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Abstract: The micro-electro-mechanical system (MEMS) accelerometer is widely adopted in many
engineering control systems due to its extraordinary performance with high bandwidth, small size
and low weight. However, massive drift caused by its insensitively at low frequency is the main factor
which limits its performance. It leads to integral saturation when the feedforward method is used and
hinders the improvement of disturbance suppression ability at low frequency, which is a significant
factor for evaluating the closed-loop performance of a high-precision tracking system. To solve this
problem, a modified disturbance observer structure and its corresponding new controller, which can
improve disturbance suppression performance at low frequency by effectively rejecting more drift
and weakening the occurrence possibility of integral saturation when drift exists, are proposed.
Detailed analyses and a series of comparative experimental results verify that the proposed method
can effectively enhance disturbance suppression performance at low frequency.

Keywords: MEMS accelerometer; integral saturation; modified disturbance observer; disturbance suppression;
drift rejection

1. Introduction

The tracking control system (TCS) is widely used in long-distance communication, astronomical
observation, target tracking and other scientific fields [1-5]. However, when applied to practical
programs, the TCS suffers from some external interferences from atmosphere, ground or movable
platforms such as vehicles, airplanes and ships [1,6]. In the TCS, gyroscopes and position detectors are
generally used as sensors to implement a dual-loop feedback control (DFC) to stabilize the controlled
platforms [7,8] Gyroscopes with a small delay are used to build a high-bandwidth inner loop and the
tracking performance of the TCS mainly depends on the position information from position detectors
such as a charge-coupled device (CCD). Control bandwidth and disturbance suppression ability
are two significant factors for evaluating the closed-loop performance of the TCS. However, control
bandwidth and disturbance suppression ability are limited by the mechanical resonance and the
sensors’ performance such as the drift and time delay caused by the low sampling frequency [9,10].

In order to improve the performance of control bandwidth and disturbance suppression,
the micro-electro-mechanical system (MEMS) accelerometer has been widely recommended for the
TCS due to its high bandwidth, small size and low weight [11-15]. The MEMS accelerometer
can compensate for the mechanical resonance in the acceleration feedback control loop, and is
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therefore utilized to enhance the stiffness of the controlled object. Tang implemented a dual-loop
control by using the MEMS accelerometer and the CCD with a high bandwidth to improve control
bandwidth [16]. In 2016, Tian proposed a multi-loop feedback control method (MFC) with the
MEMS accelerometer, MEMS gyroscope and CCD, which successfully improved the disturbance
suppression performance [17]. The overall disturbance suppression ability is the product of each
single loop, hence the disturbance suppression ability of MFC is naturally better than that of DFC [18].
Moreover, the research about the disturbance suppression of the TCS is based on MFC for obtaining
better performance.

To improve the performance of the TCS, the feedforward method based on direct measurement
is also introduced as it can suppress most of the theoretical external disturbances [19,20].
However, it involves additional cost for another sensor and specific environments with low
measurable noise. As a result, the implementation feedforward method is limited in more complex
conditions due to its disadvantages. In order to avoid the extra cost and application limitations,
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 first presented by Ohnishi in the 1980s and was
named the disturbance observer (DOB) method [21-23]. It has been applied to several engineering
processes, such as robot control, the hard disk, the magnetic hard drive servo system and permanent
magnet synchronous motor control [24-29]. Beyond this, Deng recommended the disturbance observer
for an acceleration feedback control loop with a MEMS accelerometer, which improved disturbance
suppression ability only at intermediate frequency [30].

Disturbance suppression is still a large obstacle for the good tracking performance of the TCS.
One problem that has not been handled by the afore-mentioned method is that there is considerable
drift caused by the MEMS accelerometer due to its insensitivity at low frequency. As a result,
the drift leads to integral saturation when feedforward methods are used to suppress disturbance [30].
As such, it is hard to improve disturbance suppression performance at low frequency with the
MEMS accelerometer.

To solve the above-mentioned problem, in this paper we propose the modified disturbance
observer (MDOB) method to enhance disturbance suppression performance at low frequency in the
TCS, which weakens the occurrence possibility of integral saturation when drift exists. We design the
structure of the MDOB by changing the output node of the feedforward and present a corresponding
new MDOB controller which is simple but effective. As a result, the drift rejection ability is effectively
improved, making it possible to significantly improve the disturbance suppression ability at low
frequency. The rest of the paper is organized as follows: Section 2 introduces the basic tracking control
system and disturbance observer; in Section 3, a modified disturbance observer and its performance
analyses are presented; Section 4 shows the verification experiments of this method; and lastly,
concluding remarks are presented in Section 5.

