. .568 5.153
.011 .815 .011 4. 012 4.640
.5994 .be5 .649 0. .b36 0.072
9.0015k 0.0001k -0.6012k 8.9278k 0. 0005k 0.9278k
9.0631k 9.0719k 8 .0686k 8.9279k 0.2035k 0.9279k
0.0630k 9.0719k 9 .0686k 9.0145k 0.2035k 0.0145k
6.02399 6.006187 -0.01769 6.99988 6.06233 6.99988

OKOGAWA Uover : £00ms  500k5-s
0.1apk  Iover: £00ms  500kS-s
Elementl Elenent2 Element3 Element4 ZA b i]
32.045 32 .654 32.475 39.769 .349 32.475
36.231 31.116 36.923 44 172 .674 .923
-1.865 -0.700 1.194 -39.769 262 1.194
31.991 J2.646 32.453 122 .318 32.453
9.413 .D20 9.531 . 000 .466 531
9.354 .458 0.441 . 000 0.406 0.441
-0.001 .805 0.009 .126 0.002 0.009
9.413 .D20 9.531 . 000 0.466 9.531
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Fig. 53. 0.240 in. thick magnet rotor back-emf at 500 rpm with field enhancement at 1 Adc.

32



Uover: Z00ms  500k5-s
HEB @.lApk Iover: Z00ns  500kS/s
Elementl Element2 Element3 Element4 A ZB
34.017 34.396 34 .658 79.733 34.283 .658
32.285 32.911 33.233 88.561 32.598 .233
1.963 1.332 -8.592 -79.733 1.647 592
33.961 34 .364 34.653 .115 34.162 .653
IrmsLA 414 517 .53 .009 .466 531
Imm [A .358 457 441 .009 .407 441

Urns[yV 1
1
1
1
1
1 a.
Idc [A ] .003 0.007 .812 .125 605 .812
] a.
]
]
]
]

Umn [V
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Uac [V

Tac 414 517 531 .00 .466 .531
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0.0141k 9.0178k 0.0184k 0.0600k 0.0276k 0.0184k
0.0141k 9.0178k 0.0184k 0.0600k 9.0319k 0.0184k
01775 0.00089 -0.00241 Error 0.00964 -0.006241

3
0
A

. . . . . . . a0 Qs
[Stopped 2005-89-13 02:27:

Fig. 54. 0.240 in. thick magnet rotor back-emf at 500 rpm with field enhancement at 2 Adc.
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Elementl ElementZ Elemnent3 Element4 ZA
35.496 35.287 34 .806 126 .686 35.391
34.047 33.845 33.063 134 .041 33.946
9.801 -1.251 —2.918 -1720.680 -0.225
35.487 35.265 34.747 .115 35.37%6
IrmsLA .419 0.520 9.532 006 0.469
Inn [A .361 458 441 .000 410

Urns[U 1
1
1
1
1
1 a. a. a.
Idc [A ] .913 9.913 9.911 .133 9.013
] a. a. a.
]
1
1
]_

Umn [V
lUdc [V
Uac [V

Iac [A .419 520 531 .808 469
F U -0 .0008k 0.0000k -0.0000k -0.0161k -0.0008k
8.0149k 8.0183k 8.0185k 0.0000k 0.0286k
0.0148k 68.0183k 8.0185k 0.0000k 6.0332k
0.05405 6.00145 —0.00061 Error -0.02701

s VA
0 [var
A [

Stopped

Fig. 55. 0.240 in. thick magnet rotor back-emf at 500 rpm with field enhancement at 3 Adc.
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35.284
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I )

0.006
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0.006248
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0.413
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Fig. 57. 0.240 in. thick magnet rotor back-emf at 500 rpm with field enhancement at 5 Adc.
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Fig. 59. 0.240 in. thick magnet rotor back-emf at 1000 rpm with field enhancement at 2 Adc.
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Uover : 100ns 1M5-s
8.1apk Iover: 100ns 1M5-s
Elementl ElementZ Element3 Element4 ZA ZB

1 71.204 69.730 70.225 126 .666 .467 .225
1 68.330 66.375 67.157 146 .690 .353 157
1 0.731 3.806 3.104 -1Z6.666 .2b9 .104
1 71.200 69.626 70.156 0.091 .413 .156
1 473 .564 .568 0.000 .519 .568
1 .389 .481 .463 0.000 .435 .463
1 .09 .010 .013 0.128 .010 .013
1 473 .ab4 .068 0.000 .519 . 568
1 @.e862k -0.0000k -0.0003k -0.0162k 0.0001k -0.0003k
1 @.8337k 0.08393k 0.0399k 9. 0000k 0.0632k 0.0399k
1 @.8337k 0.0393k 0.0399k 0.0000k 0.0730k 0.0399k
1 6.00527 -0.00085 -0.00656 Error 0.00228 -0.00656
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Element1 Elemnent2 Element3 Element4 ZA ZB

