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Abstract: High precision electromagnetic calibration force source is one of the important components of mi-
cro—thrust measurement system. For obtaining the electromagnetic calibration force with excellent performance,
numerical simulation and experimental research methods are used to analyse the influence of geometry sizes of the
permanent magnet on the characteristics of electromagnetic force with the relative position of coil and magnet :
For the magnet with larger diameter and smaller thickness, the electromagnetic forces have extreme value with
the change of relative position, and the electromagnetic forces near the extreme point have high stability and con-
sistency. In addition, according to the variation trend of electromagnetic force, a high—precision setting scheme
of the fiducial position (the location of extreme point) of coil and permanent magnet is proposed. And the varia-
tion coefficient of electromagnetic force near the fiducial position is about 0.00252. Finally, the large—diameter
magnet and coil combined electromagnetic force generation device is determined, and the high—precision electro-
magnetic force control relationship with a standard error of estimate 0.0137 is established based on the fitting

method.
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Table 1 Parameters of coil

P . Outer Wall Height Wire Number
arameter diameter thickness 8 diameter  of turns
Value 20mm Imm 10mm 0.5mm 150

Table 2 Geometric sizes of permanent magnets

Permanent #1 # #3 #4 #5 #6 #7

magnelts

Diameter/mm 10 20 40 60 40 40 40
Height/mm 3 3 3 3 4 5 6
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Fig. 1 Magnetic field distribution contour of interaction
between permanent magnet and coil (the white and black
arrows indicate the directions of magnetic field and coil

current, respectively)
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Fig. 2 Variation curve of electromagnetic force with axial distance when the diameters of permanent magnet are different
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Table 3 When the axial distance changes,the electromagnetic force corresponding to permanent magnets with different

diameters
Axial distance/mm F, /mN F,,/mN F,/mN F,,/mN
z, 161.76 790.05 164.17 68.241
z,+0.25 159.44 723.70 164.91 68.376
z,+0.5 156.67 666.54 165.43 68.488
z,+0.75 153.45 617.02 165.69 68.570
z,+1 149.90 573.68 165.75 68.599
z,+1.25 146.03 535.55 165.66 68.580
z+1.5 141.96 501.11 165.32 68.566
z,+1.75 137.70 470.11 164.74 68.514
z,+2 133.34 442.21 164.07 68.419

Table 4 When the relative position changes,the variation coefficient of electromagnetic force corresponding to permanent

magnets with different diameters

Variation coefficient [ O,y O,y
Axial direction 6.64x107 2.00x10™" 3.91x107* 1.73x107°
Radial direction 2.10x107> 7.70%x107* 7.56x107 3.06x107°
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Fig. 3 Variation curve of electromagnetic force with radial distance when the diameters of permanent magnets are different
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Fig. 4 Variation curve of electromagnetic force with axial
distance when the thicknesses of permanent magnets are
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Table 5 Correlation between the geometric size of permanent magnet and the extreme value of electromagnetic force

Permanent magnet

Value of extreme point

Position of extreme point

Diameter

Thickness

Negative correlation

Positive correlation

Positive correlation

Negative correlation

Table 6 When the relative position changes,the variation coefficient of electromagnetic force corresponding to permanent

magnets with different thicknesses

Coefficient of variation 8,4y 046 8,y
Axial direction 7.56x107° 7.46x107° 7.55x107° 7.60x107°
Radial direction 3.91x107° 3.90x107° 4.29x107° 3.74x107
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* Extremum value 224 * Extremum value
223
z z
E E 2
&’ =’
221
220 (0,219.81)
219
-20 -15 -1.0 -05 00 05 10 15 20 -20 -1.5 -1.0 -05 00 05 10 15 20
Radial distance/mm Radial distance/mm
(a) #3 permanent magnet (b) #5 permanent magnet
279 331
~#6 permanent magnet - #7 permanent magnet
278 * Extremum value 330 * Extremum value
277 329
Z
g 276 E 328
w275 w° 327
274 326
273 325
272, 324
-20 -15 -1.0 -05 00 05 10 15 20 -20 -1.5 -1.0 -05 00 05 10 15 20

Radial distance/mm
(¢) #6 permanent magnet

Radial distance/mm
(d) #7 permanent magnet

Fig. 5 Variation curve of electromagnetic force with radial distance when the thicknesses of permanent magnet are different
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Multi-DOF
micro-displacement
stage

Coil and
permanent magnet

Fig. 6 Experimental equipment

Table 7 Experimental equipment and their performance

parameters
Experimental
. Performance parameter

equipment

) . Weighing capacity : 220g; Readability:0.1mg;
Electronic S . .