2. Tracking Control System and Disturbance Observer

A typical tracking control system is shown in Figure 1, which can be used to track the movement
of stars and communicate between the earth and satellites. The CCD is utilized to detect the errors
between the target position and pointing position. However, the disturbance under the pedestal
affects the tracking accuracy. Moreover, the frame rate of the CCD is limited. In order to improve
the disturbance suppression ability and tracking accuracy, a MFC and a disturbance observer are
recommended in the TCS.
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Figure 1. A typical tracking control system.

The structure of the multi-loop feedback control system is shown in Figure 2 [13,17]. It is composed
of a position feedback control (PFC) loop, a velocity feedback control (VFC) loop and an acceleration
feedback control (AFC) loop. There are three kinds of sensors—the position sensor, velocity sensor
and acceleration sensor—which are used to acquire the position information, angular velocity and
angular acceleration, respectively.
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Acceleration
Sensor
Velocity Sensor

Position Sensor

Figure 2. The multi-loop feedback control system.

In this figure, G,(s) denotes the acceleration controlled plant, C,(s) denotes the acceleration
controller, C,(s) denotes the velocity controller, Cy(s) denotes the position controller, 8; denotes the
disturbance angle, and 6,.¢ denotes the given target position.

In addition to the CCD, the MEMS accelerometer has also been widely used in target tracking
systems in recent years due to its excellent performance. Due to its high bandwidth and specific
dynamic characters, the transfer function of the MEMS accelerometer equals constant 1. As a result,
the acceleration transfer function of AFC is depicted in Equation (1).

Ca Ga

_ GGa o1 C.Gq
T 14+GG, T 1+ GG,

a "~ 1+ CaGy Garift

204 (1)

The MEMS accelerometer can also be utilized to measure the frequency characteristic up to
1 kHz, which means high-precision nominal plant Gs ~ G, can be acquired through system
identification [11,12,17]. However, there is massive drift caused by the insensitivity at low frequency
of the MEMS accelerometer when angular acceleration is detected. The drift makes it difficult to
improve the disturbance suppression ability at low frequency with the feedforward method. The harm
from the drift is especially obvious when the DOB method is introduced into the TCS with the MEMS

accelerometer as shown in Figure 3.
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Figure 3. A structure of disturbance observer in acceleration feedback control (AFC).

The acceleration transfer function in Figure 3 is depicted in Equation (2). It is clear that the drift
rejection ability when the DOB is recommended is even worse than that of the AFC according to the
comparison of Equations (1) and (2). When a DOB controller is designed, there are multiple integration
elements which are used to offset the multiple differential elements in G,. As a result, considerable
drift and the multiple integration of the DOB controller finally lead to integral saturation when the
MEMS accelerometer works at low frequency [30].

C,G, 1-GiCy _ GaCy + CaGa

= — 1 2
a 1+CuGaaref+ 1+CaGaS d 1+ C,G, Adrifts ()

where Cy denotes the DOB controller.

Through Equation (2), it is clear that the ideal DOB controller is C¢_jgeq = G, 1. As the nominal
plant G, of the controlled object is a strictly proper transfer function, the ideal DOB controller is
a non-causal system, which can be handled with a low-pass filter [29,30].

3. Modified Disturbance Observer

The reason for the occurrence of integral saturation is that there is too much drift that cannot be
effectively rejected by the DOB when the MEMS accelerometer detects movements at low frequency.
The key to avoiding integral saturation is that more drift of the accelerometer needs to be rejected.
Therefore, we propose a creative MDOB structure as shown in Figure 4, where we change the node
of feedforward by moving the output node of DOB controller Cf from the outer loop of the nominal
plant to its inner loop. Moreover, in order to adapt to this change, we then propose a corresponding
new simple but effective way to design the MDOB controller, which enormously simplifies the
design process of the MDOB controller and effectively improves both drift rejection and disturbance
suppression performance.
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Figure 4. Control structure of modified disturbance observer (MDOB) in AFC.

