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Abstract: This study presents an effective control algorithm to improve the robustness of fast steering
mirror (FSM)-based laser-beam steering systems against dynamic disturbances, such as repetitive
disturbances resulting from operating conditions. A stable control system must be able to maintain
the required high-precision control, even when dynamic disturbances affect the FSM system. In
this study, an improved control method is proposed using an internal model principle (IMP)-based
nonlinear controller with a disturbance observer (DOB) for the FSM system. This IMP-based controller
with DOB can attenuate the residual control-error signal under dynamic disturbance conditions.

Keywords: laser-beam steering; fast steering mirror; adaptive feedforward control; tip-tilt control
system; internal model principle; disturbance observer

1. Introduction

Fast steering mirror (FSM)-based laser-beam steering (LBS) systems are used in vari-
ous optical tracking control systems, such as long-range laser communication, line-of-sight
(LOS) stabilization, and adaptive optics [1-5]. In addition, these systems are increas-
ingly mounted on moving platforms, such as spacecraft, satellites, airplanes, ships, and
vehicles [6-8]. However, the LBS control system must maintain the aiming point in the
target plane while minimizing factors that cause jitter in the presence of disturbances. In
applications, jitter usually is caused by the vibration of the optical bench through which
the laser beam travels [9].

The robustness design of FSM systems is typically approached as two separate cases.
First, the design of structural parameters must be considered to satisfy the control re-
quirements of the target platform. FSM systems require the flexible hinges as rigid elastic
supports to meet structural stiffness and drive forces for a certain range of strokes. Flexible
hinges have a simplified structure, integrated design, and machining to guarantee the
transmission resolution and accuracy, as well as good rotational response, because they
eliminate mechanical friction and non-linearity [10,11]. In addition, the flexible hinges
can be attenuated to the mechanical vibration, which leads to reduced rotational position
error and increased precision performance [12]. A flexible hinge should approximate a
mechanical structure with higher axial/torsional stiffness and lower rotational stiffness to
ensure the desired flexible segment movement.

Second, with high-precision control performance, it is necessary to design a control sys-
tem with fast response characteristics and disturbance rejection control performance [13-15].
FSM systems typically use voice coil actuators or PZT actuators, with VCA having a longer
stroke, while their response, output force, and resolution are primarily suitable for most
applications. PZT actuators are also suitable for applications that require higher resolution
and faster settling times than VCA. High-precision tip-tilt controllers for FSM systems are
designed to ensure that the aforementioned VCA or PZT actuator maintains an extremely
small rotational position in the presence of dynamic disturbances to satisfy the desired
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operating conditions. Therefore, several studies have been conducted to achieve high-
precision control performance. A method to eliminate the vibration effect of PZT actuators
has been proposed [16]. A notch filter was developed as an effective method to eliminate
the main resonant mode of FSM systems [17,18]. Furthermore, an input shape controller
and an integral resonance controller were developed [19,20].

In general, several methods can be adopted to improve the performance of the dynamic
disturbance attenuation for high-precision motion control systems. Particularly, the iterative
controllers and adaptive feedforward cancellation (AFC) schemes have been applied to
cancel out the repeatable disturbances resulting from the operational condition of the target
application [21,22]. Iterative control algorithms are the most widely used for disturbance
rejection, as either internal or external model-based controllers [23]. Discrete-time iterative
controllers based on the internal model principle (IMP) have been analyzed [24]. As a
disturbance-attenuation control system, an IMP-based control algorithm is commonly used
in which a model of the disturbance-generating system is included in the feedback system.
However, owing to the hardware limitations of the servo loop in our FSM control system,
classical AFC schemes cannot be used to precisely control the rotational position. In order to
avoid the above-mentioned problems, a basic idea to suppress disturbances emerges, which
estimates the influences of external disturbances independently by using the disturbances
observer and then eliminates the perturbation through the feedforward method. This
feedforward method was named the disturbance observer (DOB) method [25-27].

It has been applied to several mobile devices with high-precision control systems,
such as robot motion control, the swing arm actuator in the hard disk drive, the VCA
in the optical disk drive, and the permanent magnet synchronous motor control [28-33].
To improve the control performance of the original control system for the FSM system,
high open-loop gain in the dynamic disturbance frequency domain is needed to suffi-
ciently attenuate disturbances. FSM systems commonly use proportional-integral (PI)
controllers with high bandwidth owing to their robustness to modeling errors and simplic-
ity of implementation [34,35]. In addition, the addition of a disturbance observer (DOB)
to the base controller significantly improves the disturbance-attenuation performance be-
cause of its simplicity and suitability for real-time implementation [36,37]. Consequently,
DOB implementation typically imposes a very light computational burden, and it is in-
expensive because additional sensors are not required. Recently, several studies have
developed robust FSM control systems by using DOB-based controllers to improve tip-tilt
control performance.

