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Aiming at the problem of scanning distortion in X-Y galvanometer light detecting and ranging (Lidar) scanning sys-

tem, we propose a method of image scanning distortion correction with controllable driving voltage compensation. Firstly,
the geometrical optics vectors model is established to explain the principle of pincushion distortion in the galvanometer
scanning system, and the simulation result of scanning trajectory is consistent with experiments. The linear relationship
between the driving voltage and the scanning angle of the galvanometer is verified. Secondly, the relationship between the

deflection angle of the galvanometer and the scanning trajectory and the driving voltage is deduced respectively, and an im-

age scanning correction algorithm with controllable driving voltage compensation is obtained. The simulation experiment

results of the proposed method show that the root-mean-square error (RMSE) and the corresponding curve between the
scan value and the actual value at different distances, have a good correction effect for the pincushion distortion. Finally,
the X-Y galvanometer scanning Lidar system is established to obtain undistorted two-dimensional scanned image and it

can be applied to the three-dimensional Lidar scanning system in the actual experiments, which further demonstrates the

feasibility and practicability of our method.

Keywords: Lidar, laser scanning, optical vector model, image scanning

PACS: 42.68.Wt, 42.55.~f, 11.90.+t, 42.30.-d

1. Introduction

With the development of Lidar scanning technology and

(2] ¢ivil as well as other

its wide use in military,[!! aerospace,
fields,>* it has great practical significance to investigate
the key technology of Lidar scanning system."! Lidar is a
laser beam as a new detection signal active modern opti-

cal remote sensing system,[©]

compared with the traditional
radar operating frequency band, optical band of shorter wave-
lengths, which can greatly improve the radar distance reso-
lution, angular resolution, velocity resolution,!”! and thanks
to the laser’s high directionality, high monochromatic, and
high coherence, have the advantage of achieving high accu-
racy, anti-interference ability, and small volume. 3!

Lidar scanning technology is an important development
direction in the laser radar application market,['’ and X—
Y galvanometer scanning technology has the advantages of
small moment of inertia, fast response, small size, high-
precision real-time drive control, and non-contact.['! Tt can
meet the requirements of the laser radar scanning system for
the scanner.!'”) Li er al.l'3 presented a method for correct-
ing distortion to achieve the effect of correcting distortion.
Hayakawa et al.!'¥ proposed a laser beam pointing method

that allows for simultaneous control of position and angle us-

DOI: 10.1088/1674-1056/abcf42

ing two galvanometer mirrors. Delgado et al.ll”!

presented
a coaxially coupled vision device and a self-designed cali-
bration plate for scanning distortions but it makes the equip-
ment more complicated. In the actual system, the compen-
sation item is not considered, and the scanning working dis-
tance is too short, which has limitations. The scanning dis-
tortion of the galvanometer system seriously affects the accu-
racy of laser scanning and brings difficulties to analysis and
application.['®! Such distortions are usually processed by op-
tical hardware compensation and circuit calibration methods,
which are affected by the accuracy of device processing and

[17

increased hardware costs,'” and it is easy to introduce new

error noises, further reducing the scanning performance of the
entire system. 15191

In the present study, based on the X-Y galvanometer Li-
dar scanning system, a distortion correction algorithm with
controllable drive voltage compensation is proposed. The al-
gorithm uses voltage control and introduces angle compensa-
tion to correct the distortion trajectory. The geometric optical
vector model is established to prove the pincushion distortion
of the galvanometer scanning system, and the linear relation-
ship between the scanning angle and the driving voltage is ver-
ified. The simulation experiment verifies the performance of
our algorithm. In the actual experiment, the proposed method

*Project supported by the National Natural Science Foundation of China (Grant Nos. 61775048 and 62027823) and the Natural Science Foundation of Shenzhen
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can obtain a scanned image without distortion, and the pro-
posed algorithm has further application potential.