The mathematical analyses in Figure 4 are as follows:

a= 0,2 +uG, ®)
U=u;— (a+ad,ift—ucéu)cf 4)
U = (aref —a — adrift)ca @)

After substitution, it is easy to obtain the following transfer function of the AFC with the MDOB:

B CaGa(14GaCy)

. ’ GaCr+CaGaGaCy
14+GaCy+CaGa(14GaCy)

1
= S 9 - - A 6
11 GaCy 1 CaGa(15GaCy) 78 T 15.GoCy 1 CaGa (14 GaC) Merift (6)

Aref +

Due to G, ~ G, Equation (6) can also be simplified as Equation (7). As shown in Equation (7),
the disturbance transfer function and drift transfer function can be described as Equations (8) and (9),
respectively. Compared with the acceleration feedback closed loop without the DOB or MDOB shown in
Equation (1), Ty is totally changed by the recommended MDOB. This means that the drift rejection
ability can be greatly improved by designing the MDOB controller. Beyond this, the tracking performance
is not influenced by introducing the MDOB into the AFC, as shown in Equations (1) and (7).

CaGa 1 ) GaCy
A= ——7—-"7—- + = §°0; — —————ag,; 7
1+GCG T (14 GG (14 GaCy)” T 1+ Gacy 7
Tyis(s) = L 520 (8)
s (1+ CaGa) (1 + GaCy)
G.C
Tarift(s) = Hqucﬂdn’ft )
aCy

Focusing on the changes in the disturbance transfer function and drift transfer function with
the MDOB, we should design a MDOB controller that is beneficial for both drift rejection and
disturbance suppression. A new type of MDOB controller Cy, which is a causal system and might
be a very suitable one, is depicted in Equation (10). It is clear that there is only one parameter K that
needs to be determined, meaning the design process will be enormously simplified.

After the design, the overall drift rejection ability with the MDOB is shown in Equation (11). It is
an inertial element and its inertia time constant is % The disturbance transfer function with the MDOB
controller is shown in Equation (12), and the disturbance suppression ability at low frequency can be
enhanced from constant.

(10)
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where G,~! denotes the inverse of nominal plant G,.

In general, the bandwidth of the AFC loop is designed as up to 200 Hz, hence the cut-off frequency
of its drift rejection is also about 200 Hz. According to the comparison of Equations (1) and (2), the drift
rejection ability with the DOB is even worse when the DOB is introduced. In other words, the cut-off
frequency of the drift rejection with the DOB is larger than 200 Hz. By contrast, the cut-off frequency
of the drift rejection with the MDOB is much smaller for constant K, which means that it can bring
much better drift rejection ability as shown in Figure 5.

Overall Drift Rejection

AFC

------- AFC + DOB
AFC + MDOB

Magnitude/dB

Frequency/Hz

Figure 5. The comparison of overall drift rejection.

Under the MFC structure as shown in Figure 2, the disturbance suppression ability of the position
loop is depicted as Equation (14), and the disturbance suppression ability of the position loop with the
MDOB is shown in Equation (15). Through the comparison of Equations (14) and (15), the disturbance
suppression ability of the position loop is changed by introducing the MDOB to the MFC, and the
improvement can be represented as ’1 /(14 G,C f)‘ <1

Iref = (Wref = W)Coy Wrep = (Bref — 0)Cy (13)
Tai - - 0 (14)
dis_ MFC 1+ CuGa + %CvCaGa + S%CPCUCuGa d
i = 1
Tais_mrc+mMDOB [1+cfca+cccu(1+cucf)]+1cvcaca(1+c,,cf)+ cpcpcaca(ucucf)
(GG 4G+ C”Cﬂcﬂ(1+cacf)+ Gy CnCaGa11GaCy) (15)
1

0
1+cacﬂ+scvcaca+s CpCoCaGa (1+Gﬂcf) d

According to the previous analyses, we can obtain the enhanced part of the disturbance
suppression ability of the MFC with a MDOB controller, which is equal to |1/ (1 + G,C £)|, as shown

in Figure 6. In fact, the drift rejection performance determines whether the enhanced part of the
disturbance suppression ability can be achieved. Except for the multiple integration elements
to offset the multiple differential elements in G;, the MDOB controller even includes a further
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integration element. If there is too much drift left when the MDOB is utilized, it will be extremely easy
for the multiple integration elements of the MDOB controller to lead to integral saturation.

5

Magnitude/dB

Frequency/Hz

Figure 6. The enhanced part of disturbance suppression ability with the MDOB.