In this study, we propose a more reliable tip-tilt control algorithm by using an IMP-
based controller with DOB for the FSM system to reduce the control-error signal (CES) in
the presence of dynamic disturbances. In experiments involving an analysis of periodic dis-
turbances under operating conditions, we report the use of IMP-based control with a DOB
to attenuate disturbances of a few frequencies. The remainder of this paper is organized
as follows. Section 2 introduces the basic FSM control system. In Section 3, an IMP-based
controller with a DOB is described, and its performance is analyzed. Section 4 describes the
experiments conducted to verify the proposed method. Finally, our concluding remarks
are presented in Section 5.

2. FSM Control System
2.1. Dynamic Characteristics of Piezoelectric (PZT) Actuator

In this study, the high-precision FSM system consists of a PZT actuator as the me-
chanical part, an actuator amplifier, and a sensing signal processing unit as the electrical
part. In addition, the mirror-mounted piezoelectric (PZT) actuator is used to drive the FSM
system to achieve the tip-tilt motion. In general, it is necessary to identify the frequency
response performance of the real plant in order to design the control system. Here, the
frequency response of the real plant (i.e., FSM system) was analyzed using a dynamic signal
analyzer (35670A). The identified dynamic characteristics of the real plant are summarized
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in Table 1. In addition, from the measurement of identification specifications for the plant,
the frequency response of the real plant and modeled plant are illustrated in Figure 1.

Table 1. Identified dynamic characteristics of real plant.

Specification Value
Resonance frequency 397.1 Hz
5 Hz sensitivity 166.7 urad/V
Gain of voltage amplifier 10V/V
Gain of sensor amplifier 0.006 V/prad
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Figure 1. Frequency response of real plant and modeled plant.

Moreover, the nominal plant is modeled on a second-order transfer function and can
be expressed as follows:
B 3,891,000 1)
s +1651s + 4,911,000

The configuration of the FSM platform for high-precision tip-tilt motion control is
shown in Figure 2. It consists of a real plant and a real-time control platform used to realize
the tip-tilt motion system. A Scalexio autobox (ASPACE) is used as the real-time control
platform. In addition, a mirror-mounted PZT actuator (5-340) and an amplifier module (PI
Ceramic GmbH, Lederhose, Germany) are used in the tip-tilt motion system.

Py (s)

(@)

Figure 2. Configuration of fast steering mirror (FSM) platform: (a) Scalexio AutoBox (ASPACE) and
(b) tip-tilt actuating platform (PI Ceramic GmbH).

2.2. Tip-Tilt Controller of FSM Control System

Proportional-integral (PI) controllers are widely used in real control systems as the
tip-tilt controllers of FSM control systems. Moreover, tip-tilt controllers are designed to
achieve the designed gain margin, phase margin, crossover frequency, and loop gain. The
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transfer functions for continuous time and discrete time for the PI controller are denoted by
C(s) and C(z), respectively, and expressed as follows:

k:
C(s) =kp+ -, ¢)
kiTsZ
Clz) =kp+ =7, 3)

Here, k, and k; refer to proportional gain and integral gain, respectively, and the control
gain should be chosen based on a balance of stability and performance. In this paper, the
tunable parameters (k, and k;) of the PI controller are manually designed in the experiment
and set to be k, = 0.75 and k; = 950. Figure 3 depicts the open-loop transfer function of the
PI controller designed for the FSM control system in this study. The margins of gain and
phase are 6.03 dB and 47.1°, respectively. Also, the crossover frequency and loop gain are
111 Hz and over 40 dB, respectively. Moreover, the disturbance-attenuation performance of
the designed PI controller for the FSM control system is illustrated in Figure 4.
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Figure 3. Open-loop transfer function of the proportional-integral (PI) controller in FSM control system.
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Figure 4. Disturbance-attenuation performance of FSM control system.

3. Disturbance-Rejection Control Algorithm for FSM System
3.1. IMP-Based Controller

To enhance the tip-tilt control performance when dynamic disturbances are applied to
the target application, a control system can be designed in which an IMP-based controller
is attached to the feedback loop of the base control. Furthermore, the IMP-based control
algorithm is available for the rejection of sinusoidal disturbances, and they can be simply
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extended to the case when multiple sinusoidal components are present. As illustrated in
Figure 5, a feedback controller with IMP can be canceled out faster and more accurately
than in an unmodified tip-tilt controller. In addition, the proposed IMP-based controller
modifies the AFC algorithm more easily, considering the frequencies of various distur-
bances. However, when the rotational position exceeds the predefined threshold in the
presence of nonperiodic disturbances, such as external shock, the feedback loop through the
IMP-based controller is opened, as depicted in Figure 5, because the control performance
of the system for nonperiodic disturbances may degrade. Therefore, IMP-based controllers
are typically used in control systems as nonlinear controllers.