Reproducibility : 0.08mg; Linearity : 0.06mg ;
balance

Stabilization time( typical) : 2s

Displacement . .
p Travel:1.5cm; Resolution:0.5mm per revolution

stage
Outer diameter:20mm ; Inner diameter: 16.5mm;
Coil Height: 10mm;
Turns:20; Wire diameter:0.5mm
D
€ power Resolution: ImA
source
42 BEREEME

W v % 7 B R A IS T X R A AR A (R (R A
AFAET , U KR o7 B 5 SO HEME R DL B . T
e A B T, e T R K ke R 2 1]

Permanent
magnet

Fig. 7 Physical drawing of coil and permanent magnets
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% 25 A2 B0 it A7 R 24, 52 o 17 28 BRI 7 i 2k O Al 2
AR (7l 0T R 5 g T 0AEE A B 10 X R il e
O IL R AR 2 E A, B,
HW %8 AR SRR R MR 2, 3 80 45 1k
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B s
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i RO R A ST K B A ER S T s 2 N T ]
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Ja R AR T (0=, y ), BIVSE B 33 i
B 23 B AT 0 B 2 A4 1o B B B A8 Ak, R G ) 8 Ak il
LR £ L BRI, AT AR 4 S R R 1 e K T T
T igo A ROIE R i ) L AR R R OT R 5L
R 455 B T A 5 8 A b 0, T 7, , BT s LA i v a2
Boiy= (i, +i,)/20 e, B 2k B A il ) o0 B 20 AR
T BUME 53 AT AT 0, 224 K Rk BLAR /DN T 2 B A AR SR
R R A R R T R B R ORI e A 2, = 7
K R AR KT R B MR LR B AR /N L g
P43 S 38 KR /N B A 4 £k o ot AT DUAR % e xt
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Table 8 Parameters of Nd-Fe-B permanent magnets

Magnet #1 #2 #3 #4 #5 #6 #7
Mass/g 1.0496 3.4620 9.3234 24.3594 47.1487 38.1462 62.4753
Diameter/mm 8.0 15.0 24.5 40.0 40.0 48.0 49.5
Thickness/mm 3.0 2.5 2.6 2.7 5.0 2.8 5.0
Table 9 Magnetic properties (temperature in 20°C)
Remanence Coercivity Intrinsic coercivity Max.energy product Permeability
B, IT B, /T HB, [(kAlm) HB,_ /(kAm) HJ /(kA/m) HJ_ [(kA/m) B, /(kIm®) B, /(kl/m®) uw
1.17 1.22 860 925 955 960 263 279 1.05
19.5 48
19.0 z-direction F and error bar 46 z-direction F and error bar
18.5 44
18.0 42
Z 175 Z 40
=* 17.0 =° 38
16.5 36
16.0 34
155 32
15'02 z+H0.5 z+1.0 z+1.5 z+2.0 302 z+0.5 z+1.0 z+1.5 z+2.0
Axial distance/mm Axial distance/mm
(a) #1 permanent magnet (b) #2 permanent magnet
29.0 15.40 ——
z~direction . and error bar z-direction F/, and error bar
285 1535
28.0
Z Z 1530
£ 275 E
& = 1525
27.0
26.5 15.20
26.0 1515

z z+0.5 z+1.0 z+1.5

Axial distance/mm

z+2.0

(c¢) #3 permanent magnet
7.97
7.96
7.95
7.94
7.93
7.92
791

F/mN

z-direction / and error bar

z z+0.5 z+1.0 z+1.5

Axial distance/mm

z+2.0

(d) #4 permanent magnet

7'90z z+0.5

z+1.0
Axial distance/mm

(e) #6 permanent magnet

z+1.5 z+2.0

Fig. 8 Variation curve of electromagnetic force with axial distance when the thicknesses of permanent magnet are different
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Table 10 When the relative position changes,the variation coefficient of electromagnetic force corresponding to permanent

magnets with different diameters

Magnet #1 #2 #3 #4 #5 #6 #7
3. 7.90x107 5.42 8.03x10™" 4.16x107° 3.88x107° 2.60x107° 2.52x107°
3, 4.46x107° 7.55%107" 3.80x107" 8.31x107° 7.41x107° 5.04x107 4.66x107°
8, 5.14x107° 8.03x10”" 4.06x10™" 9.05x107 8.09x10°° 5.79x107 5.40x107

