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Abstract: For a magnetically suspended control moment gyro (MSCMG), the high-speed rotor is ac-
tively suspended by magnetic bearings of 5-DOF, but the nonlinearity of the magnetic suspension
force is one of the main reasons for the poor accuracy of radial translation control of the magnetically
suspended rotor (MSR). To solve this problem, here, the characteristics of the magnetic suspension
force are analyzed, and the nonlinear dynamic model of MSR is established. A sliding mode control
(SMC) based on a neural network is presented, and the radial basis function (RBF) neural network is
adopted to approximate the nonlinear displacement stiffness and the current displacement stiffness
to weaken the chattering in SMC to improve the control accuracy of the MSR. The stability of the neu-
ral network SMC for the MSR is analyzed based on Lyapunov functions, and the rules of updating
network weights are presented based on adaptive algorithms. Compared with these existing classic
control methods, the simulation and experimental tests performed on a single-gimbal MSCMG with
an angular momentum of 200 N.m.s indicated that this neural network SMC for MSR’s radial trans-
lation can not only make its suspension more stable but can also make its position precision higher.

Keywords: magnetically suspended rotor (MSR); nonlinearity; neural network; sliding model control;
adaptive algorithms

1. Introduction

The magnetically suspended control moment gyro (MSCMG) can output large control
moments by changing the direction of the angular momentum of the high-speed rotor [1-3].
This is one type of attitude control actuator used to modify the attitude of spacecraft with
merits of micro-vibration, high precision, high reliability, longevity, and so on [4,5]. For
an MSCMG, it consists of one gyroscopic room to support the high-speed rotor by mag-
netic bearings and one servo system of the gimbal to support the rotor’s angular moment
around its orthogonal axis. Figure 1 illustrates the structure of MSCMG with one gimbal
(the single-gimbal MSCMG) [6]. In the gyro room, the high-speed rotor driven by the ro-
tor’s motor (brushless DC motor) is stably suspended by axial magnetic bearings, as well
as radial ones. The axial magnetic bearings are used to control the rotor’s axial transla-
tion, while the radial magnetic bearings are used to control the rotor’s radial translation
and the tilt around the radial axle. The rotor’s axial translation is measured by the axial
displacement sensors, while both the radial translation and the radial tilt of the rotor are
measured by radial displacement sensors; then, the magnetically suspended rotor (MSR)
can be actively suspended at 5-DOF [7,8]. In the servo system of the gimbal mounted on
the pedestal, the gyroscopic room driven by the gimbal motor is supported by mechani-
cal bearings and its angular velocity is measured by a resolver or a photoelectric encoder.
When the gyro room is rotated by the servo system of the gimbal, a large outputting control
moment is generated.
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Figure 1. Structure of MSCMG: (a) sectional view and (b) external view.

For the MSCMG, the suspension force of the magnetic bearings is a type of elastic sup-
port with clearance, and it is intrinsically nonlinear. All these magnetic bearings used in
MSCMG are permanent magnet-biased hybrid magnetic bearings, and they can be classi-
fied into radial permanent magnet-biased hybrid magnetic bearings and axial ones. There
are two radial permanent magnet-biased hybrid magnetic bearings in MSCMG to control
the rotor’s radial translation and the tilting around radial axes, and there are also two axial
permanent magnet-biased hybrid magnetic bearings to control the rotor’s axial translation.
In this paper, to simplify the expression of these magnetic bearings, we refer to the radial
permanent magnet-biased hybrid magnetic bearings as radial magnetic bearings and to
the axial permanent magnet-biased hybrid magnetic bearings as axial magnetic bearings.
When the high-speed MSR drifts from its equilibrium position at a very small displace-
ment or tilts at a very small angle, the gap of the magnetic bearings slightly changes. The
nonlinear change of the suspension stiffness of the magnetic bearings has little impact on
the magnetic suspension force, and this force can be regarded as a linear one [9]. How-
ever, when the high-speed MSR drifts from its equilibrium position at a relatively large
displacement or tilts at a relatively large angle, especially when the gyroscope room is ro-
tated by the gimbal, the gap of the magnetic bearings significantly changes, which will
result in a nonlinear change of the magnetic suspension force, and the control of MSR’s
suspension with high precision becomes difficult [10,11]. On the other hand, the high-
speed MSR with a large angular momentum has a strong gyroscopic effect, and the rotor’s
radial tilting around the X-axis or the Y-axis strongly and dynamically couples with each
other [12,13]. When the gimbal rotates, the motion of the MSR couples with that of the gim-
bal, and some unexpected and additional disturbing torques make the dynamic behavior
of the high-speed MSR more complex, and the rotor’s suspension becomes more unsta-
ble [14]. Then, the nonlinearity of the magnetic suspension force is one of the main factors
that make the radial translation of the magnetically suspended rotor (MSR) be controlled
with poor accuracy.

