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ABSTRACT In this paper, a control methodology based on the disturbance observer (DOB) framework is
proposed to improve the current dynamic characteristic and the robustness of the voice coil motor (VCM)
in the tip-tilt mirror. It is shown that the open-loop current characteristic is a third-order plant, which
is influenced obviously by both the electrical and mechanical uncertainties under different environment
temperatures. Although the traditional PID control is helpful to improve the current dynamics, it is not able
to provide enough robustness. Therefore, a new control methodology based on DOB is proposed. The plant
model is simplified from third-order to first-order by considering the back-electromotive force (EMF) as
the disturbance. The perturbation of the electrical parameters is compensated by the inner-loop of the DOB
framework, and the perturbation of the mechanical parameters is compensated by suppressing the back-
EMF. Moreover, new sufficient conditions for robust stability are presented in the control method based on
H∞ algorithm. Compared with the traditional researches, the upper bound of the uncertainties is calculated
directly in this paper. Therefore, the ranges of the electrical parameters are very clear according to the Q-
filter. Based on the stability conditions, new design guidelines for the DOB-based robust current control for
inductionmotor are also presented. Experiment results are given to show the design details and the superiority
of the proposed control method.

INDEX TERMS Tip-tilt mirror, voice coil motor, disturbance observer control, robustness.

I. INTRODUCTION
Tip-tilt mirror is one of the key instruments with high accu-
racy and dynamics to compensate structure vibrations in
astronomical telescopes, adaptive optics and FSO commu-
nications [1], [2]. The tip-tilt mirror is often driven by the
assembled VCMs, which have the advantage of compact
size, light weight and high position precision [3], [4]. The
dynamic characteristic of themotor current, which control the
trust directly, is crucial for the tip-tilt mirror to achieve high
accuracy and high-response speed. Optimal design methods
for VCM are discussed in the literature [5], [6]. Moreover,
since the open-loop current characteristic of VCM often has
a phase delay and influenced by the back-EMF, the traditional
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PID control is widely used in the current control of VCM [7],
[8] to improve the current dynamics.

However, as the application of the tip-tilt mirror has been
expanded to aerospace, the current control of the VCM faces
the challenge of thermal issues. As the environment tem-
perature changed sharply, both the electrical and mechanical
characteristics of the mirror are influenced, which may cause
obvious uncertainties of the open-loop current characteris-
tic. Although the robustness of the current control can be
achieved more or less by PID controller, its effect is limited
by the issues of stability and the sensor noises. Till now,
few research has paid attention to the temperature influence
on the VCM and the robust control strategy on its current
performance.

DOB has been one of the most important tools to enhance
the robustness and suppress disturbance since it was proposed
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by Ohnishi in 1983. In the DOB-based robust control, dis-
turbances are estimated by the nominal model of plant, and
the robustness is achieved by feed-backing the estimations of
disturbances. A widely used DOB framework consists of an
inner-loop and an outer-loop, which is of the advantage that
the control system can be independently adjusted by tuning
DOB and the performance controller in the inner and outer
loops, respectively [9]–[12]. The convenience of the this kind
of DOB framework has been verified in many areas such as
robust motion control [13]–[16], DC-bus voltage control [17],
and temperature control [18].

The DOB control method has also been widely used in the
current control of induction motors [19]–[23].For example,
a new method is provided to improve the gain and phase
margin of the DOB system in [21]. Moreover, investigation
is made on the DOB method in the predictive current control
in [22]. Also, a novel sliding-mode current control law with
a disturbance observer is proposed for current regulation of
induction motors in [23]. However, few of them has a syn-
thetical discussion on the robust stability of the DOB method
in the current control of induction motors.

In fact, since the uncertainty of the plant, the analysis on
the stability of the DOB framework with an inner-loop and
an outer-loop is difficult. Since the dynamics of the Q-filter is
limited by constraints such as measurement noises [24] and
water-bed effect, the characteristic polynomial of the DOB
control method is influenced by the Q-filter, unstructured
uncertainties, nominal plant model, and outer-loop controller
[25]. Therefore, parameters design is usually complicated
considering the robust stability and highly depends on the
personal experience.