. 962 .5ez2 79.118 172 .274 202 .118
.929 .651 66.653 191.348 .290 .653
.834 .136 4.619 -172.274 .849 .819
.845 493 70,083 a.082 .169 .083
. 477 56?7 8.576 0.000 522 .570
.389 0.481 0. 464 0.000 .435 . 464
.018 8.0088 9.012 8.131 .809 .012
. 477 8.567 8.576 0.000 522 .570
0.0063k 0.60081k -0.0002k -0.9225k 0.0084k -0.0002k
8.0338k 8 .0485k 0.0400k 0 .0000k 8.0644k 0 .040ak
0.0338k 9 .0465k 0.0408k 0 .0000k 8.0743k 0. 0408k
0.68979 0.800226 -0.90593 Error 0.00657 -0.60593
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Stopped 9

Fig. 61. 0.240 in. thick magnet rotor back-emf at 1000 rpm with field enhancement at 4 Adc.
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Fig. 63. 0.240 in. thick magnet rotor back-emf at 1500 rpm with field enhancement at 1 Adc.
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Fig. 65. 0.240 in. thick magnet rotor back-emf at 1500 rpm with field enhancement at 3 Adc.
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Fig. 66. 0.240 in. thick magnet rotor back-emf at 1500 rpm with field enhancement at 4 Adc.
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Fig. 67. 0.240 in. thick magnet rotor back-emf at 1500 rpm with field enhancement at 5 Adc.
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Fig. 69. 0.240 in. thick magnet rotor back-emf at 2000 rpm with field enhancement at 2 Adc.

Element3
129.267
123.
-13.046
128 .607
08.629
6.565
0.014
0.629
-8.6019k
0.0813k
0.06813k
—0.02308

Element3
136.808
136.928
-14.531
136.634

0.627
9.503
9.015
0.627
-0.0021k

8.0858k

0.0857k
-0 .82398

40

Zons

Zons
Element4
45 555
56.593
—45.555
0.077
0.000
0.000
8.127
0.000
-8 . 0858k
8. 0000k
0. 0000k
Error

Zans
28ns
Element4
96.411
166 .421
-96.411
a.e7?
0.000
0.000
8.134
0.000
-8.8121k
0 .0000k
0 .0000k
Error

SMS-.5
SMS.5
ZA
129.158
122 .269
-11.692
128 .445
9.593
a.476
9.011
9.593
0.0021k
0.1324k
0.1528k
9.81599

SM5-s
SH3-s
ZA
137 .345
136.915
-11.721
136.632
6.589
0.475
0.009
6.589
9.0026k
0.1400k
8.1616k
6.01831

ZB
129.267
123.211
-13. 046
128 .607

.629

. 505
.014
.629
-0.0019k
0.0813k
0.0813k
—0.62308

=B
136.808
136.928
-14.531
034
.627
.563
.015
.627
-0.00621k
0.0858k
0.0857k
—0.02390




DROGAWA Upver: Zans SMS/s

HE 6.1apk [over: 28ns SMS/s

Element1 Elemnent2 Element3 Element4 ZA ZB

Urns [V 1 143.783 140 . 465 136.800 135.695 142 .694 .800
Urm [V 1 138.687 134 .844 128.825 156.719 136.766 .825
lUdc [V 1 -5.524 14.329 19.875 -135.695 4.403 .875
vac [V 1 143.677 139.672 135.349 a.875 141.675 349
IrnsLA .549 0.632 0.627 0.000 .590 .627
Imn [A . 0.528 9.505 0.000 476 .585
Idc . 8.087 9.689 8.134 .008 .089
Iac . 8.631 0.627 0.000 .590 .627
P . 0 .0082k -0.8017k -0.9181k 0.0030k -0.0017k
S . 9.0887k 8.0858k 0 .0000k 8.1452k 8.0858k
Q ! . 9.0887k 0.0858k 0 .0000k 8.1676k 0 .0858k
A 0.80213 -0.92032 Error 0.02048 -0.02032
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Elementl Element2 Element3 Element4 A =B
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-17.018 0.872 17.925 -18Z.2689 -B8.673 17.925
138.184 145 .6849 137 .416 877 141.616 137 .416
IrmsLA 8.551 .633 9.629 009 0.592 0.629
Imm [A 0.432 0.522 0.5604 009 0.477 0 .504
Idc [A 0.007 0.016 0.007 121 0.009 0.007
Iac 8.551 0.633 0.629 000 0.592 0.629
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Y ......... -/

0. 0 . W o 4 £ s
Stopped 7 2005-09-13 02:50:22

Fig. 71. 0.240 in. thick magnet rotor back-emf at 2000 rpm with field enhancement at 4 Adc.
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Fig. 72. 0.240 in. thick magnet rotor back-emf at 2000 rpm with field enhancement at 5 Adc.