To stably control the MSR, many methods have been researched in recent years. Based
on the PID control method, Wei et al. used angular velocity feedforward to enhance the
suspension stability of the MSR [15]. Sun et al. and Wen et al. presented cross-feedback
control methods to deal with the nutation mode of asymmetric rotors with gyroscopic
effects [16,17], but these methods emphasized the stable control rather than the position
accuracy of the MSR, especially when the rotor tilted at a large angle. Schuhmann et al.
utilized a linear quadratic Gaussian control with an extended Kalman filter and a state
feedback regulator to improve the position accuracy of the MSR [18], but since this method
contains too many parameters and the related calculation is excessive, it is not convenient
for engineering applications. By means of variable operating point linearization, Wei et al.
established a series of corresponding magnetic force models according to the rotor’s differ-
ent positions [19], but the performance of this control method is determined by factors such
as the model accuracy and the rotor’s imbalance. An adaptive controller based on current
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stiffness estimation was presented by Ghazavi et al. to stably control the MSR [20], but the
influence of the nonlinear changes of the displacement stiffness on the rotor’s position has
not yet been considered.

With the development of control theory, some modern control methods such as fuzzy
control, neural network control, and so on have been used to deal with these nonlinear
problems in control systems. Defoy et al. used a fuzzy controller to control the magnetic
bearing-rotor system in a turbine generator to improve its stability and robustness [21], but
this control method cannot ensure the rotor suspended by magnetic bearings have high po-
sition precision. Chu et al. designed a neural network adaptive estimator to estimate the
nonlinear changes of magnetic suspension stiffness to improve its steady-state accuracy
and can control the axial translation of MSR [22], but it is difficult for this control method
to control MSR’s radial translation and tilting. Chen et al. used BP neural network to adjust
the parameters of the PID controller online for a 5-DOF magnetic bearing-rotor system [23],
Yang et al. used feedforward neural networks to approximate the nonlinear parameters’
changing of magnetic bearing, and Sun et al. used neural networks to establish the inter-
nal model models of magnetic bearing [24], Wai et al. designed an adaptive fuzzy neural
network controller to control the magnetic suspension for transmission systems [25], and
Lin et al. utilized the dual integral sliding mode control (SMC) systems to regulate and
stabilize the strong nonlinear magnetically suspended rotor to improve its robustness [26].
These methods mentioned above focus on how to suspend a rotor stably, but they are not
able to ensure MSR has high position accuracy. Because the neural network method can be
used to approximate nonlinear functions due to its ability to approximate nonlinear func-
tions [27-30] and SMC can be used as a special nonlinear controller for its good robustness
to parameter changes [31-33], it is a good way to use SMC combined with neural networks
to control the nonlinear system in MSCMG.

With respect to the nonlinearity of magnetic suspension force in MSCMG, one of the
best ways to improve the control accuracy of MSR is to improve the control accuracy of
MSR’s radial translation. Based on this prototype of MSCMG, as shown in Figure 1, this
paper emphasizes the control method of radial translation for MSR with high precision. To
deal with the problem that the position accuracy of the rotor in MSCMG is affected by the
nonlinear change of suspension force stiffness and the moving-gimbal effect, the nonlinear
dynamic model of MSR is established, and the property of the magnetic suspension force
is analyzed. The SMC method combined with a neural network is proposed to suspend
MSR more stable and improve the control accuracy of the rotor’s position to output control
moment with high precision for spacecraft. Simulations and experimental tests have been
performed based on a single gimbal MSCMG with 200 N.m.s angular momentum to verify
the validity and effect of this proposed control method.

2. Modelling of MSR

For the MSR in MSCMG, there are two 2-DOF radial magnetic bearings to control the
rotor’s radial translation and tilting around radial axes, and another two 1-DOF axial mag-
netic bearings to control the rotor’s axial translation, then the rotor suspended by magnetic
bearings is controlled five-freedom actively. To model the rotor’s dynamics, the forces and
moments acting on MSR and the definition of the related coordinate system in MSCMG
are shown in Figure 2.
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Figure 2. Forces and moments acting on MSR.

The origin of this coordinate for the magnetic bearing-rotor system, which is also the
geometric center of the rotor, is denoted by O, three axles are denoted by X-axis, Y-axis,
and Z-axis, and the distance between the center of radial magnetic bearing at the A-end or
B-end and O is denoted by I, respectively. These forces generated by magnetic bearings
acting on the rotor along radial direction are denoted by fx and fv; that s, these forces along
radial direction generated by radial magneticbearing at A-end are denoted by fa_x and fa .y,
and that generated by radial magnetic bearing at B-end is denoted by fp.x and f3.y, and the
axial forces generated by axial magnetic bearings acting on rotor along the axial direction is
denoted by f7z, respectively. Similarly, these moments formed by magnetic bearings acting
on the rotor around the radial direction are denoted px and py, respectively. The rotor’s
rotary speed around Z-axis is denoted by Q). If the rotor’s motion occurs, the translational
displacements of the rotor in X and Y directions are denoted by x and y, and the rotor’s
titling angle around X-axis or Y-axis is denoted by « or B, respectively.

Based on Newton’s second law, the Euler dynamical equation, and the principle of
rotor dynamics, the dynamic model of the magnetic bearing-rotor system is established as

mx :fX :fAfx +fB7x

mj/:fY:fA—y +fB—y

me=fz M
]r“ +J2Qp = px = Zlm(foy _fAfy)

JiB — J.Qa = Py = 2lm(fAﬂ< - fox)

where m is the mass of the rotor, J; and J, are the inertia moments of the rotor around X-,
Y-, and Z-axis, respectively.