In this paper, the open-loop current characteristic of the
VCM in the tip-tilt mirror is analyzed and the influence of
the environment temperature on the current dynamics is pre-
sented. It is shown that the open-loop current characteristic is
a third-order plant, which is not only influenced by electrical
parameter uncertainties but also by mechanical parameters
uncertainties. Then the control methodology based on DOB
framework is proposed to improve both the current dynamics
as well as robustness. By considering the back-EMF as the
disturbance, the plant model is simplified and the mechan-
ical parameters’ perturbation is suppressed. Moreover, new
sufficient conditions for the robust stability based on H∞
algorithm are presented, which is suitable for the DOB-
based robust current control of induction motors. Compared
with traditional H∞ algorithm [26]–[30], the upper bound
of the uncertainty is calculated directly, so that the ranges
of different electrical parameters of the VCM are very clear
for the robust stability. Experiment results show that as the
environment temperature changes, the robustness of the cur-
rent control is highly improved by the proposed methodology
comparing with the traditional PID control.

The rest of paper is organized as follow. Section II intro-
duces the tip-tilt mirror and the problem on its robust current
control. The robust current control system based on DOB
framework is proposed in Section III. In Section IV the

FIGURE 1. Architecture of the tip-tilt mirror driven by VCMs.

robust stability conditions are newly presented. In Section V,
the design details and experiment results are given to show
the superiority of the proposed tragedy to improve the robust-
ness of the VCM current control. Finally, some concluding
remarks are given in Section VI.

II. OPEN-LOOP CURRENT CHARACTERISTIC AND THE
TEMPERATURE INFLUENCE
The general architecture of the tip-tilt mirror comprises of
a mirror subassembly that is pivotally coupled to a fixed
base. Four voice coil motors with primary and redundant
windings are mechanically attached to the fixed base as well.
The motors apply torque directly to the mirror subassembly,
thereby acting like a counter-balance which helps cancel out
the exported forces and torques caused by the structure vibra-
tions. Springs are used to connect the mirror subassembly and
the fixed base, so that the mirror can be fixed when the motors
are not on power. Fig. 1 shows the architecture of the tip-tilt
mirror.

Consider the tip-tilt mirror is controlled by the power
amplifier, the output voltage of which is represented as u. The
block diagram of the motor’s open-loop current is depicted
in Fig. 2. L and R represent the equivalent inductance and
resistance of the coil winding. Kt , Kb, Kf and J are the trust
constant, EMF constant, friction constant and the mass of the
mirror subassembly, respectively. Kd is the spring constant.
Signals r , i Eb, v and p represent the reference signal, motor
current, voltage of back-EMF, velocity and position of the
motor, respectively.

Let Tiu_open(s) represent the open-loop current character-
istic of the VCM, which is the transfer function from u to i,
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FIGURE 2. Block diagram of open-loop current control of the VCM in the
tip-tilt mirror.

then from Fig. 1, Tiu_open(s) is computed as:

Tiu_open(s)

=
Js2+Kf s+Kd

JLs3+(JR+Kf L)s2+(Kf R+CmKb+KdL)s+KdR
.

(1)

According to the polynomial theorem, Tiu_open(s) can be
represented as:

Tiu_open(s) =
1

(s+ a0)
Js2 + Kf s+ Kd
a1s2 + a2s+ a3

, (2)

where 
a1 = JL
JLa0 + a2 = JR+ Kf L
a0a2 + a3 = Kf R+ CmK b + KdL
a0a3 = KdR.

(3)

It is shown that the dynamics of the VCM motor current
are influenced by the phase delay and oscillation. Such an
impact is not only caused by the electrical parameters of the
VCM, but also by the mechanical parameters of the tip-tilt
mirror because of the back-EMF. Since phase delay causes
decline on the response speed and the oscillation impacts
on the control accuracy of the trust, there is a demand on
suppressing the phase delay and oscillation of the current
dynamics.

Fig. 3 shows the test results of the open-loop current
characteristic of the VCM under different temperatures. It is
shown that when the environment temperature changes from
−45◦C to 125◦C , the open-loop current is with obvious
uncertainties. Thus, the control method with high robustness
is required to improve the current dynamic characteristic.