2. Lidar scanning system with X-Y galvanome-
ter

The geometrical optics model and coordinate system of
the laser scanning system based on X-Y galvanometer are
shown in Fig. 1. Where ¢ is the unit normal vector of the

q

T~

‘\\\

ko
- 2.
O;Oéz jz L

N,

Y

scanning surface, the rotation center of the X coordinate gal-
vanometer (vibration mirror X, VMX) is O1, the unit normal
vector of the galvanometer plane is Nj, and the Y coordinate
galvanometer (vibration mirror ¥, VMY) is the rotation center
is Oy, and the unit normal vector of the galvanometer plane is
N,. The laser beam is incident along the X axis and reflected to
VMY through VMX, and then the target is scanned. The echo
signal generated by the reflected target will be traced back to
the detector through VMX and VMY.

Y-galvanometer

g,
\
2

computer

Ly

Fig. 1. Geometrical optics model of X—Y galvanometer laser scanning system.

2.1. Geometrical optics vector model

The left-handed coordinates system is established by the
VMY center as the coordinate origin, and the unit vectors of
the x, y, and z axes are i, j, and k respectively. The initial in-
cident light trajectory is Ri—01—-0,—Sp, The incident angles
o and o are both 45°, when the galvanometer is rotated, the
light trajectory is Rj—0 —0’2—S . L; and L, are the rotation axes
of VMX and VMY respectively, the distance between the two
centers is a, and the distance between the center of VMY and
the scanning screen is b.

The geometric light is expressed in vector form is

R, = R —2N(0)[N(6) x Ry], (1
N(6) = N(0)cos®+L[L x N(0)](1—cos8)
+[L x N(0)]sin, ()

where R; and R, are the unit vectors of the incident and
reflected light directions through the VMX galvanometer, re-
spectively, IN (0) is the unit normal vector after the mirror ro-
tates 6 around the rotation axis, N (0) is the initial unit normal
vector of the mirror, L is the direction vector of the rotation
axis. If the VMX rotates 6, angle, the unit vector of reflected
light is

Rz(ex) = R1 —2N1(9x) [Nl(ex) X Rﬂ, (3)

N(6) = Ni(0)cos 6+ Ly [Ly x N1(0)] (1 —cos6y)
+[L1 x N1(0)]sin 6y, )

where N (6,) and L, are the unit normal vector of the plane
after VMX rotates 6, and the direction vector corresponding
to the rotation axis, respectively. If the VMY rotates 6, angle,

the unit normal vector is

N> (6,) = N>(0)cos 0y + Ly [Ly x N>(0)] (1 —cos 6y)
+ [L2 X INp (0)] sin Gy, (®)]

where L, is the direction vector corresponding to the VMY ro-
tation axis. N> (6y) is perpendicular to any vector in the VMY
galvanometer plane. If the distance between O and the VMY

galvanometer plane is ', then

L, +d Ny (8,)] x N(6,) =0, ©)

0105

where a’ = aj x N»(8,), by using it, we can obtain
I .- —aj x N (6y)

2192 Ry(6x) X N2 (6y)

Thus, we can get I,,z,,rz,

=

2(6y). (N

—aj x N»(6,)
RZ(Gx) X NZ(QV)

where I,,,, is the vector formed by 0,0;. The direction vec-

1020/2 =1,,0, +I010/2=61j+ R,(6:), (8)

tor R3(6y) after the rotation of the VMY galvanometer is

R3(6y) = Ra(6:) —2IN(6,) [N2(6y) x Rp(6,)].  (9)
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The unit normal vector g of the scanning surface is per-
pendicular to any vector in the scanning surface, and the dis-
tance from O, to the scanning surface is b. In the same way,

the vector O,S formed by I, can be calculated as

b—1 rXq
InzP:I r+ 2%

020} WRS(%), (10

where I, is the vector formed by O 0,.

