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Abstract: This work presents the application of the DFSS (Design for Six Sigma) methodology to optimizing both the
linearity and the sensitivity of the output voltage of a Hall-effect rotary position sensor. To this end, the dimensions and
relative positions of a permanent magnet with reference to a Hall sensor are selected as the design factors for a full factorial
design. In order to evaluate the output voltage of the rotary position sensor at each run in the experimental design, analytical
solutions to the magnetic flux density were obtained using the Biot-Savart law and the relations between the magnetic flux
density and the output voltage intrinsic to a Hall sensor. Through measurements of the improved output voltage of the rotary
position sensors manufactured using the optimized design factors, the proposed method is shown to be simple and practical.
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Fig. 1 Schematic illustration of a rotary position sensor
based on the Hall effect
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Fig. 2 (a) Configuration of the Hall sensor and sensor

magnet in Fig. 1 and (b) measured output voltage
from the Hall sensor of an original design
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Fig. 5 Relative position of a cylindrical permanent to a
Hall sensor; (a) top view and (b) side view

S - ’
< ta Measured
&0 g
& / -y
= a
S .‘l -
= e S
£| Calculated Su,
= LS
g W
L) ‘I
A |
T T '.E T T
-15 -10 5 0 5 10 15

Rotational Position (deg.)

Fig. 6 Measured and calculated sensor output voltage for
the model to be improved

518 A Aol digk A R e S
A3t7] 913l Fig. 2(b)ell YR i 2o

Ak 54 At A 3) 2 @)E ol &3
235 Fig. 6 oA Bttt o5 Faf 34
T 00d wo] =7 Astel gt BAgS a1y

/
e A mEe 54 A%E 2 5T 5 9
KN o

=

2.3 A ChA (Design)
AA dA A= el dAl A A dn
el
1

Table 1 Design factors and levels for the general full
factorial design
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Fig. 7 Scatter plots of the linearity and sensitivity for
each factor with the other remaining factors fixed
(one-factor-at-a-time approach)
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DFSS & ©o]&3 = g3 7]

Analysis of Variance for Linearity, using Adjusted SS for Tests

Source DOF Seq SS Adj SS Adj MS
L 181.099  181.099  90.549

[N

D 1 183.061 183.061  183.061
h 1 1736.667 1736.667 1736.667
v 2 502.417 502.417  251.208
L*D 2 0.106 0.106 0.053
Lxh 2 37.254 37.254 18.627
L*v 4 9.505 9.505 2.376
D*h 1 4.840 4.840 4.840
Dxv 2 20.449 20.449 10.225
h*y 2 134.787 134.787 67.39%4
L*D*h 2 0.160 0.160 0.080
L*D*v 4 0.308 0.308 0.077
L#h*v 4 13.139 13.139 3.285
Dxhxv 2 2.414 2.414 1.207
Error 4 36 0.136 0.034
5

0.1
Total 35 2826.341

S =0.184142 R-Sq = 100.00% R-Sq(adj) = 99.96%
(a)
Analysis of Variance for Sensitivity, using Adjusted SS for Tests

Source DF Seq SS Adj SS Adj MS F P
0.0089029 0.0089029 0.0044514 1050.83 [0.000]

L 2

D 1 0.0244923 0.0244923 0.0244923 5781.78 |0.000|
h 1 0.0090567 0.0090567 0.0090567 2137.97 |0.000|
v 2 0.0280194 0.0280194 0.0140097 3307.21 [0.000
LxD 2 0.0004687 0.0004687 0.0002343  55.32 0.001
Lxh 2 0.0016889 0.0016889 0.0008444  199.34 0.000
Lxv 4 0.0025949 0.0025949 0.0006487  153.14 0.000
D*h 1 0.0010134 0.0010134 0.0010134  239.22 0.000
Dxv 2 0.0013032 0.0013032 0.0006516  153.82 0.000
hxvy 2 0.0032961 0.0032961 0.0016480 389.04 0.000
LxD+h 2 0.0000969 0.0000969 0.0000484 11.44 0.022
LxDxv 4 0.0000642 0.0000642 0.0000160 3.79 0.113
Lxhxv 4 0.0007406 0.0007406 0.0001852 ~ 43.71 0.001
O+h+v 2 0.0001321 0.0001321 0.0000660 15.59 0.013
Error 4 0.0000169 0.0000169 0.0000042

Total 35 0.0818870

S =0.00205818 R-Sq = 99.98% R-Sa(adj) = 99.82%

Fig. 8 Analysis of factorial design for (a) the linearity
and (b) sensitivity with the 4th order interaction
effects neglected

Zzpel Aot AA I Aol #AskE b R v 7F
1% & oA JEHs Ade] S, L
o] Z7teFE Ao o EdelA Yo Aol
EF aAR golvke A7k LAy wield
a2H I (L, D, h, v)2] Fk

o
=
[e] = [e) =
T HAYAE o g AL o] A

AT e 025V/deg. A HAES 2=

)
o
o T B

A

Sl h o
e L
Ne &
o

S~
_>|: —_l
ox, ¥2

B
2
2,
X
o

O“ 4o no nE
[z
2
r [e]

oflt 2

al | 721%24 % al
of webA, AEA B We A &
o] me AgS Fasir dEAde] o

2 mm 7} HOM skm, o] A W=7 Hdo]”]
AsA v = 1 mm 7k Holok & & Q) o
8T ﬁﬁé*ét 93.7%, WHEE 0.11V/deg. =
Ao, ol WA R g ol A3
2 NAEdS & F Uk

[o5

2.5 B35 CTHA|(validate)

A4 s CTQ 9AES HHste] Fig. 11(a)ol
uel sk e 47 A ANE A%ea 7
5 3 A ZdE(-15°<0<15°)° WE T 22 F

2l
o

A=A Al el A 235
L D
2 90
= 851 .\ ___—
gg 801 [ -—
g 51 : .
= 7 8 9 2 3
S
h
S 90 v
§ 85, / "
80
30 / | /

L
=]
RC R N o

=

ANENY
:

(b)

Fig. 9 (a) Main and (b) interaction effects plot for the

linearity
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a

Table 2 Improvements of the linearity and sensitivity
(values in parenthesis are calculated)

T A s % 5
Linearity

%) 79 90 96 (94)
Sensitivity
(V/deg.) 0.04 0.08 0.09 (0.11)

%/-Present (measured)

-
-y

-
=
/‘ bl Ty .
z.3

Output Voltage (V)

< T
. X}
Previous (measured) e, -

15 \
N Present (calculated)
5
T T 0:5 T T
-15 -10 -5 0 5 10 15
Rotational Position (deg.)

Fig. 11 (a) Improved sample model and (b) a plot of the
sensor output voltage
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