III. ROBUST CURRENT CONTROL BASED ON THE DOB
FRAMEWORK
This section presents the robust current control of the VCM
based on the DOB framework, as shown in Fig. 4. The
purpose of the control is to compensate the phase delay and
oscillation of the current as well as improve the robustness
of the current control system. The DOB framework consists
of an inner disturbance observer loop (inner-loop) and a
main feedback control loop (outer-loop).C(s), Pn(s) andQ(s)
represent the performance controller, nominal plant model
and the Q-filter, respectively. q and u′ represents the output
signal of the performance controller and the input voltage of
the VCM, respectively.

FIGURE 3. Experiment results of Tiu_open(s) of a VCM motor under
different environment temperatures.

FromFig. 4, the plant of the system is the open-loop current
characteristic of the VCM. Consider that the plant is third-
order and that both the electrical and mechanical parameters
of the tip-tilt motor are uncertain under different tempera-
tures, the discussion on the robustness is difficult based on
Fig. 4. As discussed in last section, the effect of mechanism
on the current is caused by the back-EMF. Therefore, by con-
sidering the Eb(s) as the external disturbance [8], the control
system can be simplified as shown in Fig. 5.
P(s) represents the transfer function from u′ to i, which is

computed as

P(s) =
1

Ls+ R
. (4)

1W (s) represents the uncertainties of P(s). The relationship
between P(s) and Pn(s) is described as

P(s) = Pn(s)(1+1W (s)). (5)

Eb(s) is computed as

Eb(s) =
KbKts

Js2 + Kf s+ Kd
i(s). (6)

Thus, the robust control of Tiu_open(s) is transferred to
issues of disturbance rejection of Eb(s) and robust control of
the plant P(s). The influence of the mechanism and mechan-
ical uncertainties are suppressed by the disturbance rejection
of Eb(s). The current characteristic of the control system are
decided by the robust control of P(s), which only consists of
electrical parameters L and R. Hence, only the uncertainties
of L and R should be considered in the following discussion.

From Fig. 5, the current dynamics i is computed as:

i(s) = Tir (s)i(s)+ Tie(s)Eb(s). (7)

where

Tir (s) =
(1+1W )CPn

1+ (1+1W )CPn +1WQ
, (8)

Tie(s) = −
(1+1W )Pn(1− Q)

1+ (1+1W )CPn +1WQ
. (9)

96816 VOLUME 9, 2021



Z. Ning et al.: Robust Current Control of VCM in Tip-Tilt Mirror Based on DOB Framework

FIGURE 4. Block diagram of the robust current control of VCM in the tip-tilt mirror based on DOB framework.

FIGURE 5. Block diagram of the simplified robust current control based
on DOB framework.

If Q(s) = 1, then we have:

Tir (s) =
CPn

1+ CPn

∣∣Q=1 , (10)

Tie(s) = 0
∣∣Q=1 . (11)

Equation (10) and (11) show that when Q(s) = 1, the cur-
rent characteristic of the outer-loop is only decided by the
nominal plant model and the performance controller, which is
the same with the traditional closed-loop control. Therefore,
the phase delay and oscillation of the open-loop current is
compensated. Moreover, since the effect of Eb(s) and1W (s)
is suppressed by the DOB control method, the robustness of
the system is achieved.

It should be mentioned that the Q-filter cannot be equal
with the constant one in practical. Usually, it is designed as a
low-pass filter considering the effect of measurement noises,
water effect and other constrains. As a result, the stability,
robustness and the dynamic performance of the VCM current
are influenced by the Q-filter, nominal plant model, system
uncertainties and the performance controller. Therefore, suf-
ficient conditions on the robust stability are demanded.

IV. ANALYSIS ON THE ROBUST STABILITY
This section presents the new sufficient conditions for the
robust stability of the current control of VCM based on the
DOB control method. The conditions are convenience for
practical application because the relationship between the Q-
filter and electrical parameter of the motor is established.

