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Abstract. Scan imaging systems rely on the rotation of a mirror to scan an image. The rotation in the resulting
image must be compensated to prevent information loss. Satisfactory performance of an imaging system is
difficult to achieve when employing the methods of mechanical transmission and unilateral tracking control,
especially when the system suffers from nonlinear factors, disturbances, and dynamic uncertainties. This
paper proposes a compensation method based on bilateral control derived from the field of haptic robots. A
two-loop disturbance observer was designed to guarantee that the dynamic characteristics of the motor are
close to those of the nominal model. The controllers were designed on the basis of the small gain theorem.
Experiments were conducted for a comparison with the traditional unilateral control-based compensation.
The comparison showed a reduction of 99.83% in the L2 norm of error, which validates the method. The pro-
posed method improves the accuracy of compensation for rotation in imaging, and demonstrates that bilateral
control has feasibility for application in various fields, including photogrammetry. © 2015 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.54.12.124104]
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1 Introduction
High-coverage imaging systems are urgently required for
surveying maps, security, prevention of forest fires, and
many other applications.1,2 Because the field of view in a
lens is limited, a scan imaging method is usually employed
in practice.3 To obtain high-quality photographs from a rel-
atively long distance, an optical system should have a long
focal distance and large aperture, which means that the im-
aging system has a large size and rotary inertia.4 Directly
rotating the whole imaging system decreases the speed
and efficiency of the scanning. Therefore, a 45° scan mirror
is always set in front of the lens,5 and scan imaging is real-
ized by rotating the scan mirror.

However, rotation of the scan mirror leads to a rotation of
the scanned image.6 This rotation decreases the field of view
and thus decreases the efficiency of imaging.7 Moreover, the
scanned image must be rotated in reverse direction by using
an image processing algorithm. However, interpolation and
approximation are usually employed in digital image
processing, which causes a loss of information in the original
image.8 Rotation in imaging also decreases the accuracy of
positioning of objects in the scanned image.9

In traditional scan imaging systems, transmission mech-
anisms such as gears and belt rollers are widely used to link
the motion of the scan mirror and a Dove prism or an im-
aging detector [charge-coupled diode or complementary
metal-oxide semiconductor (CMOS)]. According to the prin-
ciples of optics, a completely synchronized motion between
the scan mirror and the prism or the imaging detector per-
fectly compensates for the rotation in imaging.10 However,
nonlinear factors such as backlash and dead space in

mechanical systems always limit the accuracy of such an
approach.

Therefore, direct-drive motors are being employed
increasingly more by researchers and engineers to address
the problem of rotation in imaging.11 This approach uses
two motors in the scan system. One motor drives the scan
mirror to realize circular imaging, and the other one drives
the prism or the imaging detector to compensate for the rota-
tion. The compensation is realized by making the motor that
drives the prism or the detector track the position response of
the scan mirror.12 However, traditional tracking control is a
unilateral control approach. It only makes use of the position
responses of the two motors, and the force/torque informa-
tion is not employed. This lack of information restricts the
practical performance.

Extensive investigation and practice have demonstrated
that methods from the field of control engineering are a fea-
sible solution for improving the performance of an optical
system. For example, the performance of a fast steer mirror
and the whole imaging system incorporating it was improved
by control method innovations.13 The proportional–integral–
differential algorithm was introduced in the field of image
compression, which successfully decreased variations in
video quality.14 These studies suggest that control methods
are a potential way for improving the compensation for rota-
tion in imaging.

One such control method, bilateral control, which was
proposed in the field of haptic teleoperation robotics, aims
to track synchronous position responses.15 Many researchers
have investigated this control method to achieve ideal haptic
transmission, including Lawrence who introduced the four-
channel bilateral control framework.16 This method uses
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both local and remote information of position and force/
torque in the control of the robot. However, uncertainties
in robots, such as those in the resonance characteristics,
and the accuracy of force/torque measurement restrict the
effect of the method in practice. To improve the performance,
a bilateral control framework based on disturbance observer
(DOB) and reaction force/torque observer was proposed.17

Recently, the problem of communication delay has been
studied to realize remote haptic transmission.18,19 In addition,
disturbance rejection has been studied to improve the perfor-
mance of haptic teleoperation based on bilateral control.20

However, these studies have been limited to the field of hap-
tic teleoperation robotics.