For a radial magnetic bearing with nominal clearance /o and bias current Iy, when
the rotor drifts with displacement x, the magnetic suspension force F along the drifting
direction with control current i is

F = uoNAns[(Io + i)/ (hmo-x)*-(Io-1)*/(mo + X)*]/4 @)

where y is the permeability of air, N is the number of winding turns in the magnetic
bearing, and App is the cross-sectional area of the gap between the magnetic bearings’
stator and rotor.

Based on the structural parameters of MSCMG as listed in Table 1, the relationship among
magnetic suspension force, displacement, and control current is illustrated in Figure 3, where
Xam is the displacement of the rotor drifting from the equilibrium position. It can be clearly
seen that F is nonlinear intrinsically. If MSR is at the equilibrium position ideally (that is,
Xam = 0 pm), the change of magnetic suspension force is linear. However, in the work pro-
cess of MSCMG, the high-speeding rotor does not be suspended at the equilibrium position
stably; it does move near the equilibrium position reciprocally. When the displacement of
MSR is small (x < 30 um), the magnetic suspension force can be regarded as linear. When
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F = uoN*Aly - i/,

the rotor drifts from the equilibrium position greatly and the rotor’s displacement becomes
larger (x > 30 pm), the magnetic suspension force changes nonlinearly, and obviously, the
farther the rotor drifts from the equilibrium position, the higher the nonlinearity of the
magnetic force.

Table 1. Structural parameters of MSCMG.

Symbol Definition Value
m Rotor mass 16.7 kg
Ir Equator moment of inertia 0.08286 kgm2
1B Polar moment of inertia 0.1302 kgm?
Mo Permeability of air 47t x 1077 H/m
(@) Rotary speed of rotor 0—15,000 rpm

Cross-sectional area of the air gap between the Magnetic

2
A bearings’ stator and rotor 1494 mm
N Number of winding turns in magnetic bearing 150
hmo Nominal clearance of radial magnetic bearing 0.3 mm
Iy Bias current of radial magnetic bearing 1.3A

2000 T
—O— x,, =0.06mm
—8— x,, =0.03mm
+ \am =0mm

w =0.03mm

1000 - + \m“ =0.06mm

1500
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Figure 3. Relationship among dynamic displacement stiffness, magnetic gap, and control current.

With respect to the magnetic suspension force F as expressed in (2), we can rewrite it
by Taylor expansion and ignoring these terms higher than 5 order.
— woN?AIG - x/ W, + 3ugN>Aly - ix? /Iy, — 2uoN>Alg - x° /15, — poNA - i*x /115, ©)

In practice, the magnetic suspension force of magnetic bearing is generally expressed as
a form of displacement stiffness multiplying displacement plus current stiffness multiplying

control current. Set k; = yONZAIO/hmO, = —yONZAIZ/hmO, BVONZAIO/hmO,
ks = nyONzAIQ/hmO, ko, = fyoNzA/hmo, Equation (3) can also be rewritten as
F=ki-ithky x4k o-ix*+ka x> +kp, -i*x+o" )

It can be seen that the model of magnetic suspension force includes not only first-order
linear terms but also higher-order nonlinear ones. For the convenience of explanation, the
nonlinear model of (4) is taken as

F=k i+ky x=(ki+ Akj)i+ (kn+ Akp)x (5)
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where ki’ = k; + k2 - x% = k; + Ak; is named as current stiffness, and Ak; = k2 - x2 is the
nonlinear term contained in it. Similarly, ky’ = ki, + k.3 - x% + key, - i% = ky, + Aky, is named
displacement stiffness with nonlinear component Aky,=k, s - X2 +koy il

For MSR with four radial control channels in MSCMG, the control current, current
stiffness, and the rotor’s displacement and displacement stiffness in X, X, Y5, and Yp
channels are tested, respectively, and the fitted relationship curves between the current
and current stiffness are shown in Figure 4a when the rotor is located at the center of mag-
netic bearings. Similarly, the fitted relationship curves between the displacement and dis-
placement stiffness are shown in Figure 4b when the control current of the rotor is zero. It
can be seen that both current stiffness and displacement are nonlinear parameters.

600 + Z?‘@ N 2.7
Ay B A
O * @ .- e \
—~ 580 V-7 AN 1 £ 265 ) * X, channel
< [ &/ L\ = \ a X
3 ¥ B/ 6\& > \ g channel :
@ 5600 K /8 ’ o\ b 26% A o Yachannel
8 /A, A\ 8 N\ © Yechamel -/
£ 4 % £ \ / /¥
= / AN = o\ \ / /
2 o1/ ,6 / * X, channel W\ 5 2% \\\\ \\ / /¢//>
s [ A& Xg channel &\ \ c 8 A /B #/
o / AN\ Y [} \ \ \ Yaywa
S s50% ﬁ"‘ O Y, channel x 4§ £ 25 AN \ / Q//"‘,A
&) / - Yg channel \ e \\\g \ | /K
g \ P (0] QA 0%
* —-— \ *_ A b* X
500 ¢ 4 & 245 %0 74
) -V AI* K
&) A V7 7%
480 - : ] 2.4 S
-10 -50 0 50 100 -100 -50 0 50 100
Current (A) Displacement (um)
(a) (b)

Figure 4. (a) Relationship between current and current stiffness. (b) Relationship between displace-
ment and displacement stiffness.

