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A B S T R A C T

The control accuracy of traditional controllers for fast steering mirror system depends largely on
the accuracy of the system model, which limits the performance of the controllers. Model re-
ference adaptive controller (MRAC) is suggested for further improving the control accuracy of the
fast steering mirror. Before designing the controller, we first introduced rate feedback to reduce
the resonance peak of the fast steering mirror. Then a reference model which has good dynamic
performance is selected. The MRAC controller is designed base on Lyapunov theory, which
guarantees the asymptotic stability of the whole system and makes the output of the FSM system
evolves asymptotically to the selected model. Experimental results show that FSM system with
MRAC controller shows excellent dynamic performance.

1. Introduction

Recently, the rapid development of adaptive optics, space laser communication, target detection, aerial imaging and other sys-
tems call for a high performance of beam pointing control technology [1–3]. To improve the precision of the beam pointing control
system, the compound axis control system is introduced [4]. In the compound axis system, a fast steering mirror(FSM) which has high
tracking accuracy, fast response speed, high control bandwidth and other outstanding advantages is mounted on a big inertia signal-
axis gimbal and with this structure, performance of the whole tracking system is improved significantly [5,6].

FSM is the core component of the fine tracking sub-system, as the tracking ability and tracking accuracy of the whole system
depends mostly on the precision of the FSM. Under the given structure and driven method of FSM, the key point to further improve
the performance of FSM is to improve the control strategy. In actual operation process, the accuracy of FSM is affected by many
factors, including time delay, mechanical resonance, random bias of states and un-modeled nonlinear uncertainty. How to perform
high-precision control on the FSM system has received considerable attention. Due to the various nonlinear disturbances in the
system, it is necessary to implement online real-time adjustment of the controller parameters to achieve a satisfactory control effect.
The traditional proportional-integral-derivative (PID) controller is widely used in the real control system [7–10] due to its good
performance and functional simplicity. However, it is very difficult to make real-time adjustment of the PID controller parameters, so
the controller cannot meet the desired higher-level performance.

In recent years, scholars proposed large numbers of advanced control methods. Tang introduced feed-forward control into the
FSM system. Thus, his closed-loop FSM system is composed of a feedback and a feedforward controller, and experimental results
show that his control method can significantly improve the tracking performance and enhance the error attenuation of the system
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[11]. Then the acceleration control was applied to improve the robustness of the FSM system [5]. Further a predict control method
was achieved [12]. By introducing a robust Smith predictor into the FSM control system, the tracking performance of the FSM system
was improved effectively. Many other scholars have also proposed different control schemes. However, most of these controllers rely
on the accurate parameters of the system models during the design process, which may not always be satisfied in the industrial
practice [8]. Therefore, the parameter identification problem limits the performance of their control methods.

In order to further improve the control accuracy of FSM under the uncertainty of the model parameters, our group introduce
Model Reference Adaptive Control (MRAC) into the FSM control system. The concept of MRAC was first proposed by Whitaker in
1958, and then, as a kind of adaptive control method it has been studied by many researchers [13–16].

The core idea of the MRAC control method is to make the output of the controlled object tracking a reference model, so as to
improve the dynamic performance [17–19]. The online real-time adjustment of the adaptive parameters is achieved without using the
accurate value of the model parameters of the controlled system. So, the control scheme is particularly suitable for controlled systems
with unknown or time-varying parameters.

In fact, Ai [20] has already used the MRAC algorithm on servo control system, and the result shows that the servo system
performance is satisfied. But the controller he designed is based on the MIT rule, which means his algorithm cannot guarantee the
stability of the controlled system. Therefore, it is necessary to analyze the stability of the system after the designed MRAC controller is
introduced into the servo system. To improve the situation, in this paper, the MRAC controller is designed base on Lyapunov theory.
The controller obtained by this method can ensure the entire close-loop adaptive system is stable and it allows us to avoid the stability
analysis problem [21–23]. What’s more, the controller is designed without determining the accurate parameters of the controlled
object. Even if the parameters are time-varying, this control strategy is applicable [13,15].

This paper is organized as follows: A general description of the whole FSM system is presented in Section 2, including a simplified
system model. In Section 3, the MRAC controller is designed to ensure that the output of the FSM evolves asymptotically to the output
of the selected reference model. Experiments are conducted and discussed in Section 4. Section 5 provides our conclusions.

2. System model and reference model

Generally, the FSM system is composed of a reflection mirror, an actuator, a base and a flexure hinge. The mirror is connected to
the base by a flexure hinge which has the advantages of small size, simple structure, no mechanical friction, and high motion
sensitivity.

FSM can be driven by voice coil actuators (VCA) or piezoelectric actuators (PZT) [24,25]. As FSM driven by VCA can bring larger
scanning angle with smaller volume, in this paper, the FSM is driven by VCA. Eddy current sensor (ECS) which has the merits such as
high precision, high operating frequency, strong anti-interference ability and high bandwidth is used to measure the rotation angle of
the FSM as feedback amount. The structure of the FSM is shown in Fig. 1.

