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Abstract

The pitching axis of a satellite camera is controlled under the weightless environment. A novel active disturbance rejec-
tion controller is designed to eliminate the influences of the pitching axis. The novel active disturbance rejection control-
ler is designed based on a new nonlinear function, and thus, this function is first established. The function exhibits better
continuity and smoothness than previously available functions, hence, it can effectively improve the high-frequency flutter
phenomenon. Therefore, the novel active disturbance rejection controller based on the new nonlinear function can elim-
inate disturbances of the pitching axis. The novel active disturbance rejection controller is composed of a tracking differ-
entiator, a novel extended state observer, and a novel nonlinear state error feedback. The tracking differentiator is used
to arrange the transient process. Nonlinear dynamics, model uncertainty, and external disturbances are extended to a
new state. The novel extended state observer is utilized to observe this state. The overtime variation of the system can
be predicted and compensated using the novel extended state observer. The novel nonlinear state error feedback is
adopted to restrain the residual errors of the system. Finally, simulation experiments are performed, and results show
that the novel active disturbance rejection controller exhibits better performance than the traditional active disturbance
rejection controller.
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Introduction on-orbit calibration approach for satellite cameras
based on an iteration method with weights. However,
these works did not provide an effective method to
eliminate disturbances in the speed-loop control system
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of satellite cameras. In this study, a novel active distur-
bance rejection controller (ADRC) is used in the speed-
loop control system to enable it to achieve good
performance.

The ADRC was introduced by Han.* This controller
does not depend on the system model, and instead, it is
a control method that relies on the errors of the process
to eliminate system errors.”® The ADRC is composed
of a tracking differentiator (TD), an extended state
observer (ESO), and a nonlinear state error feedback
(NLSEF). The TD is used to arrange the transient pro-
cess. The ESO is utilized to estimate the total distur-
bances of the system. The NLSEF is adopted to
confine residual errors in the system.”® Extensive
research on the application of ADRC has been con-
ducted locally and internationally, and several achieve-
ments have been reported. For example, Chong et al.'
and Guo and collegues''™"* designed a fuzzy ADRC
and improved the performance of a system. However,
the accurate estimation and real-time compensation of
the total disturbance were not discussed in detail. Fu
et al.,'* Xia et al,' Sira-Ramirez et al.,'® and Zhu
et al.'” studied a control system based on ADRC.
However, the parameters of ADRCs were too extensive
to establish, and thus, they did not provide specific
rules for doing so. A novel, unifying concept of distur-
bance rejector is proposed to compliment the tradi-
tional notion of controller.'® The methodology of
ADRC and the progress of its theoretical analysis are
reviewed.'”” Wang et al.?® designed an ESO with a
power function filter to effectively estimate the state
variables of a system. However, the amount of noise
was substantial when the differential was estimated.
Wu and Chen?! and Lin et al.?? regarded the inertia fil-
tering function as a known part of a system, and thus,
the number of parameters that should be set was
reduced. Nevertheless, noise was still not eliminated in
this system because the power function was used in
ADRC. In another study, an ADRC was adopted to
analyze the stabilization of nonlinear systems with
actuator saturation.”> Meanwhile, another work
applied an ADRC with an adaptive ESO in the air—fuel
ratio control of gasoline engines.”* In addition, the
absolute stability of nonlinear ADRC for single-input
and single-output (SISO) systems was analyzed using
the circle criterion method.”> Moreover, the trajectory
tracking problem of a delta robot was solved through
an adaptive ADRC.?® However, the ADRCs used in
the aforementioned works were traditional and
designed based on a nonlinear function called f,,,>. The
traditional ADRC cannot effectively eliminate the
high-frequency flutter of a system because the non-
linear function is ideal, and although the function is
continuous, it is non-derivable. Therefore, designing a
novel ADRC is crucial to eliminate the high-frequency
flutter of the system.

In this study, a novel ADRC is designed based on a
new nonlinear function called f,ouey. The structure
chart of the pitching axis is presented, and the mathe-
matical model for the actuator is calculated. Then, the
nonlinear function f,,,, is improved to a new nonlinear
function f,,puew, Which is continuous and derivable. A
novel ADRC based on the new nonlinear function
Jronnew for the pitching axis of satellite cameras is estab-
lished. Simulations are conducted in the pitching axis
control system for cases that adopt the traditional
ADRC and novel ADRC. The simulation results are
discussed in this section.