> Crur(2) d(k)
up k)
: 5
—»O »  C(2) P(z)
= up(k) +

Figure 5. Schematic—diagram of FSM control system with IMP.

The transfer function of the IMP-based controller is denoted Cj;p. The continuous-
time type and discrete-time type are denoted by Cjysp(s) and Cjyp(z), respectively, and can
be obtained as follows: (@) ()
cos(J)s —sin(J)w
Cimp(s) =g P , 4)

_ cos(D)z — cos(wTs + @)z
Cimp(z) = g 22 —cos(wTs)z+1 7 ©)

where sampling time, periodic frequency, adaptive gain, and control gains of the IMP-based
controller are denoted as T5, w, g, and ¢, respectively. This presented that the IMP-based
controller is input/output equivalent to a linear time-invariant controller, even though the
whole adaptive structure is described by linear time-varying differential equations. It is
important to note that this transfer function has a zero at s = —wtan(¢).

For the cancellation of periodic disturbances, the control input of an IMP-based
controller has the following form in discrete time:

u(k) = a(k)cos(wTsk) + b(k)sin(wTsk), (6)
The discrete-time update laws for the elimination of the disturbance are as follows:
a(k) = a(k—1) + ge(k)cos(wTs + @), )

b(k) = b(k — 1) 4 ge(k)sin(wTs + ), (8)

where update laws parameter e(k) is the control error, and g is the adaption gain of the
IMP-based controller. The adaption gain g can be selected experimentally. If it is large, the
magnitude of the open-loop transfer function at the disturbance frequency is larger, and
the magnitude of the disturbance reduction performance is smaller. Moreover, the control
performance of the system can be extremely unstable in other frequency regions because
the sensitivity transfer function of the control system in those regions may attenuate in
accordance with the Bode integral theorem. Therefore, the fundamental design of the
IMP-based controller must be such that the control algorithm can be attenuated reliably.
The disturbances whose frequencies correspond to those at which the control gain of the
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IMP are infinite. In addition, the IMP-based control gain ¢ at w (periodic frequency) is
obtained as follows:
P
? =1 P()Cl)

where P(z) is the designed FSM control system, and C(z) is the PI controller.

As illustrated in Figure 6, according to the results of the experiment conducted to
analyze uncompensated CES, periodic disturbances of several frequencies in the CES are
generated primarily by the operating conditions. In particular, in the analyzed residual
CES, periodic disturbance characteristics are generated during tip-tilt control owing to
the vibration of the platform cooling fan. The power spectrum of the uncompensated
CES shows that the disturbance occurs at integer multiples of the fundamental rotating
frequency (i.e., 60 Hz) of the cooling fan. In addition, two specific peaks are formed
at 65 and 71 Hz, and they are not harmonic frequency components of the fundamental
rotating frequency of the cooling fan. These disturbance frequencies may be attributed to
the mechanical resonances of the platform. Therefore, to eliminate periodic disturbances,
such as the harmonic component resulting from rotation conditions of the cooling fan and
mechanical resonance frequencies of the platform, the FSM control system is designed
using an IMP-based controller, as illustrated in Figures 7 and 8.
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Figure 6. Power spectrum for analysis of uncompensated CES.
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Figure 7. Open-loop transfer function of IMP-based controller (at 60 and 65 Hz).
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Figure 8. Open-loop transfer function of IMP-based controller (at 60 and 71 Hz).

As illustrated in Figure 4, the phase angles of the disturbance-attenuation perfor-
mances at wy = 60 Hz, w, = 65 Hz, and w3 =71 Hz are estimated as ¢ = 80°, ¢ = 78°,
and ¢3 = 77°, respectively. The IMP-based control input u(k) can be defined utilizing the
control law expressed in Equation (6). These phase values for cancellation frequencies
can be used from the adaptation law, which is expressed in Equations (7) and (8). As
depicted in Figures 7 and 8, the adaptive gain g of the IMP-based controller should be
selected experimentally to maximize the stability of the control system in this study, and
g is set to 2 x 10~*. Consequently, the control performance of the IMP-based controller
for disturbance attenuation is over 20 dB greater than that of the PI controller for a few
frequency components.