To begin with the further discussion, the following assump-
tion is introduced which has an agreement with the practical
situation of the VCM.
Assumption 1: It is assumed that the range of uncertainties

of the VCM can be acquired by testing or other methods,
which is represented as:

L1 ≤ L ≤ L2,R1 ≤ R ≤ R2. (12)

where L1, L2, R1 and R2 are positive real numbers. Pn(s)
belongs to

Pn(s) =
1

Lns+ Rn
, (13)

where Ln and Rn are real positive numbers.

A. THE GENERAL SUFFICIENT CONDITIONS FOR ROBUST
STABILITY
From Fig. 5, the characteristic polynomial δ(s) is computed
as:

δ(s) = 1+ (1+1W )CPn +1WQ, (14)

which can be re-written as:

δ(s) = (1+ PnC)(1+1WQT ), (15)

where

QT =
PnC + Q
1+ PnC

. (16)

Lemma 1:Assume that ‖1W‖∞ ≤ γ , where γ is the upper
bound on the uncertainties of the plant, the system is robustly
stable if the following two conditions hold.

1) 1+ PnC is Hurwitz;
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2) ‖QT ‖∞ < 1/γ .
Proof:
Since

‖1WQT ‖∞ ≤ ‖1W‖∞ · ‖QT ‖∞, (17)

if the condition 2) is satisfied, then

‖1WQT ‖∞ < 1. (18)

Then we have

1+1WQT > 0. (19)

According to (15), all the roots of the δ(s) are decided by
the polynomial 1 + PnC . So if 1 + PnC is Hurwitz, there is
no RHP root of δ(s) and the control system is robustly stable.
Thus, Lemma 1 is proved.

Condition 1) regulates the design of C(s) in the DOB
framework. As the nominal plant model Pn(s) is selected, it is
very easy to design C(s) according to demand of the current
dynamics.

Condition 2) indicates that the Q-filter design is limited by
the upper bound of the uncertainties. Similar conditions are
also given in the previous works [26]–[30]. However, such
kind of condition is not clear enough for the application in
the practical system. This is because γ can neither be found
in the manual nor be tested directly in the control system.
Therefore, it is beneficial if the condition 2) is transferred to a
relationship between the Q-filter and the specific parameters
of the VCM motor.

B. CALCULATION OF γ

According to (5), 1W (s) is re-computed as

1W (s) =
1Ls+1R
Ls+ R

, (20)

where 1L = Ln − L and 1R = Rn − R.
Lemma 2:

1W (s) ≤ max(

∣∣∣∣1LL
∣∣∣∣ , ∣∣∣∣1RR

∣∣∣∣). (21)

Proof:
According to (20), |1W (s)| is computed as:

|1W (jω)| =

∣∣∣∣L1Lω2
+ R1R

L2ω + R2
+

(1LR− L1R)
L2ω + R2

jω

∣∣∣∣. (22)

1) If ∣∣∣∣1LL
∣∣∣∣ > ∣∣∣∣1RR

∣∣∣∣, (23)

then ∣∣∣∣1LL
∣∣∣∣2 − |1W (jω)|2 =

1L2R2 − L21R2

L4ω2 + L2R2
> 0. (24)

So we have

|1W (jω)| <

∣∣∣∣1LL
∣∣∣∣ ∣∣∣∣∣∣∣1LL ∣∣∣>∣∣∣1RR ∣∣∣ . (25)

2) If ∣∣∣∣1LL
∣∣∣∣ ≤ ∣∣∣∣1RR

∣∣∣∣, (26)

then∣∣∣∣1RR
∣∣∣∣2 − |1W (jω)|2 =

(L21R2 −1L2R2)ω2

R2
≥ 0. (27)

So

|1W (jω)| ≤

∣∣∣∣1RR
∣∣∣∣ ∣∣∣∣∣∣∣1LL ∣∣∣≤∣∣∣1RR ∣∣∣ . (28)

Equation (25) and (28) can be summarized as
1W (jω) <

∣∣∣∣1LL
∣∣∣∣ ∣∣∣∣1LL

∣∣∣∣ > ∣∣∣∣1RR
∣∣∣∣

1W (jω) ≤

∣∣∣∣1RR
∣∣∣∣ ∣∣∣∣1LL

∣∣∣∣ ≤ ∣∣∣∣1RR
∣∣∣∣. (29)