Substituting Ry =i, Ly =k, Ly =i, g =k, Ni(0) =
—(i+J)/V2, N2(0) = = (j+k)/v/2 into Egs. (3)~(5), and (9)
respectively, which can be express as

Ni(6y) = —%[(cosGx—&—sin(ﬂx)i—i-(cose,c—sinex)j]7 (11)
Ry(8,) = —sin(26,)i — cos(26y)J, (12)
N> (6y) = %[(cos 6y +sin6y)j+ (cos By, —sin6))k], (13)
R3(8y) = —sin(26,)i+cos(26y)sin(26,)j

+ cos(26;) cos(26y )k. (14)

By substituting Eqgs. (12) and (13) into Eq. (8) to get
Eq. (15), and then substitute into Eq. (10), we obtain

. _anNZ(ey) .
L =aj+ 202 pg)=—atan(26,)i, (1
020} aJ+R2(9x) SYACY 2(0y)=—atan(26,)i, (15)
b
I R3(6y)

=1
2 = fogoy T cos(26,) cos(26y)
—tan(26,)[a+ bsec(26y)]i+ btan(26,) j + bk. (16)

The coordinate equation of the scanning track point on

the scanning surface can be obtained as

{ x = —[a+bsec(26,)]tan(26,), (17)

y = btan(26,).

2.2. Scanning trajectory simulation and experiment

The center distance of the X-Y galvanometer is a =
1.5 cm, the vertical distance between the VMY and XOY
planes is b = 24 m, the scanning frequencies of the VMX and
VMY galvanometers are 100 Hz and 1 Hz respectively, and
the total number of scanning points per frame is 4000. Fig-
ure 2 shows the simulation results of the scanning trajectory.
In order to investigate the magnitude of the distortion more in-
tuitively and furtherly verify the correctness of the theory and
simulation results, the corresponding curves are drawn in the
X-Y coordinates, as shown in Fig. 3.

The curve corresponding to the simulation result and the
actual value is shown in Fig. 3, it can be seen that there is ob-
vious pincushion distortion between the scan value and the ac-
tual value. A two-dimensional X-Y galvanometer Lidar scan-
ning system is established. As shown in Fig. 4(a), the exper-

imental phenomenon is observed through a red laser without

correction algorithm and the scanning trajectory is obtained as
shown in Fig. 4(b).

X (cm)

Fig. 2. The simulation results of X-Y galvanometer scanning trajectory.

15

actual value

scan value

—10 -5 0 5 10
X (cm)
10
actual value
scan value
5
Bl
o0
>
—5
(b)
—1
910 —5 0 5 10

Y (cm)

Fig. 3. Correspondence between scan and actual values: (a) x scan and ac-
tual values, (b) y scan and actual values.

(b)

Fig. 4. Experimental device and experimental phenomena: (a) Two-
dimensional X-Y galvanometer Lidar scanning devices, (b) scanning dis-
tortion diagram.

044206-3



Chin. Phys. B Vol. 30, No. 4 (2021) 044206

Figure 4(b) shows the experimental results that the scan
result before distortion correction does have pincushion dis-
tortion, it is apparent that the scan experiment further proves

the consistency between theory and simulation.

3. The relationship between driving voltage and
scanning angle

In the Lidar galvanometer scanning system, the control of
the scanning angle is realized by changing the voltage. The re-
lationship between the scanning angle of the galvanometer and
the driving voltage is shown in Fig. 5, the distance between
the galvanometer and the scanning screen is L. When the gal-
vanometer is scanning in a one-dimensional direction, a bright
line with uniform brightness can be seen on the observation
screen. The length of this bright line is 2d by measuring, the
scanning angle is 20, and then the light length and scanning
angle can be calculated as

d=Ltan@, (18)

20 = 2arctan(d/L). (19)

The distance between the screen and the scanning gal-
vanometer of L = 72.5 c¢m, by varying the driving voltage
value to a different length of the bright line 2d. Based on
Egs. (18) and (19) can be obtained the scanning angle in dif-

ferent X -axis and Y-axis directions, as a result in Table 1.

/ 6
d
galvanometer

incident laser

Fig. 5. Diagram of driving voltage and scanning angle.