Structure chart and model

Structure chart of the pitching axis

The structure chart of the pitching axis is shown in
Figure 1. The rotating mechanism is fixed on the satel-
lite using a holder. The satellite camera is fixed on the
pitching axis, therefore, the pitching posture control for
the pitching axis can be realized. A balance wheel is
used to balance the angular momentum caused by the
pitching movement. A reducer, a sun gear, and a planet
gear are used as transmissions to control the angular
velocity of the balance wheel.

Permanent magnet synchronous motor models

In this study, a permanent magnet synchronous motor
(PMSM) is used as the actuator in the pitching axis con-
trol system. Therefore, PMSM models are established
in this study. These models include a voltage equation,
a flux equation, a torque equation, and a kinematic
equation. The following assumptions are made. First,
the saturation effects of the iron core are disregarded.
Second, the air-gap magnetic field exhibits a normal
distribution. Third, the wastage of the eddy current and
the magnetic field is disregarded. Fourth, no damper
winding exists on the motor rotor. The kinematic equa-
tion for the PMSM on the two-phase system (i.e. dg
coordinate system) is given as follows
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Figure |. Structure chart of the pitching axis.



Liu et al.

1
&= ~(T,— T, — Bo)

’ (1)

where B is the friction coefficient, J is the rotational
inertia of the motor, w is the angular speed of the motor
rotor, T, is the electromagnetic torque of the motor,
and 7} is the load torque of the motor.

Design of novel ADRC

Improvement of nonlinear function

The improvements of nonlinear function follow the suc-
ceeding forms based on extensive discussions regarding
the simulation. First, the nonlinear function was
selected as the f,,,1(-) function. The expression and
curves of f,,,1(+) function when o = 0, 0.25, 0.5, and 1
are shown as follows (Figure 2)

)

The derivation of function f,,,;(-) on the origin of
the coordinates approaches to infinity based on the
expression and curves of the f,,,1(-) function. Thus, the
function f,,,,1(-) will cause the high-frequency flutter
phenomenon around the origin of the coordinates.
Consequently, the nonlinear function f,,,1(-) 1is
improved to function f,,,2(:). The expression of func-
tion fyom2(+) 1s given as follows

fnonl(ea a) = |e|aSign(e)

el“sign(e), |e|>6
.fnt)}’lz(ea «a, 6) = { l el ||e|| Sa El

al—a >

>0  (3)

The characteristics of function f,,,2(-) are expressed
as follows. The value of « influences the degree of non-
linearity of the function f,,,»(-). The value of « is set
between 0 and 1 based on experience. When « = 0, the
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Figure 2. Characteristic curves of fnn (- ) function when
a =0, 025, 0.5, andl.

degree of nonlinearity of the function f,,,»(:) is the
most serious. When a« = 1, the degree of linearity of the
function f,,,2(+) is optimal. The value of & is the linear
interval width of the function f,,»(-), which is related
to the error range of the system. In practical applica-
tions, the value of & is generally set to 6 = 0.01. When
the input is an error signal, the system can rapidly
achieve stability by adjusting the parameter values of
the function f,,»(-). Although the function f,»(-) is
continuous, it is non-derivable. If the value of & is too
small, the f,,,2(+) function will produce high-frequency
flutter phenomenon. Adjusting the value of 6 is difficult
because the control performance of the function f,,»(+)
is sensitive to the value of 6. Thus, the nonlinear func-
tion is improved to fuomew(:) function. The fromew(:)
function is a continuous and derivable nonlinear func-
tion, which is expressed as follows>"?*

_ [ |e|“sign(e), le|>6>0
Jnomen(-) = {ple + p,e? + pysine, |e[<8,8>0 “)
where p,,p,,p; are the parameters that need to be
determined. The value of 6 is set to 8 <1. The expres-
SION fromew(:) = 0 is tenable around the origin of the
coordinates because the f,uew(-) function continuously
occurs around this location. The nonlinear function
Jnomnew(+) should satisfy the following continuous and
derivable conditions.