Set the displacement of MSR drifting from its equilibrium position is within 30 pm
as in case 1 and between 30 um and 60 pm as in case 2; the change ranges of current stiff-
ness and displacement stiffness for MSR in MSCMG are listed in Table 2. It is found that
when the rotor drifts a small displacement, the stiffness coefficient changes less and can be
regarded as linear ones, while when the rotor drifts at a large displacement, the stiffness
coefficient changes significantly, neither the current stiffness nor the displacement stiffness
can be regarded as linear one. Additionally, affected by processing error and other factors,
the rotor’s center does not coincide with that of the magnetic bearing completely, the rotor
drifts, and the nonlinearity of the magnetic suspension force increases significantly; it is
necessary to take these nonlinearities of magnetic bearings into consideration to control
MSR stably with high precision.

Table 2. Change ranges of current stiffness and displacement stiffness for MSR in MSCMG.

Symbol Definition Case 1 Case 2
Xmax (Hm) Maximum displacement 30 60
ki’ (N/A) Change range of current stiffness [609.85, 612.85] [609.85, 621.85]
Ak’ (N/A) Variation of current stiffness [0, 3] [0, 12]
ky! (N/um) Change range of displacement stiffness [—2.654, —14.461] [—2.654, —41.09]
Aky,” (N/um) Variation of displacement stiffness [0, 11.807] [0, 38.436]
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Considering the uncertainty of disturbance f4, which may be caused by odd harmonic
vibration, unmodeled dynamics of MSR, and so on, the equations of radial translation of
MSR in (1) becomes

{ mx = fx = (kix + Ok x)ix 4+ (kn x + Dkn )% + fa 5

. ; 6
i = fy = (kiy + Dki g )iy + (ki y + ki )Y+ fuy ©)

where fqx and fq y present the components of disturbance f4 in the X or Y direction, ix
and iy present the control current in X or Y channels of magnetic bearings, respectively.

Because the form of the dynamic equation in the Y channel is exactly similar to that
in the X channel, the dynamic equation in the X channel is taken as an example to analyze
the control properties of MSR.

mk:kix/'ix"f‘khx/’x"‘f_fdx: (kix+Akix)ix+(khx+Akhx)x+fdx (7)

Set x1 = x, xp = x, u = iy, Equation (7) can be expressed as a second-order nonlinear
uncertain system

.‘5C1 = X2
o = f(x) +g(x)u+d(t) ®)
y=x

where f(x) = (kp x + Ak ) - x/m, g(x) = (kix + Akix)/m, d(t) = fq x/m, the disturbance
d(t) has upper bound D and |d(t)| < D.

Based on this previous analysis, it is found that when MSR drifts from its equilibrium
position at a large displacement, the nonlinear variation of the stiffness coefficient is sig-
nificant, and the accuracy of MSR'’s position will decrease; then, it is necessary to design a
nonlinear control method to improve the position accuracy of MSR to improve the accuracy
of CMG'’s outputting control moment.

3. Design of Neural Networks SMC
3.1. Radial Basis Function (RBF) Neural Network

As one of the nonlinear control methods, SMC can constantly adjust the structure
of the control system according to the changes of state variables, such as errors and their
derivatives, to make the system move near the predetermined state trajectory with small
amplitude and high frequency (this movement is named sliding mode). SMC has advan-
tages such as fast response speed, insensitivity to parameter perturbation and external
interference, and so on, and can improve the robustness of the system. For the nonlinear
system of MSR, there does exist the uncertain influence of stiffness coefficient. To improve
the robustness of the system and eliminate the influence of chattering, it is a good way
to adopt the exponential reaching law in SMC to regard the nonlinear change of the dis-
placement stiffness and the uncertain disturbance as uncertain disturbance acting on this
system. The adaptive algorithm used to estimate the current stiffness coefficient can adapt
to the dynamic changes of the control object and disturbance by modifying its own char-
acteristics to improve the compensation accuracy of the control law for suspension force.
The neural network is one kind of algorithmic mathematical model that can process infor-
mation in a distributed and parallel manner. By imitating the neural network system of
animals and adjusting the connection relationships between various neural nodes, it can
efficiently and intelligently process information. For a nonlinear system, there are not only
high-order terms whose accurate models are difficult to be established but also some un-
certain disturbances such as unmodeled dynamics and others, then the neural networks
can be used to approximate these nonlinear uncertain models.

Radial basis function (RBF) is one kind of real-valued function, and its value depends
only on the distance from its origin point or center, that is ®(x,c) = ®(||x —c||), which
means that any function satisfying this characteristic belongs to RBF. RBF neural network
has fast data processing speed, strong self-learning ability, and good mapping ability to con-
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tinuous nonlinear systems. The structure of the RBF neural network, as shown in Figure 5,
consists of an input layer, a hidden layer, and an output layer. The data information to
be processed enters the neural network from the input layer; each operation unit ki, in the
hidden layer is composed of RBFs, and there is a corresponding weight w, between each
neuron and output function individually. In the output layer, the linear operation with
the weighting function is finished, and the result y is output.

Figure 5. Schematic diagram of neural network based on RBF.