Mechanical losses were measured at 500-2000 rpm without field enhancement or weakening.
The data collected and the calculated power loss is presented in Table 3.

Table 3. Mechanical losses on 0.240 in. magnet rotor at 500-2000 rpm without field enhancement/weakening

Rpm

500
1000
1500
2000
1500
1000

500

Torque

0.8 Nm
0.95 Nm
1.10 Nm
1.15 Nm
1.0 Nm
0.9 Nm
0.7 Nm

Loss (W =

rpm*Nm*(27t/60)

42 W
9w
173 W
241 W
157 W
94 W
37TW

The RIPM-BFE machine containing the 0.240 in. thick magnets had locked rotor tests performed

to determine the torque output on the motor shaft.

The tests were conducted without field

excitation and with excitation in both the weakening and enhancement state. The motor was
excited with a direct current, sufficient enough for the rotor to “cog” to one of its four magnetic
zero states. The output from the shaft encoder was then zeroed and the locked rotor tests began
at this “zero” position. The stator was given currents of 50, 100, 150, 200, and 250 amps dc
while being held in the “locked” position and torque readout was recorded. The motor was
driven in 5 degree increments through a total of 45 degrees and the torque value at each level
was recorded. The torque readings at each ampere level are represented in Tables 4-18 and
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Figs. 73-76. Highlighted information in each table represents the maximum torque value and its
corresponding angular position at the respective stator amperage.

Table 4. Locked rotor torque of RIPM-BFE motor at 50 amps dc stator current

Rotor position Stator amperage Stator voltage Field excitation Torque reading

(degrees) (dc) (dc) amperage (Nm)
0 50 50 0 0.6
5 50 50 0 17.05

10 50 50 0 32.65
15 50 50 0 34.40
18.5 50 50 0 55.7
20 50 50 0 51.50
25 50 50 0 52.90
30 50 50 0 38.75
35 50 50 0 44.35
40 50 50 0 28.45
45 50 50 0 1.75

Table 5. Locked rotor torque of RIPM-BFE motor at 100 amps dc stator current

Rotor position Stator amperage Stator voltage Field excitation Torque reading

(degrees) (dc) (dc) amperage (Nm)
0 100 50 0 3.2
5 100 50 0 29.65

10 100 50 0 53.55
15 100 50 0 64.2
20 100 50 0 83.35
25 100 50 0 101.15
26.3 100 50 0 104.0
30 100 50 0 82.25
35 100 50 0 87.25
40 100 50 0 61.5
45 100 50 0 6.4

Table 6. Locked rotor torque of RIPM-BFE motor at 150 amps dc stator current

Rotor position Stator amperage Stator voltage Field excitation Torque reading

(degrees) (dc) (dc) amperage (Nm)
0 150 100 0 9.95
5 150 100 0 36.6

10 150 100 0 66.9
15 150 100 0 80.8
20 150 100 0 106.3
25 150 100 0 134.85
26 150 100 0 139.45
30 150 100 0 118.6
35 150 100 0 120.7
40 150 100 0 91.9
45 150 100 0 9.1
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Table 7. Locked rotor torque of RIPM-BFE motor at 200 amps dc stator current

Rotor position Stator amperage Stator voltage Field excitation Torque reading

(degrees) (dc) (dc) amperage (Nm)
0 200 100 0 13.9
5 200 100 0 41.6

10 200 100 0 74.4
15 200 100 0 90.7
20 200 100 0 122.45
25 200 100 0 160.6
26.5 200 100 0 167.0
30 200 100 0 143.95
35 200 100 0 149.9
40 200 100 0 118.05
45 200 100 0 9.35

Table 8. Locked rotor torque of RIPM-BFE motor at 250 amps dc stator current

Rotor position Stator amperage Stator voltage Field excitation Torque reading

(degrees) (dc) (dc) amperage (Nm)
0 250 100 0 15.1
5 250 100 0 45.0
10 250 100 0 81.1
15 250 100 0 99.35

20 250 100 0 134.1
25 250 100 0 179.6
26.2 250 100 0 187.7
30 250 100 0 165.7
35 250 100 0 172.2
40 250 100 0 132.55
45 250 100 0 1.25