The most salient advantage of bilateral control is that the
control algorithm always achieves satisfactory performance
in position tracking between two robots/motors even in the
presence of external disturbance forces acting on them. In
fact, in a scan imaging system, ideal position tracking is dif-
ficult to achieve using traditional synchronization control,
especially when there are external disturbances. Then, the
pertinent question is: “Is it possible to extend bilateral con-
trol to the field of optical imaging and realize high-accuracy
compensation for rotation in imaging?”

In this paper, we present an approach to compensation for
rotation in imaging based on the concept of bilateral control.
We employ the scan controllers of each single motor as vir-
tual human operator and environment. A bilateral control
algorithm was designed for such a system to guarantee syn-
chronous position responses between the two motors.
Moreover, to guarantee practical performance, a two-loop
DOB was designed. All the parameters in the bilateral con-
trol were designed on the basis of the small gain theorem to
guarantee the method’s feasibility. High-accuracy compen-
sation for rotation in imaging was realized by applying
the bilateral control to an imaging system. This paper dem-
onstrates the value of bilateral control in fields beyond the
haptic teleoperation. Experiments were carried out on a
real imaging system to validate the proposal.

This paper is organized as follows: Sec. 2 formulates the
problem. Then, Sec. 3 proposes the bilateral control-based
compensation for rotation in imaging. Section 4 presents a
detailed design and analysis, and Sec. 5 describes the experi-
ments. Finally, Sec. 6 concludes the paper.

2 Problem Formulation
Figure 1 shows a scan imaging system. The 45-deg scan mir-
ror rotates about the axis O0Z0, which coincides with the
optical axis of the lens. The axesO0X0 andO0Y0 are parallel
to the axes O1X1 and O1Y1 in the image coordinate system
and to OX and OY in the photographic scenery coordinate
system, respectively.

The law of reflection in three-dimensional space is

EQ-TARGET;temp:intralink-;e001;63;180A 0 ¼ ðI − 2NNTÞA; (1)

where A and A 0 denote the unit vectors of the incident light
and reflection light, respectively, and N is the unit vector of
the normal line of the mirror plane. In Fig. 1, the unit vector
of the normal line is N ¼ ½0;−ð ffiffiffi

2
p

∕2Þ;−ð ffiffiffi
2

p
∕2Þ�T before

scanning.
Assume that the vector along the incident light E0O0 is

A0 ¼ ½0; yE0; zE0�T ðyE0 > 0; zE0 < 0Þ. According to Eq. (1),
the reflection light is

EQ-TARGET;temp:intralink-;e002;326;563A 0
0 ¼ ½A 0

x0; A
0
y0; A

0
z0�T ¼ ½0;−zE0;−yE0�T: (2)

In the imaging system, the incident light focuses on the
image plane through the lens. The coordinates of the image
are

EQ-TARGET;temp:intralink-;e003;326;505ðxF0; yF0Þ ¼
 
−f

A 0
x0

A 0
z0
;−f

A 0
y0

A 0
z0

!
¼
�
0;−f

zE0
yE0

�
; (3)

where f is the focal distance of the lens, which means that
the image is located on the axis O1Y1.

Assume that the scan mirror rotates by an angle of θ about
O0Z0 for scanning. In the scan motion, the normal line N
also rotates about the axis O0Z0. Then, the coordinates of
the rotated normal line N 0 are

EQ-TARGET;temp:intralink-;e004;326;388N 0 ¼
2
4 cos θ − sin θ 0

sin θ cos θ 0

0 0 1

3
5
2
64 0

−
ffiffi
2

p
2

−
ffiffi
2

p
2

3
75 ¼

2
664

sin θffiffi
2

p

− cos θffiffi
2

p

− 1ffiffi
2

p

3
775: (4)

The vector of the rotated incident light along E1O0 is

EQ-TARGET;temp:intralink-;e005;326;309A ¼ ½−yE0 sin θ yE0 cos θ zE0 �T: (5)

According to Eqs. (1), (4), and (5), the corresponding vec-
tor of the reflected light A 0 is
EQ-TARGET;temp:intralink-;e006;326;2552
664
A 0
x

A 0
y

A 0
z

3
775¼

2
664

cos2 θ sin θ cos θ sin θ

sin θ cos θ sin2 θ − cos θ

sin θ −cos θ 0

3
775
2
664
−yE0 sin θ

yE0 cos θ

zE0

3
775

¼

2
664

zE0 sin θ

−zE0 cos θ
−yE0

3
775: (6)