Therefore, Lemma 2 is proved.
According to Lemma 2, since γ represent the upper bound

of |1W (jω)| considering the uncertainties of L and R, γ is
calculated as:

γ = max(

∥∥∥∥1LL
∥∥∥∥
∞

,

∥∥∥∥1RR
∥∥∥∥
∞

). (30)

According to Lemma 1 and (30), the sufficient conditions
for the robust stability are presented as:
Conclusion 1: Under Assumption 1, the current control

system of VCM motor based on DOB framework is robustly
stable if the following conditions hold.

1) 1+ PnC is Hurwitz;
2) ‖QT ‖∞ < 1/max(

∥∥1L
L

∥∥
∞
,
∥∥1R

R

∥∥
∞
).

Therefore, the relationship between ‖QT ‖∞ and specific
parameters of the VCM are estabished. Consider the range of
L and R is acquirable and ‖QT ‖∞ can be computed by easily
by tools such as MATLAB, it is very convenience to judge
the system stability.

According to Conclusion 1, the design guidelines of the
DOB framework can be summarized as follow to ensure the
robust stability of the VCM current.

Step 1): Make it clearly the range of L and R. The range
should be able to cover the practical uncertainties of L and R.
Then select a Pn(s) in the range;

Step 2): Design the performance controller C(s) by con-
sidering the selected Pn(s) as the plant of the outer-loop. The
current characteristic of the DOB control system is decided
byC(s) andPn(s) according to (10).Moreover, make sure that
1+PnC is Hurwitz to satisfy the condition 1) of the sufficient
condition. Therefore, the design of C(s) is actually the same
with the traditional closed-loop PID control in which Pn(s) is
the plant.

Step 3): Calculate the upper bound of the uncertainties
according to (30). Choose an design of Q-filter which provide
enough robustness and disturbance rejection ability to the
disturbance caused by the back-EMF (Since there have been
a lot of research on the design of Q-filter in previous work,
it is not discussed again in this paper). Calculate ‖QT ‖∞
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FIGURE 6. Experiment Setups.

according to (16). If the Condition 2) of the Conclusion 1 is
satisfied, the DOB control system is robustly stable.

V. DESIGN DETAILS AND EXPERIMENTS
In this section, the proposed DOB control method is com-
pared with the traditional PID control on the current control
of the VCM in the tip-tilt mirror under different environment
temperatures. Both the current characteristic and robustness
are investigated when the two different control methods are
applied.

The experiment setups are shown in Fig. 6. The tip-tilt mir-
ror is put in a high and low temperature box, which control the
environment temperature of the tip-tilt mirror to change from
−40◦C to 125◦C . The tip-tilt mirror is stored over 3 hours
before tested under different temperatures to ensure that the
temperature of the mirror is the same with the environment.
The current control system consists of motor driver, digital
controller, current sensor and signal transfer unit. The current
control system is out of the high and low temperature box,
so they are not influenced by the temperature changing to
ensure the accuracy of the experiment.

A. RESULTS OF TRADITIONAL PID CONTROL
The control system of traditional PID control is shown
in Fig. 7. The phase delay and oscillation can be reduced

FIGURE 7. Block diagram of traditional PID current control of the VCM in
the tip-tilt mirror.

FIGURE 8. Experiment results of closed-loop current characteristic of the
VCM under different environment temperatures based on PID control. The
C(s) is the same under different temperatures.

through pole-zero elimination, thus C(s) can be set as:

C(s) =
K
s
·
(s+ a0)
τ0s+ 1

·
a1s2 + a2s+ a3
Js2 + Kf s+ Kd

, (31)

where K is the controller gain. τ0 > 0 is the time constant
much smaller than 1/a0.
In the experiment, C(s) is designed according to the open-

loop current characteristic when the temperature is 25◦C ,
which is

CPID(s) = 780
0.00104s+ 1
s(0.0002s+ 1)

8.65e−6s2 + 8.47e−4s+ 1
9.76e−6s2 + 1.63e−4s+ 1

.