Table 1. Driving voltage and a scan angle of the scan axis.

Driving (X—2d)em (Y —2d) cm X axis scanning Y axis scanning

voltage (V) angle (°) angle (°)
5 0.3 0.4 0.2371 0.3161

15 0.8 1.1 0.6322 0.8693
25 1.4 1.6 1.1064 1.2644
35 2.0 23 1.5805 1.8175
45 2.5 29 1.9755 2.2915
55 2.9 33 2.2915 2.6075
65 33 3.8 2.6075 3.0024
75 3.8 4.5 3.0024 3.5551
85 42 52 3.3183 4.1077
95 4.6 5.8 3.6341 4.5812
105 5.2 6.5 4.1077 5.1334
115 5.7 7.1 4.5023 5.6066

According to the data in Table 1, the relationship between
the driving voltage and the scanning angle of the X axis and Y
axis is further obtained, as shown in Fig. 6.

Figures 6(a) and 6(b) can be intuitively concluded that
the voltage and the scanning angle are close to a linear rela-
tionship. Therefore, the scanning angle of the galvanometer

can be controlled by adjusting the driving voltage.

6 5

T 5 3

< 4 < 4

2 23

< 3 ]

2 S

£ 2 £

8 1 51

n (a)| @ (b)
%0 20 40 60 80 100 % 20 40 60 80 100

Driving voltage (V) Driving voltage (V)

Fig. 6. Driving voltage and scan angle relationship: (a) X-axis drive voltage
and scan angle relationship curve, (b) Y-axis drive voltage and scan angle
relationship curve.

4. The distortion correction method

From the scan point trajectory coordinate Eq. (17), it can
be written as

X

tan20, = —————
an < a-+bsec28,’

y (20
tan26, = b

It can be seen that 6, is the main factor causing the non-
linear distortion of (x,y) relative to (6, 8,). Through the veri-
fication of the third part, there is a linear relationship between
the driving voltage and the scan angle, then the pincushion
distortion can be corrected by correcting the control voltage.
Assuming that the output (x,y) coordinates are undistorted,
the variety track of (6, 6,) is obtained to correct the control
voltage. From Eqgs. (17) and (20) we can get

atan26, + btan26,

0,1 = arctan
! a+bsec26,

(2D
0,1 = 1arctan J
T2 b’
where 6,1 and 6, are the corrected scanning angles of the X-Y
galvanometer, so that the point cloud trajectory of the scanning
angle (Oy,6,) with X-Y galvanometer after trajectory distor-
tion correction can be obtained, as shown in Fig. 7.

The corresponding relationship between the driving volt-
age of the X-Y galvanometer and the scanning angle can be
approximately linear. We set m and n to represent the voltage
applied to the X-axis and Y-axis galvanometers after correc-
tion, besides mg and ng are the control voltages of the X axis

and Y axis before correction respectively. The corresponding

044206-4
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relationship is
0 1 n 1
m=m —t—

0%\ 26, " tan26, )’
. | N | (22)
n=noby | 50~ +——5v
29y arctan (X)

b

Therefore, the output of m and n after the correction of
the driving voltage for the X-Y galvanometer can be obtained,

as shown in Fig. 8.

0.2}
o1}
e}
g
E 0 of
=
<
—0.1¢
—0.2} X i
—0.2 —-0.1 0 0.1 0.2
0.1 (rad)

Fig. 7. Scanning angle after correction.

hr 0 S
m (V)

Fig. 8. Output trace of driving voltage after correction.

Fig. 9. Scan trajectory after correction.

The change of the driving voltage eventually leads to the
change of the scanning trajectory of the X-Y galvanometer,
thereby completing the correction of the pincushion distortion.
The compensation correction result is shown in Fig. 9, xx and
yy are the scanning trajectory in the X and Y directions re-
spectively. The results revealing a good correction effect for

pincushion distortion.

