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Abstract: A laser shaft alignment based on double LD-PSD is designed in this thesis. The mathematic model is built.
The mechanical device which fixes the instrument is designedand the hardware circuit is also designed. The laser
shaft alignment has strong anti-jamming capacity. It can compensate the soft ground effect and temperature effect.
Therefore, it can carry out alignment measurement under various conditions. The prototype test shows the measuring
precision, reliability and anti-jamming ability are higher than the likewise products. It can meet the requirement of

coaxiality measuring in shafting.

Keywords: PSD; Laser; mechanical device; shaft alignment; Spot

1. Introduction

Machine jointed by coupling would generate vibra-
tion when running because of shaft misalignment and
the vibration affects the using life of machine and dam-
ages the parts. As we knowalmost 50% of the rotating
machinery fault is caused by the shaft misalignment.
So shaft alignment is an important process in power
machinery assembly [1].

The advanced Laser technology is the key technol-
ogy in measuring and adjusting shaft misalignment.
The homemade laser shaft alignment is used as align-
ment tools and the deviation value is given by manual
calculation. It can’t take advantage of the laser shaft
alignment efficiently. And foreign products are ex-
pensive [2]. Thereforelaser shaft alignment product
based on double LD-PSD is designed in this thesis.
In the actual measurement, the relative position of the
two shafts can be calculted by measuring the spot’s
coordinate of the double LD-PSD on three different
angles.The alignment purpose can be realized by ad-
justing shaft position according to the calculation re-
sult. Furthermorethe prototype is designed and used

to detecte the actual engineering measurement.

2. The mathematic model of measurement sys-
tem

There are two deviations in shaft misalignment. One
is the parallel deviation. It means two jointed shafts
are parallel, but not collinear. Another is the angle
deviation. It means two jointed shafts are not paral-
lel and formed angle [3]. When Measuring, usually
the two-axis spatial location are decomposed into two
mutually perpendicular planes, then the deviation can
be calculted using the spatial relationship of the two-
axis, at last adjusting the shaft alignment according to
the calculation result.

2.1 Positional relationship between the drving shaft
and driven shaft; the coordinate system es-
tablishment

The double LD-PSD laser shaft alignment and its
data acquisiton and processing system are used in the
design.
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The optical path system is the basic structure of the
laser shaft alignment. The mechanical device is de-
signed and installed as shown in Figure 1. The adjust-
ment quantity of the driven shaft’s can be calculated
according to the data measured by PSD. It means the
mathematical mode is built.

When installing, two pillars are fixed vertically on
driving shaft and driven shaft respectively, two pil-
lars’s height are roughly equal and the two pillars are
adjusted, as shown in Figure 1. Then fixe LD and
PSD on each pillar, assuring laser beam is parallel to
driving shaft and driven shaft respectively and sen-
sor’s photosensitive surface is vertical to laser beam
(When producing the instrument, it is ensured that
photosensitive surface is parallel to the pillar and the
two pillars’ height are roughly equal). The positional
relationship between driving shaft and driven shaft is
shown in Figure 2.

xoy plane is vertical to driving shaft and x'o’y’ plane
is vertical to driven shaft. The angle between driving
shaft and driven shaft is very small, and the distance of
two PSD is 1 meter to several meters, SO we propose
xoy was parallel to xX'o'y’.

The coordinates built according to driving shaft and
driven shaft is shown in Figure 3. Point A(xo, yo,0) is
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Figure 1 Two-beam LD / PSD diagram

Figure 2 Positional relationship between the driving shaft
and driven shaft

the intersection of axis and plane, and point B(x;, y;,,0)
is the intersection of z axis and x'0’y’ plane.
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Figure 3 Coordinate established by driving shaft and slave
shaft

When measuring, the key process is measuring the
coordinates of point A and B precisely, then doing
coordinate transformation. Various measuring modes
are designed in order to suit different measuring con-
ditions. The coordinate of point A and B can be mea-
sured using any three points measurement method.

2.2 Principle of any three points measurement me-
thod

In Figure 4, point C is the center of PSD fixed on the
driving shaft. Point D is the projection of laser beam
from the LD fixed on driven shaft to the PSD fixed
on driving shaft. When driving and driven shafts are
turning a round simultaneously, the track of point C
on xoy plane is a circle whose center is point O and
radius is L; the track of point D is approximate circle
whose center is point A and radius is R. Point A is the
intersection of 7’ and xoy plane. o is the polar coordi-
nate of the spot ouputed by PSD, and its polar radius
is CD, « is the rotation angle. Supposing A(e,f) is
the polar coordinate of point A, then its rectangular is:

A(x0,y0) =A(e-cosf,e-sinf}) (1)
According to The Cosine Theorem, in AAOD:

RZ=¢"+(L+0)*—2e(l+0)-cos(B—a) (2)
Then formula (2) is:

(R? — L?) — (e* — 2eL-cos(B — &) + 6%) +2e8 - cos(B — )

o= 2L

3

In formula (3), when measuring, R is approximately
equal to L, then formula (3) is:

O =Xp-COSO+yp-sinQ “4)
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Similarly, the coordinate of point B is:

o' = —x{-cosa—yj-sina

(&)

When measuring any three points, the rotation angle
is o, (, a3 respectively, then 61, 0,, 03 is

O] =X -COS ¢ + Yo -sinQ
0> = X0 -COS 0 + Yo - sin 0
03 = X0 -COS03+ Yo -sinog

(6)

According to the least square principle the result can
be calculated.