2.1. Description of the FSM model

Due to the machining error and assembling error are inevitable, the system analysis is very difficult. More serious is the inter-axis
coupling problem is exist in the FSM system, which makes the system a MIMO system. Since the main purpose of this paper is to study
the feasibility and advantage of the MRAC algorithm, we treat the FSM a SISO system and neglect the inter-axis coupling effect, which
will simplify the controller design and analysis process.

To get the open loop response of the FSM system, sinusoidal sweep experiment is conducted and the rotation angle is measured by
ECS of the FSM. The open-loop frequency response is shown in Fig. 2. The experimental curve can be fitted as a second-order model
and the transfer function can be expressed as:
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where ωn is the natural frequency and ξ is the damping ratio of the FSM system.

Fig. 1. Structure of a FSM.
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From Fig. 2 we can also see that the resonance peak near 240 rad/sec severely limits the closed-loop performance of the FSM
system. What’s more, the existence of mechanical resonance can even cause system instability. So before designing the MRAC
controller, the mechanical resonance should be suppressed first. Here we introduce rate feedback to improve the damping coefficient
of the FSM system, so as to eliminate the resonance. This is accomplished by adding a derivative term into the feedback path of the
FSM system, the block diagram of which is shown in Fig. 3.

After introducing rate feedback into the feedback loop, the new transfer function of the FSM becomes:

+ + +b
1

s ( )s 1
ω

ξ
ω

1 2 2

n n2 (2)

Compare Eq. (1) with Eq. (2) we can find that the rate feedback provides the system electronic damping. By adjusting the rate
feedback coefficient b, the FSM system can be made a critically damped second order system. Fig. 4 shows the open loop frequency
responses of the FSM with and without rate feedback. The resonance peak in the frequency response curve disappeared after rate
feedback is introduced. This will help us to design the closed-loop controller in the next step.

2.2. Selection of the reference model

After introducing the rate feedback into the FSM control system to eliminate the resonance, we design a classic PID controller and
perform the closed-loop step response test on the system. The experimental result is shown in the Fig. 5. In practical applications,
adjustment time of the step response should be less than 0.1 s and the maximum overshoot should be less than 10%. However, in
Fig. 5, the practical situation is: the adjustment time of the step response is near 0.1 s and the maximum overshoot is near 40%, which
means the dynamic performance of the FSM system should be further improved.

In order to satisfy the engineering demands, we chose a second-order model as our reference model, which is shown as follows:

=
+ +

G (s) 360000
s 850s 360000m 2 (3)

of which the step response is shown in Fig. 6. From the figure we can see that the adjustment time of the reference model is about
10ms and nearly non-overshoot. If our FSM output can track the output of the reference model accurately, then the servo accuracy of
the FSM system could be improved.

Fig. 2. Frequency responses of the FSM system.

Fig. 3. Block diagram of a second order system with rate feedback.
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3. Design of the MRAC controller

From part 2 we know that the real system can be seen a second-order system, so the state equation can be depicted as follows:

= +x A x B u˙ p p p p (4)

where xp is two-dimensional state vector, u is the control input of the FSM and Ap, Bp are 2× 2 and 2×1 matrixes, respectively.
Normally the exact value of Ap and Bp are unknown and cannot be adjusted directly, which is why many control methods are limited

Fig. 4. Open loop frequency responses of the FSM with and without rate feedback.

Fig. 5. Step response curve of FSM with PID controller.

Fig. 6. Step response curve of the reference model.
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Accordingly, the state equation of the reference model can be shown in Eq. (5):

= +x A x B y˙ m m m m r (5)

where = ⎡
⎣− −

⎤
⎦

A 0 1
360000 850m , = ⎡

⎣
⎤
⎦

B 0
1m , xm is two-dimensional state vector of the reference model and yr is the reference input.

In order to make the output of the FSM tracking the output of the reference model and improve the dynamic performance, we
designed a state feedback controller F and a feedforward controller K to form an adjustable MRAC system as shown in Fig. 7.