After scanning, the coordinates of the image point are
EQ-TARGET;temp:intralink-;e007;326;123

ðxF1; yF1Þ ¼
�
−f

A 0
x

A 0
z
;−f

A 0
y

A 0
z

�

¼
�
f
zE0 sin θ

yE0
;−f

zE0 cos θ

yE0

�
: (7)

Fig. 1 Image rotation in scan imaging system.
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Clearly, the image also rotates about the axis O0Z0. The
angle of this rotation α is

EQ-TARGET;temp:intralink-;e008;63;730α ¼ arctan

�
−
xF1
yF1

�
¼ arctan

�
sin θ

cos θ

�
¼ θ: (8)

Therefore, the scan motion of the 45-deg mirror leads to rota-
tion in imaging. To compensate for this rotation, the imaging
detector must rotate by the same angle as the scan mirror.21

In such a system, two motors are required, one for driving
the scan mirror and one for the imaging detector. The objec-
tive of this study was to design a control method that makes
the error of position tracking between the two motors
converge to zero, i.e.,

EQ-TARGET;temp:intralink-;e009;63;598θsðtÞ − θcðtÞ → 0; ðt → ∞Þ; (9)

where θs and θc denote the position responses of the scan
mirror motor and compensation motor, respectively.

3 Bilateral Control-Based Compensation
Assume two virtual operators who turn the scan motor and
compensation motor as shown in Fig. 2. Bilateral control for
haptic teleoperation guarantees equal angle responses for the
two motors regardless of how the virtual operators turn the
motors.

The dynamics of the two motors is described as
EQ-TARGET;temp:intralink-;e010;63;456

Θi ¼ GiðsÞðUi þDiÞ

¼ 1

Jins2 þ Bins
½1þ ΔiðsÞ�ðUi þDiÞ ði ¼ s; cÞ; (10)

where Jin and Bin denote the nominal equivalent rotary iner-
tia and nominal equivalent motor damping coefficient. Θi,
Ui, and Di denote the angle response, control input, and
equivalent disturbance, respectively, and are the expressions

of θiðtÞ, uiðtÞ, and diðtÞ in the frequency domain. ΔðsÞ
denotes the dynamic uncertainty. The subscripts s and c
represent the scan mirror motor and compensation motor.

Figure 3 illustrates the proposed method of compensation.
In the scan control, a controller provides control values τs

and τc according to the responses of the motors and a scan
command. The scan control loops play the roles of two vir-
tual human operators in this system. The scan controller is
designed as

EQ-TARGET;temp:intralink-;e011;326;653Ti ¼ CsðsÞðΘ − ΘiÞ ði ¼ s; cÞ; (11)

where Θ and Ti are the expressions of the scan command θ
and torque τi in the frequency domain, respectively.

Two robust compensators (Fig. 3) estimate the equivalent
disturbances, including external disturbances and uncertain-
ties in the motors, for robust control. The purpose of the
robust compensators is to normalize the dynamics from
u 0
xiði ¼ s; cÞ to θi

EQ-TARGET;temp:intralink-;e012;326;545Θi ¼
1

s2 þ Bin
Jin

s
U 0

xi ði ¼ s; cÞ: (12)

In this study, a two-loop DOB was used as the robust com-
pensator. This method is explained in the next section.

The controllers C1, C4, Cs, and Cc are position controllers
that are proportional-derivative controllers. The controllers
C2, C3, C5, and C6 are torque controllers that are propor-
tional controllers. The controllers are designed as

EQ-TARGET;temp:intralink-;e013;326;432C1 ¼ C4 ¼ Cs ¼ Cc ¼ CpðsÞ ¼ KP þ KDs; (13)

Fig. 2 Scan and compensation imaging system with bilateral control.
The scan motor and compensation motor drive the scan mirror and
detector, respectively. The controller plays the role of two virtual oper-
ators who move two motors.

Fig. 3 Compensation for rotation in imaging based on four-channel
bilateral control. This control method makes use of both the position
and torque information of both motors.
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EQ-TARGET;temp:intralink-;e014;63;741C2 ¼ C3 ¼ C5 ¼ C6 ¼ Ct ¼ Kt; (14)

where KP, KD, and Kt are the proportional gain, derivative
gain, and torque gain, respectively.