When e =86, fiomew(-) =8%, and dfyommew(e, @, 8)/
dd = a8 !, therefore, equations (5) and (6) can be
obtained as follows

P8 + py8* + pysind = 8¢

(5)
(6)

When e = -6, Jnomew(:) = —06%, and dfnonnew(e, t, 6)/
dd = ad®~!, therefore, equations (7) and (8) can be
obtained as follows

p1 + 2p,6 + pycosd = ad*!

(7)
(8)

From equations (5)—(8), the following expressions
can be derived

— P16+ py8° — pysind = — 8¢

—p; +2p,0 — p3c0sd = s !

(= a)d cosd

— a—1
pr=ad Sind — 6cosd ®)
pr =0 (10)
1 — a)d”
py= WP (11)

siné — & cosd

Thus, the nonlinear function fuomew(:) can be
expressed as follows
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Figure 3. Characteristic curves of fom( - ) when 6 = 0.1,
a =0, 0.25, 0.5, and 0.75.

08r

0.6

04

0.2

0

-0.2

-0.4

-0.6

08 L ) ) L ) L . s
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2

Figure 5. Characteristic curves of fona( - ) when @ = 0.25,
6 =0.0l, 0.05, 0., and 0.2.
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Figure 4. Characteristic curves of fuonnew( - ) when 6 = 0.1,
a =0, 025, 0.5, and0.75.

Jnomnen(e, @, 8)
., (I —a)d%cosd (1 —a)p* .
st - + - , le| <8
= { (a sind —6coso )¢ sind —dcosd ¢ el <
le|*sign(e), le[>6

(12)

The expression of the nonlinear function f,umew(:)
indicates that the coefficient of ¢? is 0. Hence, the non-
linear function fuoumew(+) exhibits better smoothness
than the nonlinear functions f,,1(-) and fi.2(¢).
Simulations are performed on the three nonlinear func-
tions under the following cases: (1) & =0.1,
a =20, 025 0.5, and0.75; 2) a =0.25,
6 =0.01, 0.05, 0.1, and0.2. The simulation results
are shown in Figures 3-7.

The simulation results demonstrate that the f,,umew(*)
function exhibits better continuity and derivability than

08

Figure 6. Characteristic curves of fyonnew( - ) when @ = 0.25,
5 =0.01, 0.05, 0.1, and0.2.
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Figure 8. Control principle diagram of the speed loop based on novel ADRC.

functions f,,1(+) and fron2(+). Thus, the fromew(:) func-
tion is insensitive to the selection of the 6 value and can
avoid the high-frequency flutter phenomenon. In this
study, the design of the novel ADRC is based on the
Jronnew(+) function.

Novel ADRC design

The key to speed-loop control is controlling the electro-
magnetic torque. The feedback control can be designed
based on the error of the given speed and the speed
readings; thus, effective control can be achieved.”” The
control principle diagram of the speed loop based on
the novel ADRC is shown in Figure 8.

TD. In the novel ADRC, the TD is used to arrange the
transient process. A continuous and differentiable input
signal can be obtained using the TD. Thus, drastic
changes in the control signal can be effectively avoided.
The expression of the TD is given as

= Joes(Ziy = ¥, 2,10, h)
Zi=w

\./2 th
where y* is the output of the system, Z;; is the tracking
signal of y*, and ry andhy are used to establish the
speed of the transient process.>’f,.(x1,x2,7, ho) is an

optimal control synthesis function that can be defined
as follows

(13)

rsign(a), |a|>é

ﬁJcs(VlaVZ:rahO): _{I’%, |a|§6 (14>
v2 + (@ — 8)/2)sign(y),  |y[>8o
where = ,
: { v+ (v/h), vl <8
o= i"ho
60 = 8h0
Y= vy + hovy , h is the integration step that is set

oy = \/82 + 8rly|

to A = 0.01, r is the velocity factor, 4 is the filter factor,
v(t) is the input, and v, is the output of the TD. v can
track v(¢) as fast as possible when the acceleration con-
straint is [¥| <r. When the value of r is high, the track-
ing speed is fast. v, is the differentiation of v(f) when v,
tracks v(f). hg is used to filter the high-frequency inter-
ferences of v(¢). When the value of A is high, the filter-
ing effect is good.