Table 9. Locked rotor torque of RIPM-BFE motor at 50 amps dc stator current with
5 amps field excitation (enhance)

Field excitation

Rotor position Stator amperage Stator voltage Torque reading

(degrees) (dc) (dc) ?;'r‘]f]gﬁgee) (Nm)
0 50 50 5 6.55
5 50 50 5 19.85
10 50 50 5 41.2
15 50 50 5 38.8
20 50 50 5 59.85
25 50 50 5 63.35
26.45 50 50 5 66.8
30 50 50 5 46.45
35 50 50 5 54.9
40 50 50 5 36.95
45 50 50 5 0.8
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Table 10. Locked rotor torque of RIPM-BFE motor at 100 amps dc stator current with
5 amps field excitation (enhance)

Field excitation

Rotor position Stator amperage Stator voltage Torque reading

(degrees) (dc) (dc) ?é?lﬁg:\ige? (Nm)
0 100 50 5 0.85
5 100 50 5 35.15
10 100 50 5 65.2
15 100 50 5 72.05
20 100 50 5 102.15
25 100 50 5 119.0

26.9 100 50 5 123.1
30 100 50 5 99.9
35 100 50 5 106.95
40 100 50 5 73.65
45 100 50 5 3.75

Table 11. Locked rotor torque of RIPM-BFE motor at 150 amps dc stator current with
5 amps field excitation (enhance)

Field excitation

Rotor position Stator amperage Stator voltage Torque reading

(degrees) (dc) (dc) ‘Z‘é‘;ﬂg&ge‘; (Nm)
0 150 100 5 5.7
5 150 100 5 44.75
10 150 100 5 81.75
15 150 100 5 95.05
20 150 100 5 131.35
25 150 100 5 162.15
26.6 150 ) 5 170.6
30 150 100 5 145.10
35 150 100 5 146.2
40 150 100 5 111.1
45 150 100 5 10.6

Table 12. Locked rotor torque of RIPM-BFE motor at 200 amps dc stator current with
5 amps field excitation (enhance)

Field excitation

Rotor position Stator amperage Stator voltage Torque reading

(degrees) (dc) (dc) ?éﬂﬁiﬁgeﬁ (Nm)
0 200 100 5 11.8
5 200 100 5 52.35
10 200 100 5 94.6
15 200 100 5 115.1
20 200 100 5 156.3
25 200 100 5 193.85

5
30 200 100 5 177.35
35 200 100 5 179.8
40 200 100 5 137.95
45 200 100 5 11.4
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Table 13. Locked rotor torque of RIPM-BFE motor at 250 amps dc stator current with
5 amps field excitation (enhance)

Field excitation

Rotor position Stator amperage Stator voltage Torque reading

(degrees) (dc) (dc) ?é?lﬁg:\ige(; (Nm)
0 250 100 5 13.4
5 250 100 5 58.2
10 250 100 5 105.05
15 250 100 5 127.85
20 250 100 5 175.85
25 250 100 5 219.4

26.6 250 100 5 228.0
30 250 100 5 201.15
35 250 100 5 207.3
40 250 100 5 156.9
45 250 100 5 13.8

Table 14. Locked rotor torque of RIPM-BFE motor at 50 amps dc stator current with
5 amps field excitation (weaken)

Field excitation

Rotor position Stator amperage Stator voltage amperage

Torque reading

(degrees) (dc) (dc) (weaken) (Nm)
0 50 50 5 0.5
5 50 50 5 14.0
10 50 50 5 29.0
15 50 50 5 32.95
20 50 50 5 46.8
25 50 50 5 47.85
26.05 50 50 5 49.1
30 50 50 5 34.4
35 50 50 5 41.3
40 50 50 5 26.7
45 50 50 5 1.95

Table 15. Locked rotor torque of RIPM-BFE motor at 100 amps dc stator current with
5 amps field excitation (weaken)

Field excitation

Rotor position Stator amperage Stator voltage amperage

Torque reading

(degrees) (dc) (dc) (weaken) (Nm)
0 100 50 5 3.85
5 100 50 5 22.95

10 100 50 5 47.55
15 100 50 5 57.35
20 100 50 5 76.45
25 100 50 5 91.9
26.5 100 50 5 96.0
30 100 50 5 74.6
35 100 50 5 82.5
40 100 50 5 57.65
45 100 50 5 6.05
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Table 16. Locked rotor torque of RIPM-BFE motor at 150 amps dc stator current with
5 amps field excitation (weaken)