Two velocity compensators Cvs and Cvc (Fig. 3) were
designed such that the two motors have the same damping
coefficient. The description of the velocity compensator is
EQ-TARGET;temp:intralink-;e015;63;672

Cvs ¼
�
ν −

Bsn

Jsn

�
s; Cvc ¼

�
ν −

Bcn

Jcn

�
s;

×
�
ν ¼ max

�
Bsn

Jsn
;
Bcn

Jcn

��
: (15)

With the velocity compensators, the two motors have the
same damping coefficient, which means that the transfer
function from uxi to θi is

EQ-TARGET;temp:intralink-;e016;63;566Θi ¼
1

s2 þ Bxs
Uxi; Bx ¼ max

�
Bsn

Jsn
;
Bcn

Jcn

�
: (16)

4 Design and Analysis

4.1 Detailed Design

Stability is the most important and basic requirement for the
overall system. The controller is designed on the basis of the
small gain theorem to guarantee system stability.

4.1.1 Two-loop disturbance observer

A two-loop DOB was employed as the internal loop robust
compensator (Fig. 4). The robust compensator is composed
of two DOBs.22 The external disturbance Di and model
uncertainty ΔiðsÞ are mainly compensated for by the internal
DOB. According to Fig. 4, the transfer function from U 0

i to
Θi and the transfer function from Di to Θi are Eqs. (17) and
(18), respectively,

EQ-TARGET;temp:intralink-;e017;63;340

Θi

U 0
i
¼ GiðsÞGinðsÞ

GinðsÞ½1 −QðsÞ� þ GiðsÞQðsÞ ; (17)

EQ-TARGET;temp:intralink-;e018;326;752

Θi

Di
¼ GiðsÞGinðsÞ½1 −QðsÞ�

GinðsÞ½1 −QðsÞ� þ GiðsÞQðsÞ ; (18)

EQ-TARGET;temp:intralink-;e019;326;716GinðsÞ ¼
1

Jins2 þ Bins
; QðsÞ ¼ gdis

sþ gdis
: (19)

If the cutoff frequency gdis is infinity, the transfer function
from U 0

i to Θi and that from Di to Θi become GinðsÞ and
0, respectively. This means that the DOB completely com-
pensates for the disturbance and uncertainty. However, to
guarantee system stability, gdis should not be infinity.23

The complementary sensitivity function of the motor with
DOB is

EQ-TARGET;temp:intralink-;e020;326;600TðsÞ ¼ QðsÞ ¼ gdis
sþ gdis

: (20)

According to the small gain theorem,24 a motor with DOB
is stable if

EQ-TARGET;temp:intralink-;e021;326;537

���� gdis
sþ gdis

ΔiðsÞ
����
∞
< 1: (21)

To reduce the conservation, a parameter is designed on the
basis of measured characteristics of the uncertainty ΔiðsÞ.
We obtained the dynamic characteristics of the motor in
the frequency domain by choosing a pseudo white noise
as the input value uiðtÞ and using a spectral analysis based
on the fast Fourier transform (FFT). Then, the model uncer-
tainty ΔiðsÞ could be calculated and plotted.

Figure 5(a) shows the real dynamic characteristics and the
nominal model of the scan motor in the imaging system. On
the basis of this data, the cutoff frequency was designed sub-
ject to the condition in Eq. (21). Figure 5(b) shows the mag-
nitude–frequency characteristics of ½gdis∕ðsþ gdisÞ�ΔsðsÞ. In
this system, the parameter gdis was designed as
gdis ¼ 300 rad∕s using trial and error by suppressing the
curve of j½gdis∕ðjωþ gdisÞ�ΔsðjωÞj under 0 dB with some

Fig. 4 Two-loop DOB to guarantee that the dynamic characteristics of
a motor are the same as those of the nominal model, which is useful
for improving the practical performance of the proposed compensa-
tion method.

Fig. 5 Magnitude–frequency characteristics: (a) identified real motor,
nominal model, and real motor with DOB; and (b) uncertainties and
stability criterion.
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margins. According to Fig. 5(b), the condition in Eq. (21) is
met, i.e., the motor with the internal loop DOB is stable.