Novel ESO. The novel ESO is design based on the new
nonlinear function f,,umew(-) and is the core of the novel
ADRC. Nonlinear dynamics, model uncertainty, and
external disturbances are extended to a new state and
observed by the novel ESO. The variation of the system
over time can be predicted and compensated using the
novel ESO. Thus, the robustness of the system can be
improved significantly. The general form of the novel
ESO is presented as follows. A nonlinear SISO system
with unknown disturbances is expressed as

X = £y xT0) + we) + bu(r) (15)
where f(x, ...,x""D,f) is an unknown function com-
prised by the system state variables, w(¢) is the unknown
external disturbances of the system, u(¢) is the input,

x, ...,x""D are the state variables of the system, and
x(t) is measurable.
Assume that x; = x(f), xo = X(), ..., x, = xX"D(7).

The state space of the system (15) can be expressed as
follows

).Cl = X2
X2:X3

(16)

Xn = f(x1,X2, <y x0) T w(t) + bu(r)

Assume that a(f) = f(x,x1, ..., x"V 1) + w(r). The
expression of the novel ESO can be expressed as
follows
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Figure 9. Internal principle diagram of the novel ESO.

e} =221 — )
21 = 222 — Bofnomnew(€1, @11, 61)
220 = 223 — Bozfnonnew(el ) 0112,51)

(17)

Zén = ZZ(n+1) - ,Bonfnonnew(el s Xp, 61) + bOM(t)
22(n+1) = _:80(11+1 nonnew(elaal(n+1)781)

where z; — x(¢), ...,z — x”’l(t),zz(,, +1) —a(t) are
the estimations of the unknown functions
fe,xM, o x@D ¢) and disturbances w(z). If the non-
linear function f,ue(+) 1s selected appropriately, the
state variables of the nonlinear system can indicate the
state variables of the original system and a(z), respec-
tively. Hence, the novel ESO of the system can be
obtained. Furthermore, the uncertain objects and exter-
nal disturbances in the original system can be compen-
sated using the novel ESO. By, By -- - Bows Bow + 1)
are the gain coefficients of the novel ESO. b is the esti-
mation of the compensation factor. The internal princi-
ple diagram of the novel ESO is presented in Figure 9.

Novel NLSEF. The novel NLSEF is adopted to combine
the state variables produced by nonlinearly tracking the
TD and the ESO with the error of the estimated value.
The expression of the novel NLSEF is given as

ey =7y — 2o
Uy = B]fnonnew(eZa ay, 52) (18)
u= uo;Zn

0

where B, is the gain coefficient of the novel NLSEF
and Z», /b is used to compensate for the internal and
external disturbances.

Design of the novel ADRC for a pitching axis

The key to speed-loop control is controlling the electro-
magnetic torque according to its relationship with the
load torque. The feedback control strategy for the
speed loop can be designed based on the speed error
and the given speed. Therefore, torque control can be
effectively achieved. Speed loop is also influenced by
uncertain disturbances, such as rotational inertia and
load torque. Thus, the main purpose of the speed-loop
controller is to eliminate such influences. The distur-
bances and errors in model linearization are eradicated
using the novel ADRC. Hence, the objective of remov-
ing uncertain factors is realized. Unknown external dis-
turbances are considered; thus, the input is set to u = i,
whereas the output is set to y = w. The PMSM kine-
matic equation can be expressed as follows

. _3pos. B Ty

= —ly——w——

2J J J

The novel ADRC of the speed loop can be designed

through the following steps. Several definitions are pro-
vided as follows

(19)

B
X=w, a= — 5 f(x,t) = ax,

PPr Ty
=1.5—=~ )= ——=
b 5 7 w(t) g

Therefore, the expression of the kinematic equation
with extended states can be expressed as follows

x=f(x,t) + w(t) + bu (20)
y=x
Expression of the TD is established as follows
f_h = Joes(Z11 — @, va, 70, h)
Zip =W (21)
V2 = fh

Expression of the novel ESO is established as follows

el =24 —w
Zy1 = Zoy — Borfuomew(e1, a0, 81) + bou
222 = - Bozﬁlonnew(ehalaal)

Expression of the novel NLSEF is established as
follows

(22)

ey =7y — In
Uy = B]_fnonnew(eL o, 82)
_ Ug—Zyp (23)
bo

where w is the given speed; Z,; and Z,, are the state
variables of the novel ESO; Z;; is the tracking signal of
the motor speed w; Zy; is the tracking signal of the
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Table I. Parameters of the experiment motor.