Then, the control law of the control structure is calculated as:

= +u Fx Kyp r (6)

When substituting Eq. (6) into Eq. (4) the result is the closed-loop form of the controlled system:

= + +x A B F x B Ky˙ ( )p p p p p r (7)

Then the state error equation could be written as:

= − = + − − + −e x x A e A A B F x B B K y˙ ˙ ˙ ( ) ( )m p m m p p p m p r (8)

The final purpose is to generate K and F in such a way that e→0 as t→∞, and the adjustable system parameters asymptotic
converge to the parameters of the reference model, which can be descripted as follows:

=
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Suppose when =F e t F( , ) 0 and =K e t K( , ) 0, we can get the complete match between the reference model and the adjustable
system, which means:

⎧
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By substituting Eq. (11) into Eq. (8) the result is:

= + −∼ ∼− −e A e B K F x B K K y˙ ,m m p m r0
1

0
1 (12)

where:

⎧
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As the reference model we chose is a stable model and Am is a stable state matrix, there must exists a positive definite symmetric
matrix P which is the solution of:

+ = − = >A P PA Q Q Q, 0m m
T T (14)

where Q is also a positive definite symmetric matrix.
Then we can choose a Lyapunov function as:

= + +∼ ∼ ∼ ∼− −V e Pe F F K Ktr( P ) tr( P )F K
T T 1 T 1 (15)

where P , PF , PK are n×n, m×m and m×m positive definite matrix respectively, and tr is the mathematical symbol of trace. The total
time derivative of Eq. (15) is

Fig. 7. The scheme of MRAC.
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In order to make V̇ a negative definite function, which means the entire system is stable, we choose:
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Considering Eq. (13), the adaptive laws can be expressed as:
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Generally, the parameters Ap and Bp are unknown, and the parameters F 0 and K 0 are also difficult to obtain. Considering that the
value of PF and PK can be selected flexibly, Eq. (18) can be written as:
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where R1 and R2 are parameters can be obtained by experiment. Then Eq. (19) is the adaptive control law we need to make the output
of the FSM track the output of the reference model. And when the control law is applied to the FSM system, the entire servo system is
globally asymptotically stable. Which means Eqs. (9) and (10) are satisfied.

4. Experimental results and discussions

To investigate the performance of the FSM system with the MRAC controller designed in part 3, we studied the dynamic per-
formance of the FSM response. The experimental setup is shown in Fig. 8. The FSM is fixed to vibrating table and is driven by voice
coil motor. The eddy current sensor is used to measure the rotation angle of the mirror for closed-loop operation. All data processing,
analysis processes, control algorithm and the generation of control signals are completed by the data processing module.

4.1. Set-point trajectory tracking

First, we test the set-point tracking performance of the closed-loop system. The experiment result is shown in Fig. 9. From Fig. 9,

Fig. 8. Photo of the experimental setup.
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we can see that the system with the MRAC controller shows only an overshoot less than 10% and a significantly short setting time of
less than 50ms. Whereas the FSM system without MRAC controller shows an overshoot about 40% and a setting time of about
100ms. After adding MRAC controller, the performance of the FSM has been greatly improved: the overshoot of the step response is
almost disappeared, and the setting time is decreased by 50%.

4.2. Sinusoidal trajectory tracking

Then the sinusoidal trajectory tracking experiments are conducted to further test the tracking ability of the FSM with MRAC
controller, and the result is shown in Fig. 10. It can be seen that the values of peak-valley errors of the FSM system with and without
MRAC controller are respectively about 98 μrad and 340 μrad. Obviously, compared with the traditional control method, the system
with MRAC controller showed excellent tracking performance.

4.3. Sinusoidal trajectory tracking with disturbance

Vibrations often occur within the working environment of FSM, so again we conduct the Sinusoidal trajectory tracking experi-
ment. But unlike the previous experiment, this time the vibrating table will produce random vibration to simulate real working
condition. The seismic excitations peak acceleration of shaking table is 1.0 g and the tracking error is shown in Fig. 11.

From Fig. 11, we can find that the values of peak-valley errors of the FSM system with and without MRAC controller are re-
spectively about 140 μrad and 900 μrad. Comparing Figs. 10 and 11 we can conclude that even in the presence of random dis-
turbances, the MRAC controller can still show good performance. However, under the traditional control scheme, the FSM perfor-
mance is seriously degraded.

Fig. 9. Closed-loop step response of the FSM.

Fig. 10. Angle tracking performance and tracking error.
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4.4. Discussion

The results show that the presented MRAC controller improves the dynamic performance of the FSM system effectively. This is
because the reference model we selected has good dynamic performance, and the reference model reflects the ideal output of the
close-loop system. Then the MRAC controller adjusts the adjustable parameters in the controller according to the difference between
the output of the FSM and the output of the reference model, which will make the output of the FSM tracking the output of the
reference model.

5. Conclusion

In the paper a high-performance FSM control strategy is prosed. First, rate feedback is introduced to reduce the resonance peak in
the frequency response. Then a reference model is selected based on the system’s performance indicators. In order to guarantee the
stability of the FSM system, the controller is designed base on Lyapunov theory, in this method we can be free from the discussion of
stability problem. In the controller design process, the accurate parameters of the FSM model are not required, which means the effect
of this control method does not depend entirely on the specific parameters of the system model. The results of the step response and
angle tracking experiments indicate that the MRAC controller achieves outstanding performance. The FSM system with MRAC
controller satisfies practical engineering applications.
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