However, because of the limited gdis, residual disturbance
and model uncertainty still exist in the system, although the
DOB compensates for most of the external disturbance and
model uncertainty. Figure 5 also shows the dynamic charac-
teristics of the motor with the internal DOB. Such a system
can also be described by the nominal model and an uncer-
tainty as

EQ-TARGET;temp:intralink-;e022;63;653GidobðsÞ ¼ GinðsÞ½1þ ΔidobðsÞ� ði ¼ s; cÞ: (22)

A comparison ofΔsdobðsÞ and ΔsðsÞ in Fig. 5 reveals that the
difference between the nominal model and the real motor is
reduced at low frequencies. However, the difference is still
not zero. To further reduce the model uncertainty, a second
loop DOB was designed (Fig. 4). This second loop DOB was
the same as the internal one. An added parameter αðα ≤ 1Þ
was employed to tune the complementary sensitivity func-
tion. The stability condition of the second DOB is

EQ-TARGET;temp:intralink-;e023;63;534

����α gdis
sþ gdis

ΔidobðsÞ
����
∞
< 1: (23)

By a similar process, the parameter of α was designed using
the magnitude–frequency characteristics of ΔidobðsÞ.

Remark. The additional parameter α reduces the H∞
norm in Eq. (23), and also reduces the effect of model uncer-
tainty rejection. This parameter should be close to 1. In prac-
tice, an iteration method can be employed to design this
parameter.

The design processes for the two robots are completely
identical.

The estimated disturbance δi equals Di1 þDi2 according
to Figs. 3 and 4. In Fig. 4, the transfer function fromUxi toΘi
is

EQ-TARGET;temp:intralink-;e024;63;346G 0
inðsÞ

�
1

s2 þ Bxs

�
½1þ Δ 0

i ðsÞ� ði ¼ s; cÞ; (24)

where Δ 0
i ðsÞ is the residual uncertainty of the motor with the

two-loop DOB.
The two-loop DOB, i.e., the robust compensator, mini-

mizes the difference in the dynamic characteristics between
the two motors.

4.1.2 Bilateral controller

The position and scan controllers in the bilateral control
algorithm were designed on the basis of the concept of
modal transformation25 and small gain theorem. The dynam-
ics of the bilateral control system is expressed as

EQ-TARGET;temp:intralink-;e025;63;175Θs ¼ G 0
snðsÞ½CpðsÞðΘc − ΘsÞ þ CtðTs þ TcÞ�; (25)

EQ-TARGET;temp:intralink-;e026;63;142Θc ¼ G 0
cnðsÞ½CpðsÞðΘs − ΘcÞ þ CtðTs þ TcÞ�: (26)

Assume that G 0
snðsÞ ¼ G 0

cnðsÞ½1þ ΔscðsÞ�. Then sub-
tracting Eq. (25) by Eq. (26) yields

EQ-TARGET;temp:intralink-;e027;326;752

Θs − Θc ¼ G 0
cnðsÞCpðsÞðΘc − ΘsÞ½2þ ΔscðsÞ�

þ G 0
cnðsÞΔscðsÞCtðTs þ TcÞ

¼ 2

s2 þ Bxs
½1þ ΔxðsÞ�CpðsÞ½0 − ðΘs − ΘcÞ� þDd;

(27)

EQ-TARGET;temp:intralink-;e028;326;656ΔxðsÞ ¼ ΔcðsÞ þ
ΔscðsÞ

2
þ ΔscðsÞΔcðsÞ

2
; (28)

EQ-TARGET;temp:intralink-;e029;326;608Dd ¼ ΔaðsÞCtCsðsÞð2Θ − Θs − ΘcÞ; (29)

EQ-TARGET;temp:intralink-;e030;326;571ΔaðsÞ ¼ G 0
snðsÞ − G 0

cnðsÞ: (30)

Equation (27) is a feedback system with the nominal model
2∕ðs2 þ BxsÞ, controller CpðsÞ, and disturbance Dd (Fig. 6).
According to the small gain theorem, the system is stable if
Eq. (31) is satisfied

EQ-TARGET;temp:intralink-;e031;326;501

���� 2CpðsÞ
s2 þ Bxsþ 2CpðsÞ

ΔxðsÞ
����
∞
< 1: (31)

Similarly, adding Eqs. (25) and (26) yields
EQ-TARGET;temp:intralink-;e032;326;443

Θs þΘc

¼ 2

s2 þBxs
½1þΔxðsÞ�CtCsðsÞ½2Θ− ðΘs þΘcÞ� þDa;

(32)