Fortunately, benefiting from the improvement in drift rejection ability with the MDOB, much more
drift produced by the insensitivity at low frequency of the MEMS accelerometer is rejected. As a result,
the possibility of the occurrence of integral saturation becomes much lower, and this means that we
can enhance the disturbance suppression ability at low frequency, which was somewhat difficult to
achieve before. In addition, it is obvious that if constant K increases, the disturbance suppression ability
will be better but the drift rejection ability will become worse according to Equations (11) and (12).
Therefore, there is a trade-off between disturbance suppression and drift rejection which depends on
the specific characters of different types of MEMS accelerometers.

The robustness of a system refers to the sensitivity of the system to parameter changes, which is
also an important factor for evaluating the control performance. Moreover, the sensitivity functions of
the AFC and the AFC with the MDOB are as follows:

( Ca(Ga+AG,) % CaGy .1)/( CaGa 1)

S _ \I4Gi(Gi+AG,) s TH+GGa s T+CGa's ) 1 - 1 (16)
AFC AG,/ G, T 1+Ci(Ga+AG,) 1+ CiG,

S o (D’fD)/D

AFC+MDOB = “AG./G.
T T9(Ga+AGa)Cr+ Ca(Gat AGa) (14 GaCy) (17)

~ 1

7 (14CaGa) (1+GaCy)”
where
D — Ca(Ga + AGa)(l + éaCf) ED . CaGa(l + éaCf) 1 (]8)
14 (Ga+ AGa)Cy + Ca(Ga 4+ AGy) (14 GoCy) 14 GoCy + CaGa(1+ GoCy)

It is clear that |Sarc+mpoB| < |Sarc|, which means that applying the MDOB to AFC can also
improve the robustness of the traditional AFC structure. The control system with the MDOB and

AFC will suffer less from the accidental parameter changes of a controlled plant than those with only
the AFC.
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4. Experimental Verification

The experimental devices of the TCS are shown in Figure 7. To verify the analyses above, we used
two TCS platforms both driven by voice coil motors. One of them is called a stabilization platform,
which is used to stabilize the laser light. The other one is called a disturbance platform and is utilized to
simulate external disturbances. The stabilization platform is mounted above the disturbance platform.
Since both of the platforms are two-axis systems, we only focused on one axis due to their symmetry.
The laser light that comes from the light source is reflected using a rotating mirror and then detected
using the CCD (TMC-6740CL, NI Corporation, Austin, TX, USA). The CCD calculates position errors
between the laser light and the center position of the CCD. The MEMS accelerometers (Model 1221,
SILICON DESIGNS, Seattle, WA, USA) and the MEMS gyroscopes (XW-FG70, Starneto, Beijing, China)
are mounted on the stabilization platform to acquire the angular acceleration and velocity, respectively.
The CCD works at a 100 Hz sampling rate with a time delay of two frames, and the other sensors
all update at 5000 Hz. The simulated disturbance is set as a sinusoidal signal of varying frequencies
produced by a dynamic signal analyzer (DSA). To detect the disturbance suppression performance
of the TCS, the stabilization platform works on the closed-loop mode and the disturbance platform
works on the open-loop mode.

Rotating mirror MEMS accelerometer Light source

Stabilization
platform

Disturbance
platform

Figure 7. The experimental devices.

As shown in Figure 8, the open-loop acceleration response of the TCS is measured using a DSA
which scans for 1-1000 Hz. The frequency characteristic at low and intermediate frequency can be
measured in high precision because of the high bandwidth of the MEMS accelerometer [11,12].
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Figure 8. Open-loop characteristic acceleration response of electro-optical system.

The nominal plant of acceleration open-loop object, which is acquired by identifying the result
of the DSA, is depicted in Equation (19). The controller of the acceleration feedback control loop is
designed as Equation (20). Its integration element is used to partly offset the differential elements and
resonance in Gy (s). Adding quadratic integration elements in C,(s) can easily cause integral saturation.
As the acceleration feedback control loop has largely improved the characters of the controlled object,
the controllers C,(s)Cy(s) of the velocity feedback control loop and position feedback control loop
could be simply designed as proportion-integration (PI) controllers, as presented in Equation (21).