The algorithm of the neural network based on RBF is

h]-:exp<—\|xt—cj\|2/<2b]2)>,j:1,2,...,n 9)

where x¢ is input variables, b; is the width of the Gaussian function, and it is generally
a suitable positive scalar, n is the number of nodes in the hidden layer. cjis the central
vector of each neuron’s Gaussian function, and its value should cover the change range of
input variables. The closer ¢; is to the input value, the more sensitive the function is to the
changes in input.

If w; is the connection weight of each layer, then the output function y of the network
containing weight function is

y(t) = - w1 (10)

The selection of the connection weight and Gaussian function of the neural network
has an important impact on the control effect of the system. The approximation effect of
the neural network is related to the parameters such as the connection weight wj, ¢j, and
bj in Gaussian function and other design parameters.

3.2. Design of Neural Networks SMC

The magnetic suspension force has multivariable nonlinear characteristics; it is diffi-
cult to control the MSR through linear control methods with high-precision positions. SMC
provides an effective control method for nonlinear systems with uncertainties, and the neu-
ral network algorithm has a strong approximation ability to nonlinear functions. Then, the
neural networks combined with SMC can effectively deal with the chattering problem and
improve the position accuracy of MSR. With respect to the model of magnetic suspension
force F = ki’ -i+ky' - hm, ¢ = [f(x) +d(t)]/g(x) is used to present the total uncertainty,
including displacement stiffness and interference, and p = 1/g(x) is used to present the
reciprocal of current stiffness; Equation (8) can be rewritten as

X1 =x2
pX2 = U+ ¢ (11)
y=x1

where p satisfies the condition that p € Q{0 < pmin < P < pPmax}, and ¢ satisfies the con-
dition that |¢| < D.
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In the neural network SMC, as shown in Figure 6, x is the rotor’s actual position, x,
is the rotor’s reference position, d is the disturbance, e is the rotor’s position error, and i
is the control current. In this neural network SMC, the neural network is used to approx-
imate the nonlinear function in the control law, the adaptive algorithm is used to adjust
the weights in the neural network, and the control current i is outputted from this sliding
mode controller to control MSR with the high-precision position.

——‘ Adaptive algorithm |<—

Neural
network
’/ d
Sliding model Power | * Magnetically | | Displacement | ¥
controller |/ | amplifier suspended rotor sensor -

Figure 6. Structure of neural networks SMC.

Set the position error e = x; — x as the controller input; the sliding surface can be
designed as
s=e+4ce=Xr—X+ce=x—Xp+ce (12)

where ¢ > 0.
Then the following equation can be obtained

s=e+ce=x—X+ce=x,—f—gu—d(t)+ce (13)

where f and g are nonlinear functions related to displacement stiffness or current stiffness,
respectively, both f and g can be approximated by RBF neural network.

f=WThi(x) +¢
eV, ‘14)

Where x; is the input of this neural network SMC and x; = [e é} T, ] is the jth node

in the hidden layer and, here, j =5, i = [h;] s the output of the radial basis function, W
and V are ideal weights of neural networks SMC, ¢; and ¢g are the approximation errors
and |ef| < emp~ |eg| < emg-

Because f and g are the ideal output of the RBF neural network, the actual f and g out-
putted from RBF neural network are replaced by the estimated and highly approximated
fand g, respectively.

f = Why() = W' lexp (Il = cjI/ (267) )|

. T ~T ’ (15)
g =V hg(x)=V"" [exp(_ Ixe — |2/ (zb}))}
where W is the actual weight for f, and V is the actual weight for §, respectively.
The control law can be derived from (13)
u= (& +ce— f+nsgn(s)) /8 (16)

where approaching rate # > D, and D is the upper bound of interference.
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3.3. Weight Update and System Stability Analysis

Keeping the control system of MSR stable is fundamental to controlling MSR with a
high-precision position, and the stability of the neural network SMC algorithm is closely
related to the weight adjustment process of the nonlinear function in the control law. An-
alyzed the stability of the MSR system by Lyapunov functions, the rules of updating the
network weights can be obtained based on adaptive algorithms.

Substituted (12) into (13), it is obtained

S =e4ce=Xr—X+ce=x—f—gu—d(t)+ce
=~ f-gut (@ gu—d(t)+ce =¥ — f— g} (¥ +ce— f+ysgn(s)) + (2 - g)u—d(t) +cé

= (f=f) + (@ —g)u—d(t) = nsgn(s) = f+gu —d(t) - ysgn(s)

(17)

= WThs(x) — e + (VThg(x) - sg)u —d(t) —ysgn(s)

where W =W -W,V=V-V, f=f—f=WThe(x) —e;, 34 = 4 — 84 = VThg(x) —&g.
Define the Lyapunov function of the closed-loop system as

L=5s*/2+W'W/(271)+V'V/(27,) (18)

where adaptive learning rates y; > 0 and 2 > 0.
Taking the derivative of L and substituting (18) into it, we can obtain

L=ss+ WTW/'yl + VT\7/72 =WwT (shf(x) - W/'yl) + VT <shg(x)u - 17/72> +s(—ef —nsgn(s) —egu —d(t)) (19)

Using adaptive algorithms to update network weights

I/v = _71Shf(x) (20)
V = —yashg(x)u
Substituted (20) into (19), it is obtained
L =s(—ef —ysgn(s) —egu — d(t)) = (—ef — egu — d(t))s — ]3] (21)