EQ-TARGET;temp:intralink-;e033;326;365Da ¼ 2ΔaðsÞCpðsÞðΘc − ΘsÞ: (33)

Equation (32) is also a feedback system with the nominal
model 2∕ðs2 þ BxsÞ, controller CtCsðsÞ, and disturbance
Da (Fig. 7). According to the small gain theorem, the system
is stable if Eq. (34) is satisfied

EQ-TARGET;temp:intralink-;e034;326;294

���� 2CtCsðsÞ
s2 þ Bxsþ 2CtCsðsÞ

ΔxðsÞ
����
∞
< 1: (34)

According to Eqs. (28), (31), and (34), the gains in the
position controller CpðsÞ, torque controller Ct, and scan con-
troller CsðsÞ are restricted by the model uncertainties of each
motor and the difference between the two motors.

Figure 8 shows the magnitude–frequency characteristics
of the uncertainty ΔxðsÞ and the H∞ norm in Eqs. (31) and
(34) with the controllers in Eq. (35). The parameters of the

Fig. 6 Feedback loop for designing the position controller in bilateral
control framework.
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controllers are tuned by trial and error to guarantee system
stability with a margin better than −10 dB

EQ-TARGET;temp:intralink-;e035;63;489CpðsÞ ¼ CsðsÞ ¼ 200þ 20s; Ct ¼ 1: (35)

4.2 Performance Analysis

The feedback loops shown in Figs. 6 and 7 are also useful for
analyzing the system performance. Assume that the control-
lers still have the relationship of Eq. (35). According to
Eq. (27), the tracking error between the two motors is
only related to Dd that is a weighted control torque of scan.

Substituting Eqs. (29), (32), and (33) into Eq. (27) gives

EQ-TARGET;temp:intralink-;e036;63;375Θs − Θc ¼
ΔaðsÞCpðsÞ

1þGðsÞCpðsÞ
ð2Θ − Θs − ΘcÞ; (36)

EQ-TARGET;temp:intralink-;e037;63;328GðsÞ ¼ 2

s2 þ Bxs
½1þ ΔxðsÞ�: (37)

Then, substituting Eqs. (36) and (33) into Eq. (32) gives
EQ-TARGET;temp:intralink-;e038;63;278

2Θ − Θs − Θc ¼
2

1þGðsÞCpðsÞ
Θ

þ 2ΔaðsÞCpðsÞ
1þ GðsÞCpðsÞ

ðΘs − ΘcÞ: (38)

By combining Eqs. (36) and (38), the following equations
are obtained:

EQ-TARGET;temp:intralink-;e039;63;181Θs − Θc ¼
2ΔaðsÞCpðsÞ

½1þ GðsÞCpðsÞ�2 − 2Δ2
aðsÞC2

pðsÞ
Θ; (39)

EQ-TARGET;temp:intralink-;e040;63;134Θ −
Θs þ Θc

2
¼ 1þ GðsÞCpðsÞ

½1þ GðsÞCpðsÞ�2 − 2Δ2
aðsÞC2

pðsÞ
Θ: (40)

According to Eq. (39), the position error between the two
motors is mainly governed by uncertainty ΔaðsÞ, controller
CpðsÞ, and command Θ.

In particular, the error converges to zero when the
command is zero or the uncertainty ΔaðsÞ ¼ 0.

If the difference between the two motors is sufficiently
small, satisfactory tracking between the two robots is also
achieved. Increasing the gain of CpðsÞ can increase the mag-
nitude of the denominator of Eq. (39) at certain frequencies.
However, it also increases the numerator of Eq. (39).
Therefore, the effect of decreasing the model uncertainty
is better than the effect of simply increasing the gain of
CpðsÞ.

According to Eq. (40), the tracking error between the
whole bilateral control system and the scan command is
mainly governed by CpðsÞ. If the uncertainty ΔaðsÞ ¼ 0,
the transfer function of scan control error is completely iden-
tical to that of a single tracking system with single motor.
Therefore, the bilateral control hardly influences the perfor-
mance of the scan control. This means that the proposed
method is a feasible method for updating the traditional
scan imaging systems.