(32)

In Fig. 8, it is shown that though the current is well com-
pensated when T = 25◦C , the current performance declined
obviously as the temperature changes. Therefore, the tradi-
tional current control method cannot provide enough robust-
ness against the uncertainties.

B. RESULTS OF PROPOSED METHODOLOGY
The control system of the proposed DOB method is shown
in Fig. 5. Table. 1 shows the parameters of the VCM motor
under different environment temperatures. It is shown that
L1 = 4.7mH , L2 = 5.8mH , R1 = 3.7�, R2 = 7.7�, which
regulate the range of the uncertainties. It is reasonable to
select Pn(s) according to the test results under 25◦C , so Ln =
5.2mH and Rn = 5.4�. Consider the ratio k between the real
current and the feedback signal, then we have

P̄n(s) =
5.4

0.00096s+ 1
, (33)

where P̄n(s) = kPn(s).
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FIGURE 9. Calculation of
∣∣QT (s)

∣∣.

FIGURE 10. Experiment results of the current characteristic under
different environment temperatures based on the proposed DOB control
method. All parameters designed are the same under different
temperatures.

TABLE 1. Parameters of the voice coil motor under different environment
temperatures.

To design the current performance similar with the PID
control under 25◦C , the performance controller C(s) is
designed as:

CDOB(s) = 790
0.00096s+ 1
s(0.0002s+ 1)

. (34)

To suppress the disturbance caused by the back-EMF and
provide enough robustness, the Q-filter is designed as

Q(s) =
1

(0.0002s+ 1)2
. (35)

According to (16), ‖QT (s)‖∞ is computed as:

QT (s) =
4266+ s/(0.0002s+ 1)
4266+ s(0.0002s+ 1)

, (36)

the magnitude of which is shown in Fig. 9. Thus ‖QT (s)‖∞ =
1.61. It can also be computed that γ = 0.59 according to

FIGURE 11. Comparison of current characteristic between the traditional
PID control and proposed DOB control method. The environment
temperature is 25◦C .

FIGURE 12. Comparison of current characteristic between the traditional
PID control and proposed DOB control method. The environment
temperatures are −40◦C and 125◦C .

(30). Since ‖QT (s)‖∞ < 1/γ , the system is robustly stable
according to Conclusion 1.

Experiment results in Fig. 10 shows that the oscillation and
the phase delay of the open-loop current characteristic of the
VCM are well compensated by the proposed DOB control
method. As the environment temperature changes, the current
performance maintains almost the same under the proposed
methodology. It should be mentioned that there are some
irregularities after 600Hz in Bode plot of the DOB control,
which are caused by the measurement noises in the control
system.

Fig. 11 and Fig. 12 show that when the environment tem-
perature is 25◦C, the current performance of the traditional
PID control and proposed DOB control is similar. However,
as the temperature changes, the traditional PID control fails to
suppress the oscillation, and the dynamics of the current dete-
riorates obviously. To the contrast, the current performance
of proposed DOB control method maintains well. It should
to be mentioned that the gain of the PID controller cannot be
increased to present the system from ‘‘overshoot’’. Thus the
robustness and the control performance of the traditional PID
system cannot be improved further. Therefore, the experiment
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results proof the validity of the proposed control method
based on DOB framework.

VI. CONCLUSION
While the current characteristic of the VCM in tip-tilt mirror
can be improved by the traditional PID control, the control
performance deteriorates obviously under different environ-
ment temperature because of the uncertainties of the plant.
To solve the problem, the robust control method based on
DOB framework is proposed in this paper. By consider the
back-EMF as the disturbance on control voltage, the plant
model of the control system is simplified. New sufficient con-
ditions for the robust stability are also presented. Compared
with the previous work, the upper bound of the uncertain-
ties is calculated in this paper, and the relationship between
Q-filter and the electrical parameters of the VCM is estab-
lished. Therefore, the new sufficient conditions are very con-
venient for practical application. Experiment results show
that as the environment temperature changes, the robustness
of the current control is highly improved by the proposed
methodology comparing with the traditional PID control.
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