Setting M = Y [0; — (xp - cos 0; + Yo - sin 6;)] formula
(6) can be solved using formula (7),the result is for-
mula (8).

{ 3M((9Xo,-)’0) -0
0 (7

IM(xo,y0) __
dyo 0

Yi=l1 )3 sin? o Z?:l 0; COS O —X( ):?:1 sin @; cos o ):?:1 o;sinq;
21-3:1 cos? ¢ ):?:1 sin® 04— (21.3:1 sin @ cos o;)%

Y i=1 )3 cos? o Z?;l o; sin o —xp Z?;l sin ; cos ¢ ):?:1 0;COs O
Y3 cos2a; Y3 sin® o—(¥3, sinoycos o)?

X0 —

Yo =
3)

Then xp and yg can be calculated according to for-
mula (9).

o ):( i:l)3 sin? o Z?Zl 0; COS O —X( ):,3:] sin o cos @ ):?:l o;sinq;

2.3 Deviation and adjustment calculation

On assuring the positional relationship between the
two shafts, the alignment deviation can be calculated
according to the coordinate of point A and point B.
The deviation value can be reduced by adjusting the
four anchors of driven shaft. In general, the adjust-
ment method is moving driven shaft in horizontal di-
rection and increasing or decreasing gaskets in verti-
cal direction. The calculation method is given.

The calculation on vertical direction is given as an
example in Figure 5.

Point y4 and yp are the projections of pioint A and
point B on vertical plane, point ky is the projection of
the Z’ shaft on vertical plane, point E, and Fy are the
projections of the driven shaft motor’s front and back
anchors. A is the distance between the two PSDs; b is
the distance from PSD on the driven shaft to the front
anchor, d is the distance from PSD on the driven shaft
to the coupling center, c is the distance from the back
anchor to the front anchor on driven shaft motor.

Y-coordinates of E), and F, can be calculated by for-
mula (11), according to the geometrical relationship
in Figure 5.

| =

X - p

0 Y3 cos2o; Y3 sin? oy—(Y3 sina;cos a)? A

Z(i:l)3 cos? o Y oisin@i—xo Z?:] sinoc,-cosoc,-):?:] 0; COS Qi | 1
Yo = Y3 cos2o; Y3 sin® a;— (Y5, sinoycos ;)2 ¥ K
i=1 i i1 i—(Lizi i i
(€))
i ¥
o . ;N - i A F e
Similarly, the coordinate of (xy,y) is:
Lo e -z

o = Y(i=1)3sin* ;Y7 o/ cosai—xo ¥, sinagcos oy ¥, of sin oy \%\{y\

0 Z?:l cos? ¢ Z?:l sin? 0‘:’—(2?:1 sin ¢ cos ;)2 o 7 t

; Yi=1)Pcos’ X} ofsinoy—xo X, sinocos o ¥, 0] cos " i -
Yo 2?:1 cos? ¢ Z?:l sin? O‘i*(Z?:] sin ¢ cos ;)2 ol b I

(10)

Figure 4 Measurement principle of arbitrary 3 points
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Figure 5 The calculation of slide adjustment and deviation
of alignment

{ Ey=ya+(a+b)(ys—ya)/a (11)

Fy=ys+(a+b+c)(yp—ya)/o

Ey and F, are the adjustment value of the front and
back anchors in vertical direction. That is the increas-
ing or decreasing thickness of the gasket. Similarly,
E. and F, are the adjustment value of the front and
back anchors in horizontal direction

{ E.=xa+(a+b)(xg—xa)/ct

Fo=xa+(a+b+c)(xpg—xa)/0 (12)
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E, and F, are the adjustment value of the front and
back anchors in horizontal direction. That is the mov-
ing distance of the motor.

0, is the angle deviation of the two shafts in vertical
direction, usually use the Tangent value representa-
tion.