According to the experimental results of the PI controller for FSM control with and
without the IMP-based AFC, the target rotational position was maintained successfully
at 500 prad. Figure 6 shows that the power spectrum of the residual CES for the PI
controller without the IMP-based controller was 7.97 urad. When we used the IMP-
based controller at 60, 65, and 71 Hz in the FSM control system, the RMS values of the
CES were 7.43,7.17, and 6.05 urad, respectively. Additionally, we applied the IMP-based
controller to multiple frequency components. When the IMP-based controller was used
at 60 and 65 Hz in the FSM control system, the RMS value of the CES was 6.00 prad.
Furthermore, when the IMP-based controller was used at 60 and 71 Hz in the FSM
control system, the RMS of the CES was 5.41 prad, as illustrated in Figure 9a,b. These
results indicated that the IMP-based controller was efficient at suppressing periodic
disturbances in the FSM system, as shown in Table 2.

Table 2. Overall experimental results of FSM control system using IMP.

Soecification PI IMP IMP IMP IMP IMP
p Controller (60 Hz) (65 Hz) (71 Hz) (60/65 Hz) (60/71 Hz)
Only Control error 7.97 7.43 717 6.05 6.00 5.41

MP

(urad rms)
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Figure 9. Experimental results of FSM control system: (a) IMP (at 60 and 65 Hz) and (b) IMP (at
60 and 71 Hz).

3.2. IMP-Based Controller with DOB

The design key of the IMP-based controller with DOB comes from the fact that it
improves the disturbance-attenuation performance without redesigning the feedback con-
troller. Theoretically, the IMP-based controller with DOB is designed for disturbance
attenuation based on the nominal plant.

In general, the DOB is to use the inversed plant model to cancel the disturbance to
the control system and then modify the control input to compensate. Also, the low-pass Q
filter Q(z) is applied to reduce high-frequency measurement noise and allow Q(z) P, (z)



Appl. Sci. 2024, 14, 5631

9of 16

to be realizable. Figure 10 presents a schematic diagram of the FSM control system using
an IMP-based controller with DOB.

Crp(2)

upyp(k)

", el
_,/')

A

y(k)
P(z) >

h 4

Cpi2)

A

OP,1(z)

Figure 10. Schematic diagram of FSM control system using IMP-based controller with DOB.

In this study, the stability of the control system is related to the tunable coefficient
and the order of the Q filter. Therefore, the tunable coefficient and order of the Q filter
should be designed to improve the stability of the control system through the measurement
data of the disturbance attenuation. Here, the Q,y and Qs filters were utilized for the
DOB-based controller for the FSM system, as illustrated in Figure 11. Via the analysis of
the residual control-error signal (CES), which is the experimental result, the stability of
the control system can be estimated. Consequently, utilizing Q» and Q3 filters effectively
improved the disturbance-suppression performances of the FSM control system. Moreover,
the disturbance-suppression performances of the FSM motion system were effective in the
low-frequency region with bandwidths of 15 and 30 Hz. The open-loop transfer functions
of the aforementioned Qyp and Q3 filters with bandwidths of 15 and 30 Hz are expressed

as follows:
1 1

Ss) = = ’ 10
Qao(s) (ts+1)% 122 +215+1 (10
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Figure 11. Open-loop transfer function Q filter for FSM control system: (a) Qg and (b) Q3.

The attenuation control performance of the FSM control system should be as high as
possible in the frequency band of the disturbance applied to the system but not so high
that it degrades the system’s stability. Therefore, the loop gain of the FSM control system
utilizing the IMP-based controller with DOB was selected to be higher than the loop gain
of the IMP-only-based controller. Furthermore, as you increase the denominator order
and bandwidth of the Q filter, the attenuation ping response of the FSM control system
utilizing DOB is better. As the control performance, the open-loop transfer functions of the
overall FSM control system utilized the IMP-based controller with DOB are illustrated in
Figures 12-15. The open-loop transfer function of the FSM control system utilized by the
IMP with the DOB can be obtained as follows:

Con() — (Cap(®) +CEDP, (2) +1- (1-Q(2)) W)
Total (1 — Q(Z))Pn (Z) s
40 on
g
?D’ 20 .
E
.‘é‘
% 0 Base Controller
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10° 102
Frequency (Hz)
S -100 [ e /
§ [
@ -200 -
(]
=
& 300

102

Frequency (Hz)

Figure 12. Open-loop transfer function of IMP-based controller (at 60 and 65 Hz) with DOB (Qy filter).
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4. Experimental Results of DOB-Based FSM Control System