Field excitation

Rotor position Stator amperage Stator voltage Torque reading

(degrees) (dc) (dc) ?V”V‘g:&gﬁ;’ (Nm)
0 150 100 5 7.05
5 150 100 5 27.8
10 150 100 5 56.9
15 150 100 5 71.7
20 150 100 5 98.05
25 150 100 5 124.8
26.73 150 100 5 131.8
30 150 100 5 110.2
35 150 100 5 115.4
40 150 100 5 89.0
45 150 100 5 9.3

Table 17. Locked rotor torque of RIPM-BFE motor at 200 amps dc stator current with
5 amps field excitation (weaken)

Field excitation

Rotor position Stator amperage Stator voltage Torque reading

(degrees) (dc) (dc) ?V”v"gaelzgﬁ)e (Nm)
0 200 100 5 9.3
5 200 100 5 32.65
10 200 100 5 66.05
15 200 100 5 83.1
20 200 100 5 114.85
25 200 100 5 151.3

26.7 200 ) 5 158.9
30 200 100 5 137.25
35 200 100 5 145.75
40 200 100 5 116.2
45 200 100 5 11.75

Table 18. Locked rotor torque of RIPM-BFE motor at 250 amps dc stator current with
5 amps field excitation (weaken)

Field excitation

Rotor position Stator amperage Stator voltage amperage

Torque reading

(degrees) (dc) (dc) (weaken) (Nm)
0 250 100 5 10.8
5 250 100 5 35.05

10 250 100 5 73.05
15 250 100 5 93.45
20 250 100 5 127.4
25 250 100 5 173.05
26.9 250 100 5 182.3
30 250 100 5 160.95
35 250 100 5 173.25
40 250 100 5 136.25
45 250 100 5 17.15
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RIPM-BFE Locked Rotor Torque without Field Enhancement / Weakening

——50 Amps Stator Current
—&—100 Amps Stator Current
150 Amps Stator Current
~—¢—200 Amps Stator Current
—¥—250 Amps Stator Current

Torque Value (N-m)

0 5 10 15 20 25 30 35 40 45

Rotor Angular Position (Degrees)

50

Fig. 73. RIPM-BFE locked rotor torque vs. rotor angular position without
field enhancement/weakening.

RIPM-BFE Locked Rotor Torque with 5 Amps Field Enhancement

——50 Amps Stator Current
—=—100 Amps Stator Current
150 Amps Stator Current
—><—200 Amps Stator Current
—*—250 Amps Stator Current

Torque Value (N-m)

0 10 20

30 40 50
Rotor Angular Position (Degrees)

Fig. 74. RIPM-BFE locked rotor torque vs. rotor angular position with 5 amps field enhancement.
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RIPM-BFE Motor Locked Rotor Torque with 5 Amps Field Weakening

Torque Value (N-r

0 5 10 15 20 25 30 35 40 45 50
Rotor Angular Position (Degrees)

——50 Amps Stator Current
—®—100 Amps Stator Current

150 Amps Stator Current
~—>¢--200 Amps Stator Current
—¥—250 Amps Stator Current

Fig. 75. RIPM-BFE locked rotor torque vs. rotor angular position with 5 amps field weakening.
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400.0
350.0
300.0
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100.0
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Rotor Position (Degrees Mechanical)

Fig. 76. Comparison of PM torque components and peak-torque components between

2.5 in. ORNL machine and 3.3 in. THSII machine.
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CONCLUSIONS

The ORNL RIPM-BFE motor has been simulated and built with a stator core length of 2.5 in.,
which is shorter than the 3.3 in. of the THSII stator core. The back-emf of the ORNL motor is
higher than that of the THSII motor, which is indicative of the enhancement of the air-gap flux
density in the ORNL motor. The ORNL PM torque component is slightly higher than that of the
THSII motor at all stator current levels. The reluctance torque component of the ORNL motor is
about the same at a low stator current of 50 amp. When the stator current increases to 250 amp,
there is a significant difference between the ORNL motor and the THSII motor reluctance torque
components. The ORNL motor requires further design modifications to deal with this saturation
issue to achieve a higher-reluctance torque component at high-phase currents.

The RIPM-BFE motor is particularly suitable for short core length motors with weak PMs
because the axial dc flux produced by the brushless stationary field winding can enter one end of
the rotor axially and then distribute in the radial air gap for entry into the stator core. If the core
length is long, the radial air gap area per pole can be much greater than the axial area per pole
where the axial dc flux enters the rotor. For a given axial flux, the greater the radial area the
lower the radial flux density, hence there will be a weaker influence of the excitation current on
the radial air-gap flux density.

The concept of the ORNL RIPM-BFE motor has been proven. Future modifications of the
design are required to optimize the motors performance.
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