Yy—Yp
o (13)
Positive and negative signs of the result indicate the
deviation direction on vertical plane. Similarly, the
angle deviation on parallel plane can be calculated by
formula (14).

tan(6y) =

X4 —Xp
o«

tan(6,) (14)

2.4 Principle of temperature compensation

The position of two center lines change because of
high temperature as shown in figure 6. Therefore the
hight difference-Aht appears which causes the mis-
alignment value change. Thus it will fail when the
coupling joins the driving shaft and driven shaft. The
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Effects of elevated temperature on
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Effects of temperature compensation

Figure 6 Temperature compensation principle

misalignment deviation caused by the temperature change

is not permitted, and it must be suitably amended.

In order to make different seasons on temperature
compensation effects become smaller, the tempera-
ture compensation is in accordance with the standard
of climatic conditions. When the standard of climatic
conditions is considered as 20°C, the temperature com-
pensation can be obtained by formula (15).

Aht = (Al‘z —|—l‘0—20) “Uo-Hy — (Al‘l +to—20) Uy -Hyp

(15)

Then the new Ej and Fy can be calculated by for-
mula (16).

{ E)//:YA—F(CI—Fb)(Yb—YA)/(X—FAh;

F' =Y+ (a+b+c)(¥—Ya) fa+ ok 1O

3. Laser shaft alignment system based on dou-
ble LD-PSD

3.1 The composition and measurement principle

The system composition is shown in Figure 7. The
system has five parts: laser source, Optical target, sig-
nal processing circuit, data acquisition system and com-
puter.

When measuring, LD and PSD are fixed on the back-
rest wheel or shaft of the driving shaft and driven shaft
respectively using magnetic table block or chain clamp.
The laser beam is irradiated by semiconductor laser
projects on PSD which fixed on the detected object.
A laser spot emerges, when the laser beam projects on
the photosensitive surface of PSD. The spot position
in the detected object coordinate system can be gained
by PSD’s signal processing circuit. The coordinates
of the detected object in the laser coordinate system
can ba obtained according to the spatial relationship
between the laser coordinate system and detected ob-
ject coordinate system. Therefore, the position infor-
mation of the detected object can be reflected by the
PSD’s positional information. Then the positional in-
formation can be collected to computer by the data ac-
quistion system. The deviation and adjustment quan-
tity can be calculated by programming the software

[4].

3.2 Working principle of the two dimensional PSD

PSD is a new photoelectric detecting device which
is called as the coordinate light battery. It is composed
of P substrate, PIN photodiode and the surface resis-
tance. PSD detects the position of the incident light
or particle based on nonuniform semiconductor’s “lat-
eral photoelectric effect”. So the position of the spot

Signal input

PSD optical-electrical converter [* Laser Source

}

Signal processing circuit

l

DAS

}

CPU

Signal output

Figure 7 The system block diagram of fixture laser shaft
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energy center which irradiates to the photosensitive
area can be measured by PSD’s light current and the
spot position is transferred to electrical signal. And
the positional signal is unrelated to the spot shape.
The schematic diagram of two-dimensional PSD is

shown in Figure 8 [5].
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Figure 8 Schematic diagram of two-dimensional PSD

The output current of each Electrode on PSD are
X1, Xo, Y1, Y. The position of the spot can be calcu-
lated by X1, Xo, Y1, Y>. And the output current can be
transformed to voltage by measuring circuit, and the
voltage reflects the position of the spot energy center
by using the operational amplifier circuit. In Figure 8,
O is the geometric center of PSD, and O is the origin
of the PSD coordinate system. Ly and Ly are the side
lengh of the photosensitive surface in X and Y direc-
tion. (x,y) is the coordinates of point D. When the
laser beam irradiates to point D on the photosensitive
surface, a charge generates which is in proportion to
light intensity. When the charge crosses the resistance
layer, the light current forms and flows to X, X», Y1,
Y. The location coordinate of incoming spot is:

_ XX (17)
2 Xo+X

_brhoh (18)
2 h+1

Then the polar coordinate of point D can be calcu-
lated:

G:~/x2—|—y2

3.3 Signal Processing Circuit of PSD

The signal processing circuit of the PSD is shown in
Figure 9.

First, the output current would be amplified by the
operational amplifiers and be converted to the volt-
age signal [6]. At the same time, attention must be
paid to selecting suitable feedback circuit to ensure
that the four circuits of the PSD have the same ampli-
fying performance. Next, adder and subtraction op-
eration would be realized with operational amplifiers.
And division operation would be realized with analog
divider. Finally, we can obtain a voltage signal that is
proportional to the positional signal. And after linking
to the computer by high speed A/D converter, we can
calculate the shaft misalignment value and the adjust-
ment value.

3.4 The software design for the measurement sys-
tem

The software is developed with language C. The
software diagram is shown in Figure 10. First, acquir-
ing the data from the workpieces joined by the same
coupling and calculating. Then, integrating every re-
sult. Finally, calculating E, and F; which is the devi-
ation of the shaft misalignment on horizontal plane,
calculating E) and F, which is the deviation of the
shaft misalignment on the vertical plane. At the same
time, calculating 6, and 6, which is the angle between
the horizontal and vertical plane.