Type Power Rated Maximum Continuous Continuous Peak Peak  Motor Resistance Inductance
supply power non-loading  current torque current torque pole (Q) (mH)
voltage (W) speed (r/min) (A) (N'm) (A) (Nm) logarithmic
(VAC)

KBM-43X0l 400 2400 2750 5.1 6.11 18 18 16 2.9 6.8

motor load torque disturbance 7;; By, and B, are the
gain coefficients of the novel ESO; «( and «; are the
nonlinear factors that satisfy the condition
0<a;<ag<1, and the values of ay and a; are set to
1 and0.5,respectively, in this study; 6 is a filtering factor
with a value of 6 = 0.01.

Simulation experiment and discussion

In this section, the novel ADRC is compared with the
traditional ADRC to analyze their performances. A
PMSM which type is KBM-43X01 was selected as the
executing agency of the system. The motor parameters
are listed in Table 1. The parameters of the traditional
ADRUC are provided as follows

r =100, h=0.01, a; =0.25, ay =0.5,
61 =6, = 0.01,
BO] = 100, Boz = 200, b() = 1, Bl = 10

The parameters of the novel ADRC are provided as
follows

r =100, h=0.01, a; =025, a =05, 8§ = 0.0001,
8, =0.01, By; = 100, Byy =200, by =1, B, = 10

Simulations are conducted using the traditional
ADRC and the novel ADRC in the following cases.
First, simulations are performed when the motor starts
without a load. A given speed of 100 r/min is applied
on the motor at 0s. Figure 10 shows the speed response
curves under the two control strategies. The figure
shows that the novel ADRC has a shorter adjustment
time and a smaller overshoot amount than the tradi-
tional ADRC. The simulation results demonstrate that
the overshoot amount of the novel ADRC is 13.098%
less than that of the traditional ADRC, and the
response time of the novel ADRC is 1.625s less than
that of the traditional ADRC. The parameters of over-
shoot amount and response time are presented in
Table 2.

Second, simulations are conducted when an external
load disturbance is suddenly applied on the motor. The
initial speed of the motor is set to 100 r/min. An exter-
nal load disturbance of 50 r/min is applied on the motor
at 5s. The speed response curves under the two control

120 T T T T T T T T T
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i
i
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i
1
1
I
|
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!

801

60 [t
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————— Response curve of startup based on traditional ADRC
Response curve of startup based on novel ADRC

Time/s

Figure 10. Speed response curve when the motor starts
without a load.

Table 2. Response parameters of the system when the motor
starts without a load.

Strategy Overshoot Response
amount (%) time (s)

Traditional ADRC 14.461 2.098

Novel ADRC 1.363 0.473

ADRC: active disturbance rejection controller.

strategies are shown in Figure 11. The simulation
results demonstrate that the novel ADRC has a smaller
response curve fluctuation, a shorter recovery time, and
a smaller load disturbance influence than the tradi-
tional ADRC. The simulation results show that the
overshoot amount of the novel ADRC is 13.068% less
than that of the traditional ADRC, and its response
time is 1.441s less than that of the traditional ADRC.
The speed-loop response parameters are presented in
Table 3.

The response curves of output y and state variable
Z,1 with the traditional ADRC are shown in Figure 12.

The response curves of output y and state variable
7,1 with the novel ADRC are indicated in Figure 13.

As shown in Figures 12 and 13, state variables Z;;
and Zp can indicate y and dy/dt in real time,
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Table 3. Response parameters when an external load
disturbance is suddenly applied on the motor.

Strategy Overshoot Recovery
amount (%) time (s)

Traditional ADRC 14.813 1.773

Novel ADRC 1.745 0.332

ADRC: active disturbance rejection controller.