Because these approximation errors ¢¢ and &g can be limited sufficiently small,
if > |eg4 e+ d(t)|, then L < 0. If there does exist 7 satisfying o > 0 and
1 > 1o+ |ems| + |emgit| + D, then L < —yols| < 0. Because L > 0, sos, W and V are
bounded. For an actual rotor system, both the rotor displacement and its derivatives are
continuously bounded; the rotor position error and its derivative are also bounded and
converge to zero when the time approaches infinity according to the LaSalle invariance
principle, namely t — o0, s — 0, then e — 0, ¢ — 0. In addition, according to these ex-

pressions of the control law u of SMC, neural network output f and g, adaptive law W

and \7, all of them are bounded. The control variables in MSR are all bounded, so the rotor
control system is gradually stable. Figure 7 is the control block diagram of a radial control
channel with neural network SMC for MSR.
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Figure 7. Control block diagram of a radial control channel with neural network SMC.

4. Simulation and Experimental Research

In this experimental setup with MSCMG, as shown in Figure 8, the radial magnetic
bearing for MSCMG is a permanent magnet-biased hybrid magnetic bearing, and the X
and Y directions are separately controlled by these coils in magnetic bearings.

Computer

91
Single gimbal SRS
MSCMG o

J

[ .

Figure 8. Experimental setup with MSCMG.
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To approximate the discrete model y(k) = u(k)® + y(k—1)?/[1 + y(k—1)%], the structure of
the neural network has a 2-5-1 form, that is to say, there are two input signals, five neurons in a
hidden layer, and one outputting. The optimized parameters b and c for the Gaussian function

areb=[15 15 15 15 15] andc— “15 =050 05 LS cord-

-15 -05 0 05 15

ing to the design rules of the Gaussian function. The parameters kp, ki, and kq for general
PID control are optimized and tunned by nonlinear least squares function Isgnonlin() and
least square indicator | = [ e?dt in MATLAB software. The initialization parameters and
optimization results are listed in Table 3, and the control parameters of neural network
SMC are listed in Table 4, where Wy and V) are the initial weight values for weights W
and V.

Table 3. Initial parameters and optimization results of general PID method.

Parameter Initial Value Optimized Value
kp 20 24.3814
ki 15 19.9986
kq 8 5.1787
Table 4. Control parameters of the proposed method.
Parameter Value
c 10
7 3
7 10
Y2 1.0
ci [-1.0 -0.500.51.0]
b; 5.0
Wo [0.10.10.10.10.1]T
Vo [0.10.10.10.10.1] T

4.1. Radial Translation Control of MSR without Gimbal Moving

According to the structural parameters of MSCMG as listed in Table 1, the inputting
displacement of MSR, which is a sinusoidal signal and set as 0.1 sin (1.5 t) (mm), and the
simulation results are shown in Figure 9 when the simulation time is 20 s, where the solid
line presents the given position of MSR, the rotor’s position controlled by general PID is
presented by the dotted line, that controlled by adaptive SMC is represented by the dot-
ted line, and that controlled by neural network SMC is represented by the dotted line,
respectively. Figure 9a,b illustrate the rotor’s positions and the related positional errors
controlled by three control methods, respectively. It can be seen that the neural network
SMC converges rapidly when t =0.3 s, and the steady-state error is only 0.0001 mm; Com-
pared to neural network SMC, the general PID has a shorter response time, but from the
locally enlarged image, it can be seen that the control effect of general PID on sinusoidal
input is not ideal, the position error is about 0.003 mm. When t=0.3 s, the position error of
MSR controlled by neural network SMC decreases to 10% of that controlled by the adap-
tive SMC. Figure 9c shows the time-varying curves of control signals for three methods. It
can be seen that the neural network SMC not only can reduce the control current but also
can improve the rotor position accuracy; furthermore, the neural network SMC can not
only prevent overcurrent damaging the control circuit but also reduce the consumption
of control power. The current fluctuation in the first two seconds implies the adjustment
process of the controller, and the subsequent smoothing control current curves indicate
the output of the control system is stable. This comparison verifies that the control effect
of neural network SMC is better than that of general PID control and adaptive SMC when
the input signal is sinusoidal for MSCMG without the gimbal moving.
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Figure 9. Radial translation of MSR when the inputting is sinusoidal without gimbal moving.
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(a) Rotor’s displacement. (b) Rotor’s position error. (¢) Control current.