4. Mechanical device design

Suitable mechanical device can ensure the signal ir-
radiated by LD can accurately fall in the correspond-
ing PSD and the LD and PSD can be fixed effectively.
And it makes the laser alignment instrument remove
from the driving shaft and driven shaft conveniently.
Therefore, the task is designing a mechnical structure
which can fix the LD and PSD firmly on driving shaft
and driven shaft respectively. The integral mechanical
structure is shown in Figure 11.

There are two designing sections, one is fixture de-
sign and the other is laser head structure design .
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Figure 9 Two-dimensional PSD Signal Processing Circuit
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Fixture design includes type V block, fixing rod and
chain clamping connecting device as shown in Figure
12.

Laser head structure is the core section of laser shaft
alignment instrument. It mainly includes LD and PSD.
In the laser head structure, laser head can be fine-
tuned, namely it has a trace of adjustment in horizon-
tal direction and vertical direction. Figure 13 is the
laser head structure design, Figure 14 is three-view of
LD / PSD device.

5. The experimental results analysis

In this experiment, we adopt the infrared semicon-
ductor laser as light source, because the peak value
of PSD’s spectral response is in the infrared region.
PSD is the homemade position sensitive photodetec-

Input coupling type and size
ol the machine

Test system
debugging is
completed

No

Measuring

A

Misalignment and re-
caleulation adjustment

Yes M

Re-measurement Store and adjust the organ

Figure 10 Software system design flow

Figure 11 Laser shaft alignment mechanical device

tor and the type is GD3284Y. The size of PSD’s pho-
tosensitive surface is 10 mm x 10mm, spectral range
is 380 1100nm, the peak response is 0.6A/W, inter-
electrode resistance is 6K ohm, the saturation current
value is 0.5mA, position measurement error is +20 to
+100um ( intermediate-edge ), the maximum error is
4 100um, position resolution is 5 m, the dark current
for 20NA/Vr, the working temperature is —10 to 60
°C.

%' h]

The fized rod
—’f‘f
e ——

Figure 12 Fixture design

Screw

~ | [
(__/ Spring

|

Spring
Figure 13 Laser head structure

The diameter of the coupling is 300mm. The an-
gle deviation between horizontal planes and the an-
gle deviation to vertical plane are both 1 degree. And
the coaxial position deviation is 0.30mm (deviation in
X-axis direction is 0.16mm, deviation in Y-axis di-
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Table 1 The actual measured Parallel deviation values

(a=300mm)
Parallel deviation/mm

D(mm) X direction | Y direction
deviation deviation

300 0.058 0.059

400 0.062 0.065

500 0.067 0.064

600 0.069 0.068

average value 0.064 0.064

Table 2 The actual measured angle deviation values

(a=300mm)

angle deviation/rad
D(mm) horizontal | vertical

angle angle

300 0.011 0.011

400 0.009 0.009

500 0.008 0.008

600 0.007 0.007
average value | 0.00875 | 0.00825

Table 3 The actual measured deviation values when the dis-

tances between the laser and the detector changed

deviation/mm
Distance | Parallel Vertical
deviation | deviation
a=200 0.039 0.039
a=300 0.058 0.059
a=400 0.077 0.078
a=500 0.096 0.098
a=600 0.116 0.118
a=700 0.135 0.138

Table 4 The actual measured angle deviation values when
the distances between the laser and the detector changed

angle deviation/rad

Distance | horizontal | vertical
angle angle

a=200 0.011 0.010
a=300 0.011 0.011
a=400 0.011 0.010
a=500 0.011 0.011
a=600 0.011 0.012
a=700 0.011 0.0106

rection is 0. 254mm). When the distance between
the laser and PSD is 300mm, the measuring results-
the shaft alignment deviation in X-axis direction and
the shaft alignment deviation in Y-axis direction are
shown in Table 1 and Table 2. The parallel deviation
and angle deviation in X-axis and Y-axis direction are
shown in Table 3 and Table 4, while changing the dis-
tance D.
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Figure 14 Three-view of LD / PSD

According to GB118796, the shaft misalignment val-
ues meet the precision demand of shaft alignment—
tolerance Level T14 in geometric tolerance zone.

6. Conclusion

This experimental system is simple and easy to use,
and can be used by manual or automatic measurement
method. The system has automatic collection, trans-
mission and storage data capabilities. It can calculate
the data automatically and give the adjustment quan-
tity by software. And the system has good repeatabil-
ity and strong anti-jamming characteristics. Through
several testing, the alignment effect is good, which
facilitates adjustment and owns promoting value and
many advantages compared with overseas similar prod-
ucts.
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