Similar to the stability constraint, the performance can
also be expressed using the H∞ norm. To achieve better per-
formance,

EQ-TARGET;temp:intralink-;e041;326;510 min

������
2ΔaðsÞCpðsÞ

½1þGðsÞCpðsÞ�2−2Δ2
aðsÞC2

pðsÞ
1þGðsÞCpðsÞ

½1þGðsÞCpðsÞ�2−2Δ2
aðsÞC2

pðsÞ

������
∞

(41)

should be obtained. Assume that WΘ is the weighting func-
tion of Θ. The overall system is expressed as a standard H∞
optimization problem

EQ-TARGET;temp:intralink-;e042;326;421

������������

2ΔaðsÞCpðsÞ
½1þGðsÞCpðsÞ�2−2Δ2

aðsÞC2
pðsÞWΘ

1þGðsÞCpðsÞ
½1þGðsÞCpðsÞ�2−2Δ2

aðsÞC2
pðsÞWΘ

2CpðsÞ
s2þBxsþ2CpðsÞΔxðsÞ

2CtCsðsÞ
s2þBxsþ2CtCsðsÞ ðsÞΔxðsÞ

������������
∞

< 1: (42)

The controller in this study may be replaced by other
designs with a more general form. For example, a lead–
lag compensator may be used. More general H∞ controllers
are also feasible designs by solving Riccati equations based
on a state-space formulation. However, it is quite difficult to
directly calculate the controller using Eq. (42), because the
transfer functions in the H∞ norm are too complex. In engi-
neering, constraints can be employed to verify simple
controllers.

In practice, Eqs. (39) and (40) for verifying the perfor-
mance of the proposed method are implemented by a plotting
method. Figure 9 shows the magnitude–frequency character-
istics of the transfer functions in Eqs. (39) and (40).
According to Fig. 9, the magnitude of the transfer function
from Θ to Θs − Θc is suppressed under −60 dB. This result
means that the position error between the two motors is
smaller than 0.001Θ.

Remark. The plotting was implemented using the data
of spectral analysis. Therefore, the accuracy of this perfor-
mance analysis was also governed by the spectral analysis.
In this study, FFTwith the Hanning windowing function was
employed as the spectral analysis tool. The choice of the win-
dowing function influences the quality of information

Fig. 7 Feedback loop for designing the scan controller and torque
controller in bilateral control framework.

Fig. 8 Magnitude–frequency characteristics of the equivalent uncer-
tainty and stability criterion of the controller design.
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obtained by model uncertainty analysis. In engineering
practice, the Hanning windowing function has satisfactory
accuracy and effect of noise suppression. Engineers can per-
form this analysis by programming in a digital signal proc-
essor or directly using a spectrum analyzer.

5 Experiments

5.1 Experimental Setup

Figure 10 shows the experimental setup. Two brushless
motors were employed, one as the scan motor and the other
as the compensation motor. The focus distance of the lens
was 35 mm. The imaging detector was a CMOS camera.
The position responses of the motors were measured
using an optical-electricity encoder with a resolution of
0.00007 deg. The required differential calculation was per-
formed by the nonlinear tracking differentiator in Ref. 26.
The overall algorithms were implemented on a computer
by programming in Linux-RTAI, which is a real-time oper-
ating system.27,28 The sampling time was 1 ms. Other param-
eters in the proposed control algorithm are listed in Table 1.

The parameters were tuned by the design method described
in Sec. 4.

For comparison, a traditional unilateral tracking method,
described by Eqs. (43) and (44), was also implemented with
the parameters listed in Table 1. The traditional unilateral
method does not have torque control channels but only
tracking control in a single direction

EQ-TARGET;temp:intralink-;e043;326;400Uxs ¼ ðKP þ KDsÞðΘ − ΘsÞ; (43)

EQ-TARGET;temp:intralink-;e044;326;368Uxc ¼ ðKP þ KDsÞðΘs − ΘcÞ: (44)

In the experiments, the scalar valued norm of the tracking
error between the two motors was used as a measure of aver-
age tracking performance

Fig. 9 Magnitude–frequency characteristics of transfer functions for
performance analysis.

Fig. 10 Experimental setup.

Table 1 Experimental parameters.