120 T T T T T T

Speed/rpm

Response curve under external disturbance with traditional ADRC
Response curve under external disturbance with novel ADRC

20

Time/s

Figure I1. Speed response curve when an external load

disturbance is suddenly applied on the motor.

respectively. The novel ADRC and the traditional
ADRC both exhibit anti-interference capability.
However, the anti-interference capability of the novel
ADRC is better than that of the traditional ADRC.
The response curves of dy/dt and state variable Z,; with
the traditional ADRC are shown in Figure 14.

The response curves of dy/dt and state variable Z,
with the novel ADRC are presented in Figure 15.

Figure 14 illustrates that dy/dt can precisely identify
Zy, using the traditional ADRC at 3.321s. Figure 15
shows that dy/dt can precisely indicate Z,, at 0.568s
using the novel ADRC. Thus, the novel ADRC exhibits
better indication capability than the traditional ADRC.
The response curves for the error of y and Z,, are pre-
sented in Figure 16.

The response curves for the error of dy/dt and Z,,
are presented in Figure 17.

Figure 16 indicates that the recovery time of the tra-
ditional ADRC for interference is 1.672s, whereas that
of the novel ADRC is 0.097s. Figure 17 shows that the
error of dy/dt and Z,, was removed completely at 0.435
and 2.865s using the novel ADRC and traditional
ADRC, respectively. Thus, the novel ADRC has
shorter recovery and error removal times, weaker
vibrations, and higher accuracy than the traditional
ADRC.

Third, simulations are conducted when the speed of
the motor suddenly changes. The initial motor speed is
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1 I I I T
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Response curve of Z21
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Figure 12. Response curves of y and Z;| with the traditional ADRC.



Liu et al.

120 T T T T T T T T T
Response curve of y
Response curve of Z21
100 -
o0 1016 7
101.4
£ 995
=3 101.2
% = -
o 60
@ 101
& 90t g
? 100.8 |
© )
73 &
a0l 985 100.6 |
100.4 ¢
98t 100.2
20 100 i
04 045 05 055 5 52 54
Time/s Time/s
0 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
Time/s
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Figure 14. Response curves of dy/dt and Z;, with the
traditional ADRC.

100 r/min, which decreases to 50 r/min at 4s. The speed
response curves are shown in Figure 18. The figure indi-
cates that the novel ADRC has smaller response curve
fluctuations and better recovery capability than the tra-
ditional ADRC. The simulation results demonstrate
that the amount of overshoot of the novel ADRC is

Figure 15. Response curves of dy/dt and Z,; with the novel
ADRC.

8.034% less than that of the traditional ADRC, and its
response time is 1.588 s less than that of the traditional
ADRC. The speed-loop parameters of overshoot
amount and recovery time are presented in Table 4.

A random disturbance signal as measurement noise
was applied on the traditional ADRC and novel
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Table 4. System response parameters when the speed of the
motor suddenly changes.
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Figure 16. Response curves for the error of y and Z;,.
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Figure 17. Response curves for the error of dy/dt and Z;.

ADRC. Simulations were carried out and the outputs
of ADRCs are shown in Figure 19. Figure 19 shows
that the novel ADRC exhibits better elimination capac-
ity for the measurement noise than the traditional
ADRC.

Conclusion

In this study, a novel ADRC of the pitching axis speed
loop for satellite cameras was introduced based on a
new nonlinear function. The non-differentiable and dis-
continuous characters of the nonlinear function of the
NLSEF of the traditional ADRC are addressed using
the novel ADRC. The high-frequency flutter phenom-
enon is reduced significantly.

Simulations are performed when the motor starts
without a load, an external load disturbance is sud-
denly applied on the motor, and the speed of the motor

Strategy Overshoot Recovery
amount (%) time (s)

Traditional ADRC 10.055 2.007

Novel ADRC 2.021 0419

ADRC: active disturbance rejection controller.
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Figure 18. Speed response curves when the speed of the
motor suddenly changes.
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Figure 19. Outputs of traditional ADRC and novel ADRC
with measurement noise.

abruptly changes. The simulation results indicate that
the system with the novel ADRC exhibits better
dynamic performance, static performance, and robust-
ness than the system with the traditional ADRC. The
proposed design technique will be extended to the novel
ADRC of the current loop and the position loop in our
future study.
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