In the control law of SMC, there are two nonlinear functions f(x) and g(x) need to
be approximated by a neural network algorithm. This algorithm can adjust the weight
value online according to the position error of MSR and continuously improve the approx-
imation accuracy of the nonlinear function to adjust the control current in real-time; then,
the position accuracy of MSR is improved accordingly. Figure 10a is the adjustment pro-
cess of weight value W in the neural network to approximate the nonlinear function f(x),
Figure 10b is the adjustment process of weight V in the neural network to approximate
the nonlinear function g(x). It can be seen that there is a period of rapid adjustment after
the weight value is initialized, and the nonlinear function weight value adjustment process
is gradually consistent with the trend of the input signal within 1 s, which indicates that
the algorithm has the ability to quickly adjust and accurately track the input. The weight
adjustment range of these two nonlinear functions changes regularly in different intervals.
The fact that the change ranges of these two functions differ with the change of input re-
flects that the values of both displacement stiffness and current stiffness are different.
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o
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Figure 10. Adjustments of weights when the inputting is sinusoidal without gimbal moving.
(a) Weight w. (b) Weight v.
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(a)

20 20

Set the step signal input into the rotor’s translation direction as 0.1 arctan(20 t), and
simulation results of the control position for MSR are shown in Figure 11, where the simula-
tion time is 20 s, the given position of the rotor is presented by the solid line, the position of
the rotor controlled by general PID is presented by the dotted line, that controlled by adap-
tive SMC is presented by the dotted line, and that controlled by neural network SMC is pre-
sented by the dotted line, respectively. Figure 11a illustrates the control effect of the three
methods on rotor position, and Figure 11b illustrates the error comparisons for these three
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methods. It can be seen that the neural network SMC can adjust rapidly at the initial time
and will reach the steady state after t = 0.2 s, the steady-state error is only 10 x 107> mm,
its control accuracy is better than that of adaptive SMC, and its steady-state error is only
about 5% of that of general PID. For the general PID, there exists a high-frequency oscilla-
tion in the rotor’s displacement and a fluctuation in the control process with a relatively
large amplitude, and the related error is up to 0.001 mm.

0.2r - :
— Ideal position 0.01 - (yenerfxl PTD ) =—=== General PID
=== General PID = = Adaptive SMC o 10 — —  Adaptive SMC
- -~ Adaptive SMC ) S —— NewalptwodsSMCY| [ Neural networks SMC
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Figure 11. Radial translation of MSR when the inputting is step one without gimbal moving.
(a) Displacement (b) Position error (c) Control current.

Figure 11c shows the control signals’ changing curves of three methods with time. It
can be seen from these figures that the control signal of the adaptive SMC rises sharply
at time t = 0, what is the response of the control system to the step signal from 0 to 0.1,
and the rising amplitude is greater than the peak value controlled by neural network SMC.
Subsequently, the control system quickly adjusted, and the trend of the control signal was
roughly the same as that of the input signal. After the system reached a steady state, the
control signal of general PID still had small fluctuations, while the control signal of the neu-
ral network SMC approached zero after the system reached a steady state. This indicates
that neural network SMC can adjust the control signal in real-time based on the changes of
input; it can reduce the control power consumption and effectively improve the position
accuracy of MSR.

Figure 12 shows the weight adjustment process of the neural network algorithm to
approach the nonlinear function when the step signal is input. Figure 12a illustrates the
adjustment of t weight w to approximate the nonlinear function f(x), and (b) illustrates the
adjustment of the weight v to approximate the nonlinear function g(x). It can be seen from
Figure 12 that when the input signal occurs a step jumping, the adjustment of the weights
oscillates accordingly, there is a slow adjustment process after t =0.5 s, and the adjustment
of the weights tends to be stable when t = 3 s. This process indicates the relationship be-
tween the weight adjustment and the input signal function. Since the input signal is an
arctangent function, its step response process is not an abrupt one and gradually tends to
a final value of 0.1 after a sharp rise. Therefore, the weight adjustment process of the non-
linear function not only indirectly reflects the change of the input signal but also indicates
that the control system can adjust the control law online based on the input signal to make
the control current respond to changes in input in time to ensure the position accuracy
of MSR.
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Figure 12. Adjustments of weights when the inputting is step one without gimbal moving. (a) Weight
w. (b) Weight v.

In order to verify the effectiveness of the neural network SMC to improve the rotor
position accuracy when the gimbal of MSCMG is not rotated, the rotor’s speed is 1200 rpm;
these experimental tests of the rotor’s radial translation in one channel controlled by gen-
eral PID, adaptive SMC, and neural network SMC, which are performed according to sim-
ulation conditions. The tested position curves in one channel for three control methods
are shown in Figure 13, respectively. From Figure 13a, it can be seen that the average
translational displacement of the rotor controlled by general PID is 10 pum. As shown in
Figure 13b, the adaptive SMC does not significantly improve the rotor position accuracy
yet. For the neural network SMC, the average rotor translation displacement, as shown in
Figure 13c, is up to 5 um, and the position accuracy is improved by 50% compared to that
of general PID. It is clear that the neural network SMC can effectively improve the rotor’s
position accuracy of radial translation when the gimbal of MSCMG is static.

Position (um)

Position (um)
Position (um)

Figure 13. Position curves of rotor’s radial translation controlled by different methods in one channel.
(a) General PID. (b) Adaptive SMC. (c) Neural network SMC.

4.2. Radial Translation Control of MSR with Gimbal Moving

To output the control moment, the gimbal of MSCMG must be rotated. Generally,
the maximum rotary speed of the gimbal for MSCMG is £ 15°/s; namely, the maximum
angular velocity of the gimbal is +1.6328 rad/s. To simulate the impact of gimbal rotation
and other uncertain disturbances on the suspension stability and position accuracy of the
rotor with a rotary speed of 15,000 rpm, both the tilting forces and interference force are
introduced to simulate odd harmonic disturbances and uncertain ones that exist during
actual operation. The interference is set as d(t) = 0.2 sin(1.6328 f) + 0.1 sin(1570 ¢) + 0.05
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sin(4710 ) + random(o~ = 0.1) (N), where 0.2 sin(1.6328 ) is the tilting force generated by
the gimbal moving and will make the rotor tilting around its radial axes, 0.1 sin(1570 ¢) is
the fundamental frequency unbalance vibration, 0.05 sin(4710 t) is the triple frequency one,
and random(o? = 0.1) is a random interference acting on MSR, respectively.