~ 0.0019s?
Gals) = 19
o(5) = 70.0005952 £ 0.001755 + 1) (0.000375 - 1) (19)
106.89(0.125 + 1)
Cals) = 2
2(5) = 086 = 055 + 1)(0.0755 + 1) 29
0.97415(0.2s + 1 5(3.85+ 1
Cols) = 02+ ()= 268+ @)

S S

According to the analyses in Section 3, drift rejection ability can be improved by introducing
a MDOB. However, the enhancement of disturbance suppression and the improvement of drift rejection
are contradictory according to Equations (11) and (12). Different types of MEMS accelerometers have
different characters which affect the suitable values of constant K. After adjustments, one of the
suitable values of K is constant 70, and the MDOB controller is designed as follows:

70 (0.00059s2 + 0.00175s + 1)(0.00037s + 1)

K ~
Cr=-G, == 22
fo s s 0.0019s2 (22)

In order to show the influence of the drift of the MEMS accelerometer, the DOB method is also
used in the electro-optical system. Quadratic integration is not utilized in the DOB controller to avoid
integral saturation and the DOB controller is designed as Equation (23) according to Reference [30].

c ~20161(0.00037s + 1)
f-DOB = "2 1655 45 + 63165

(23)

In order to verify the impact of the MDOB under actual environments where disturbances
are mostly at low frequencies, some experiments, the results of which are shown in Figure 9,
were carried out. The target position is 0° and disturbances consist of sinusoidal signals including
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0.8°2 Hz, 0.19° 5 Hz, 0.07° 15 Hz and 0.0028° 50 Hz. The root mean square (RMS) of the MFC,
the MFC with DOB, and the MFC with MDOB is 12.3922",11.0351” and 3.0112”, respectively. The DOB
method has little improvement, because it can only enhance disturbance suppression ability at
intermediate frequency. Moreover, the results prove that the MDOB method can largely improve
disturbance suppression ability at low frequency, which is much more suitable for real conditions.

200

l l l l || ——wre
150k | | | | | | = MFC+DOB
i i r r 7| —— MFC+MDOB
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Figure 9. The stabilization errors with given superimposed disturbances.

After that, we can also compare the disturbance suppression abilities in the frequency domain.
As shown in Figure 10, it is obvious that the disturbance suppression ability at low frequency
is greatly improved by introducing the MDOB to the AFC, which is different from the
improvement at intermediate frequency by using the DOB. The reason for the low enhancement
of disturbance suppression at intermediate frequency with the MDOB is that the enhancement
of disturbance suppression and the improvement of drift rejection are contradictory according
to Equations (11) and (12). If constant K increases, more disturbance will be suppressed but less
drift can be rejected, and the insufficient drift rejection ability will also lead to integral saturation.
Therefore, there is a limit to the improvement of disturbance suppression, which is related to the
specific characters of different types of MEMS accelerometers.

MFC
MFC + DOB
MFC + MDOB

15| e MEC 4+ POR | A

-20

-25

-30

-35

-40

Magnitude/(dB)

-45

Frequency/(Hz)
Figure 10. The disturbance suppression comparison in the frequency domain.

The advantage of the MDOB is that although the improvement at intermediate frequency may
not be as good as the DOB, the improvement at low frequency is significantly better than the DOB.
As such, it is excellent for high-precision tracking systems mainly working at low frequency when the
MEMS accelerometer is utilized. For instance, the bandwidth of the position loop of the electro-optical
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system is about 10 Hz, hence the improvement of disturbance suppression ability at low frequency
is significant, which means that we can obtain much higher tracking precision at low frequency.
By recommending the MDOB method and adopting a corresponding MDOB controller, we successfully
improve the disturbance suppression ability at low frequency and overcome the problem of massive
drift caused by the insensitivity of the MEMS accelerometer. Finally, the experimental results have
exactly proved the previous analyses.

5. Conclusions

In this paper, we mainly focused on how to improve the disturbance suppression ability at low
frequency in a high-precision tracking control system, which is hindered by the drift caused by the
insensitivity of the micro-electro-mechanical system (MSMS) accelerometer. A MDOB structure and
the corresponding MDOB controller are proposed and recommended into the multi-loop feedback
control system to enhance the disturbance suppression ability. Benefiting from the MDOB method,
the drift rejection ability is greatly promoted, which weakens the occurrence of integral saturation
and makes it possible to improve the disturbance suppression ability at low frequency. To verify
the validity of the method, a series of comparative experiments based on a tracking control system
were implemented. The results show a significant improvement in disturbance suppression ability at
low frequency with the MEMS accelerometer and confirm the effect of the MDOB method.
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