17.75 390t
x-direction £, and error bar
17.70 y-direction £ and error bar 385r1
17.65 3801
z 17.60 z 3715}
= E
e 17.55 o 370
17.50 365t x-direction £, and error bar
y-direction F_ and error bar
17.45 36.0
17.40 35.5
i-2 i-1 i i+l i+2 i-2 i-1 i, i+l i+2
Radial distance/mm Radial distance/mm
(a) #1 permanent magnet (b) #2 permanent magnet
206 — 15.75
x-direction £, and error bar 15.70 + x-direction F, and error bar
204 y-direction F_ and error bar 1565 y-direction F* and error bar
292 15.60 1
Z Z 1555}
£ 290 E 7
=’ e 15.50
28.8 15451
28.6 15.40 1
’ 1835
28.4 15.30
i-2 i-1 i, i+ i+2 i-2 i-1 i, i+l i+2
Radial distance/mm Radial distance/mm
(¢) #3 permanent magnet (d) #4 permanent magnet
8.10
x-direction F, and error bar
y-direction F, and error bar
8.05
z
£
o
8.00
%95
i~2 i-1 i, i+l i+2

Radial distance/mm
(e) #6 permanent magnet

Fig. 9 Variation curve of electromagnetic force with radial distance when the diameters of permanent magnets are different
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Fig. 10 When the relative position changes,the variation curve of electromagnetic forces corresponding to #5 and #7

permanent magnets
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Table 11 Errors of electromagnetic forces with £0.Smm off the center position

x—direction

y—direction z—direction

Offset distance/mm

F /mN Relative error/% F /mN Relative error/% F /mN Relative error/%
-0.5 15.5441 0.0766 15.5464 0.1127 15.5026 0.1771
0.0 15.5322 0.0000 15.5289 0.0000 15.5301 0.0000
+0.5 15.5433 0.0715 15.5392 0.0663 15.5106 0.1256

TS, R 4.2 75 Bk T 0 IR Ak R £k T A Sk
HE P (00 y00 20 ) AR R0 H A 5 030 3 0
LB x,y,z H ) e = +0.5mm. 7E A 07 B AT
Ak, B TCA) 4K YR Jin [0.005, 0.01, 0.02, 0.05, 0.1,
0.2,0.5,1,1.2, 1.5 1% 10 ™A, H 43 51 2 2 7] 72 4% it
I— T3 x 3 x 3 x 2 x 10 = 540 4 45 o5
(I, F) AP 11 ffr R o

14703
12 ¢
0.2
10
0.1
z 8rY
E
=" 6
10.0
. 5%10 11072 2x102//
i A o Data
// —+ Linear fit
2 el Error bar
tL o - 95% prediction interval
0 “_-: 1 1 L I
0.00 0.25 0.50 0.75 1.00 1.25 1.50
1A

Fig. 11 Relationship between the electromagnetic force and

the current
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Table 12 Known source of error for uncertainty analysis
Item Equipment Resolution Min Max
Current //mA Power supply 1 5 1500
Calibration F /uN Weighing balance 0.981 40.7 12070
Engagement distance x/pm Mechanical stage 10 1000 1000
Uncertainty error with $=0.2% 24.2 1.2
Table 13  Variation coefficient of electromagnetic force corresponding to current
1I/A Variation coefficient I/A Variation coefficient
0.005 8.60x107 0.2 4.92x107
0.01 5.81x1072 0.5 3.44x107
0.02 3.33x1072 1 2.38x107
0.05 1.31x107 1.2 2.32x107°
0.1 8.12x107° 1.5 2.13x107°
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