5. Simulation and experiment

At different distances between the galvanometer and the
scanning screen, our method and the literature algorithm,ml
are compared with the real trajectory respectively, then calcu-
lated the RMSE between the X-axis scan coordinate and the
actual value, as shown in Table 2.

Table 2. The RMSE between the sweep value and the actual value at
different distances.

Distance (m) Ours Literature!!3] Uncorrected
24.0 0.0602 0.1607 0.5234
24.5 0.1158 0.2926 0.6659
25.0 0.2570 0.4363 0.8137
255 0.4019 0.5830 0.9643
26.0 0.5476 0.7310 1.1167
26.5 0.6936 0.8796 1.2701
27.0 0.8397 1.0286 1.4242
27.5 0.9860 1.1777 1.5788

From the data in Table 2, when the distance is 24 m, 25 m,
it can be seen that the RMSE value of our algorithm is close
to half of the algorithm,['3! the error with the actual value is
smaller. And the fitting curve of the actual value and the scan
value under multiple simulation analysis is recorded as shown
in Fig. 10.

15 15
——algorithm (Ref. [13]) ——algorithm (Ref. [13])
g 10} ——our —~ 10 our
g actual g actual
L <
= e
§ -5 @ -5
~10 5 —10
n
(a)| = (b)
—15 —15
—10 -5 0 5 10 —10 -5 0 5 10
Actual value (cm) Actual value (cm)
15 15
. —— algorithm (Ref. [13])] ~ ——algorithm (Ref. [13])
g 10f ——our g 10 our
S actual o ——actual
D
g R
g 0 g 0
& -5 g -5
o}
- £
& 10 ©] @ 10 ()
RS TR S 5 0 10 5 0 5 10

Actual value (cm) Actual value (cm)

Fig. 10. Error fitting curve graph at different distances: (a) b = 24 m, (b)
b=25m,(c) b=26m, (d) b=27m.

As shown in Fig. 10, it can be seen that our method is
closer to the actual value than the algorithm.!'3] The error
curve has the characteristics that the error value is large at both
ends and small in the middle, which is consistent with our pre-
vious derivation theory, and our method can also achieve good
results in scanning the two ends of the graph.

By building a Lidar scanning system, our method can get
the scanning results of targets at different distances in the real

environment.
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Figure 11(a) shows the two-dimensional point cloud im-
age without the algorithm correction, and the result after the
algorithm distortion correction in the present paper is shown
in Fig. 11(b).

As shown in Fig. 11, the algorithm in this paper can well
correct the distortion of the two-dimensional target. Further,
we combine the algorithm in this paper with the Lidar system
to apply the three-dimensional scanning system. In Fig. 12,
the propose method can obtain undistorted three-dimensional

scanning point cloud.

|||||||||||||||||||| |||||||||||||||||||

Fig. 11. Diagram of two-dimensional scans: (a) before compensation correc-
tion (b) after compensation correction.

4060
4040
4020
4000
3980
3960
3940
3920

3900

4060
4040
4020
4000
3980
3960
3940
3920
3900

Fig. 12. Diagram of scan target and three-dimensional point clouds: panels (a) and (b) are rectangle target and its points cloud, panels (c) and (d) are

the unusual shape target and its point clouds, respectively.

6. Conclusion and perspectives

In the paper, a scanning distortion correction method
based on driving voltage compensation was demonstrated by
using the X-Y galvanometer Lidar scanning system. The main
principle of pincushion distortion is deduced from geomet-
ric optical vector model, and the correctness of the model is
verified by simulation and experiment. The linear relation-
ship between driving voltage and scanning angle is verified,

and the voltage compensation function is derived to correct
the scanning distortion. The real experiment carried out on
the X-Y galvanometer Lidar scanning system can obtain the
undistorted two-dimensional scanning image, which has good
scanning effect when applied in the three-dimensional scan-
ning system. We have proved the feasibility and practicability
of our method, which has the potential for application and im-

portant reference value for laser Lidar scanning system.
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