Parameter Notation Value

Scan motor’s nominal inertia (kgm2) Jsn 0.004347826

Scan motor’s nominal damping
coefficient (s−1)

Bsn 0.04347826

Compen. motor’s nominal inertia
(kgm2)

Jcn 0.003125

Compen. motor’s nominal damping
coefficient (s−1)

Bcn 0.03125

Position control gain (s−2) KP 200.0

Velocity control gain (s−1) KD 20.0

Torque control gain ½ðkgm2Þ−1� K t 1.0

DOB cutoff frequency (rad∕s) gdis 300.0

Weighting of second DOB α 0.5

Damping coefficient compensation (s−1) ν 10.0

Fig. 11 Position responses of the scan motor and compensation
motor with the proposed bilateral control-based compensation.
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EQ-TARGET;temp:intralink-;e045;63;520L2ðeÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Tf

Z
Tf

0

jθsðτÞ − θcðτÞj2dτ
s

; (45)

where Tf represents the running time. Tf was selected as
double periods of the scan command 15 sinð2π0.2tÞ (deg).
Such a scan command tests the system with a scan speed
from 0 to 19 deg ∕s. This range of speed and the period
of the scan movement are commonly used in engineering
practice.

5.2 Experimental Results

Figure 11 shows the experimental results of the position
responses when the proposed method was implemented.
The method successfully achieves synchronous responses
between the two motors, which is highly consistent with
the design and analysis. In the experiment, the largest abso-
lute value of the compensation error was 4.2 × 10−3 deg,
and L2ðeÞ was 1.1207 × 10−3 deg. The size and dimensions
of the pixel in the CMOS camera were 5.3 μm and
1280 × 1024, respectively. Therefore, the largest displace-
ment in the scanned photograph was less than 0.32 μm,
which is only 6% of the pixel size. Therefore, the bilateral
control-based compensation method achieves satisfactory
results.

Figure 12 shows the experimental results of the position
responses with the traditional unilateral tracking control.
Compared with the results in Fig. 11, with the same control

Fig. 12 Position responses of the scan motor and compensation
motor with traditional unilateral tracking control.

Fig. 13 Spliced photographs using image rotation compensation: (a) result achieved using the proposed
bilateral control-based compensation; (b) superposed photograph composed of the result achieved using
the proposed method and that using traditional unilateral tracking control; and (c) result without any
compensation.
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parameters, the tracking error between the two motors is
markedly larger. The peak absolute value of the error was
0.95 deg, and L2ðeÞ was 0.6649 deg, which is 593 times
greater than the corresponding result achieved using the pro-
posed method. The largest displacement in the scanned pho-
tograph was 72 μm, which does not quite satisfy the
requirements of accurate imaging.

Figure 13 shows the spliced photographs in the experi-
ments. With the proposed method, a clear panoramic photo-
graph that contains accurate geographic position information
was achieved [Fig. 13(a)]. Figure 13(b) shows the result of
superposing the photograph with the proposed method and
the photograph with the traditional unilateral tracking. The
two photographs have the same datum for splicing on the left
side. Because of the compensation error, a marked deviation
occurs on the right side in the position of scenery with the
traditional compensation control, compared with the result
achieved using the proposed method.

Figure 13(c) shows the result achieved without any com-
pensation for the rotation in imaging. To realize splicing, a
series of photographs must be rotated in the reverse direction,
which results in a loss of information. Moreover, the position
information of the object in the photograph would not be
correct.

In summary, the proposed method provides a satisfactory
effect of compensating for the rotation in imaging.
Compared with the traditional unilateral tracking compensa-
tion, the proposed method reduces the L2 norm of the syn-
chronous error by 99.83%. The proposed approach yields a
better photograph that contains accurate position information
of the scenery.

6 Conclusion
This paper considered the problem of rotation in imaging in
scan imaging systems. A method of compensation for the
rotation in imaging was proposed on the basis of the concept
of bilateral control derived from the field of haptic
teleoperation.

The proposal does not involve changing the hardware of a
scan imaging system. It establishes four interactive channels
of information between the scan motor and the compensation
motor, namely, two channels of position information and two
channels of torque information. Based on the idea of bilateral
control algorithm, the proposal improves the synchronism
between the two motors. The stability and performance
of the proposal are analyzed based on a group of H∞
norms.

Experiments were carried out to validate the proposed
control method. The algorithm was realized by programming
in a real-time computer system. The experimental results
showed a reduction of over 99% in the compensation error,
which validated the proposed method. Photographs that
contain more accurate information of the scenery can be
achieved by applying the proposed method. The relatively
high requirements of photogrammetry and many other indus-
trial applications can also be satisfied.

As future research, a bilateral control system using a more
complex model structure for the motors can be designed and
analyzed. Furthermore, a more general controller structure
can be derived from a state-space formulation of the control
problem.
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