In this study, we compared two main cases. First, in the IMP-based controller, the Qg
filter was used as the DOB. Second, in the IMP-based controller, the Q3 filter was used as
the DOB. Moreover, the bandwidths of each of the binomial Qg and Qs filters were set to
15 Hz and 30 Hz. The target rotational position was successfully maintained at 500 prad.
As illustrated in Figure 15, the power spectrum of the residual CES of the IMP-based PI
controller was 7.97 urad. In the first case, when we used the IMP-based controller with
the DOB (Qyo filter 15 Hz) at 60, 65, and 71 Hz in the FSM control system, the CES values
were 6.96, 6.75, and 5.73 prad, respectively, as illustrated in Figure 17a. When we used
the IMP-based controller with the DOB (Q, filter 30 Hz) at 60, 65, and 71 Hz in the FSM
control system, the CES values were 6.76, 6.57, and 5.51 urad, respectively, as illustrated in
Figure 17b. In the second case, when we used the IMP-based controller with the DOB (Q3g
filter 15 Hz) at 60 Hz, 65 Hz, and 71 Hz in the FSM control system, the CES values were 6.49,
6.28, and 5.36 urad, respectively, as depicted in Figure 17c. When we used the IMP-based
controller with the DOB (Qsy filter 30 Hz) at 60, 65, and 71 Hz in the FSM control system,
the CES values were 6.18, 6.05, and 5.24 urad, respectively, as depicted in Figure 17d.

To enhance the control attenuation performance of the FSM system, we applied the
IMP-based controller with multiple frequency components. For the IMP-based controller
with a Qy filter having bandwidths of 15 and 30 Hz as the DOB, respectively, the CES
values were 5.51 and 5.57 prad, respectively. For the IMP-based controller with a Qs filter
having bandwidths of 15 and 30 Hz as the DOB, the CES values were 5.36 and 5.24 urad,
respectively, as depicted in Figure 17a—d. These results indicated that the performance
of the IMP-based controller with the DOB was efficient in terms of suppressing periodic
disturbances in the FSM system [38,39].
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Figure 17. Experimental results of FSM control system when using IMP with DOB: (a) Q29 (15 Hz),
(b) Q20 (30 Hz), () Q30 (15 Hz), and (d) Q30 (30 Hz).

5. Conclusions

In this study, we improved the disturbance-attenuation performance of an FSM control
system by using an IMP-based controller with DOB to improve the control performance.

When the IMP-based controller with DOB (Q» filter 15 Hz) was used at 60, 65, and
71 Hz, the CES values decreased by approximately 12.67, 15.3, and 28.1%, respectively,
compared to those when using the IMP-based controller alone. When the IMP-based
controller with DOB (Qy filter 30 Hz) was used at 60, 65, and 71 Hz, the CES values
decreased by approximately 15.1, 17.5, and 30.9%, respectively, compared to those when
using the IMP-based controller alone. When the IMP-based controller with DOB (Qs filter
15 Hz) was used at 60, 65, and 71 Hz, the CES values decreased by approximately 18.5, 21.1,
and 32.8%, respectively, compared to those when using the IMP-based controller alone.
When the IMP-based controller with DOB (Q3 filter 30 Hz) was used at 60, 65, and 71 Hz,
the CES values decreased by approximately 22.4, 24.1, and 34.2%, respectively, compared
to those when using the IMP-based controller alone.

Furthermore, to improve the disturbance-attenuation performance of the FSM con-
trol system by using an IMP-based controller with DOB, the IMP-based controller was
set to have multiple frequency components. As summarized in Table 3, when we used
the IMP-based controller with DOB, the CES values were lower than those obtained
when using the IMP-based controller alone. These results indicated that the performance
of the proposed controller was superior to that observed in a previous study of FSM
control systems.
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Table 3. Overall experimental results of FSM control system using IMP with and without DOB.

Specification PI IMP IMP IMP IMP IMP
Controller (60 Hz) (65 Hz) (71 Hz) (60/65 Hz) (60/71 Hz)
Onl
IMIZ 7.43 7.17 6.05 6.00 5.41
Qo filter Control error
(15 Hz) (urad rms) 7.97 6.96 6.75 5.73 5.51 5.21
Qo filter
(30 Hz) 6.76 6.57 5.51 5.57 5.06
Qg filter
(15 Hz) 6.49 6.28 5.36 5.04 4.82
Q30 filter
(30 Hz) 6.18 6.05 5.24 5.12 4.84
Funding: This work was supported by an Agency for Defense Development (ADD) grant funded by
the Government of the Republic of Korea in 2024.
Data Availability Statement: Data is contained within the article.
Conflicts of Interest: The author declares no conflicts of interest.
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