When the input signal is a sinusoidal one, the position of MSR controlled by neural
network SMC and PID plus cross-feedback control method is shown in Figure 14, where
the solid line represents the given position, the dotted line represents the rotor position
controlled by the neural network SMC, and the dotted line represents the rotor position
controlled by PID plus cross-feedback control. Figure 14a illustrates the rotor position con-
trolled by PID plus cross-feedback control; Figure 14b illustrates that controlled by neu-
ral network SMC. It can be seen that the position accuracy of MSR controlled by neural
network SMC is up to 99.98% while that controlled by PID plus cross-feedback control is
95%; it is clear that the neural network SMC has a better control effect on improving the
position accuracy of MSR when MSR is affected by gimbal rotation and other uncertain
disturbances. From Figure 14c, it can be seen that when the influence of gimbal rotation
and other uncertain disturbances act on MSR, the position error controlled by neural net-
work SMC is only 0.5% of that controlled by PID plus cross-feedback control, the neural
network SMC can effectively suppress external interference and improve the robustness of
MSR. The control currents generated by neural network SMC and PID plus cross-feedback
control are illustrated in Figure 14d, where the dashed line represents the changes of con-
trol current in X channels, and the solid one represents that in Y channels, respectively.
We can find out that the fluctuation of control current generated by neural network SMC
is significantly smaller than that generated by PID plus cross-feedback method, so the neu-
ral network SMC can suppress this kind of disturbance well. It also can be seen that the
change period of the control current is roughly the same as that of the input signal; the
control system can respond to the changes in the input signal in time to ensure the control
signal controls the magnetic bearing immediately, then the position accuracy of MSR can
be improved accordingly.

When the gimbal rotates and MSR is affected by uncertain disturbances, the difficulty
of controlling the radial translation of MSR will increase significantly, and the weight ad-
justment process to approximate the nonlinear function in the control law can indirectly
reflect the ability of MSR to maintain high robustness and high position accuracy. Be-
cause the control method of radial translation in the X channel is the same as that in the Y
channels, and the weight adjustment processes for weights w and v are identical, the ad-
justment processes of weights w and v in the neural network algorithm to approximate the
nonlinear function in X channel with sinusoidal input is shown in Figure 15. Figure 15a
illustrates the adjustment process of weight w to approximate nonlinear functions f,(x),
and Figure 15b illustrates that of weight v to approximate nonlinear functions g4(x). It
can be seen that when the tilting torque and interference are introduced, the trend of the
adjustment process for weight w is roughly the same as that for weight v. In the partially
enlarged drawing, we can find out that there does exist some high-frequency oscillation in
the weight adjustment process. We also find out that these high-frequency oscillations in-
dicate the influence of odd multiple-frequency interference on the control system, and the
online adjustment process of weights w and v can respond to high-frequency interference
by approximating nonlinear functions in neural network SMC.
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Figure 14. Radial translation of MSR when the inputting is sinusoidal one with gimbal moving.
(a) Rotor controlled by general PID. (b) Rotor controlled by neural networks SMC. (¢) Comparison
of rotor’s position error. (d) Control currents.
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When the input signal is a step one, the rotor’s positions controlled by neural network

SMC and PID plus cross-feedback method are shown in Figure 16, where the given position
of MSR is represented by a solid line, the rotor’s position controlled by neural network
SMC is represented by the dotted line, and that controlled by PID plus cross-feedback
control is represented by the dotted line, respectively. Figure 16a illustrates the rotor’s
displacement controlled by PID plus cross-feedback method, and Figure 16b illustrates that
controlled by neural network SMC. It can be seen that the position error of MSR controlled
by neural network SMC is only 7 x 1075 mm, which is only 1% of the that controlled
by PID plus cross-feedback method; it is clear that this presented neural network SMC
has a better control effect on improving the position accuracy of MSR when the gimbal
is rotated and other uncertain disturbances acting on it. The comparison of the rotor’s
position error controlled by neural network SMC and PID plus cross-feedback method is

shown in Figure 16¢, it can be found from the partially enlarged drawing in it that the
rotor’s position error controlled by neural network SMC can quickly converge after a step
occurs in the input signal, and the neural network SMC method also has a better effect on

suppressing abrupt disturbance.
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Figure 16. Radial translation of MSR when the inputting is step one with gimbal moving. (a) Con-
trolled by general PID. (b) Controlled by neural networks SMC. (c¢) Comparison of rotor’s position

error. (d) Control currents.
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Figure 16d illustrates the control currents controlled by neural network SMC and PID
plus cross-feedback method; the control signal in the X channel is represented by the dot-
ted line, and that in the Y channel is represented by the solid line, respectively. It can be
seen that these two control signals both have an obvious adjustment when the inputting
signal steps and the adjustment time of the control current for each step of inputting sig-
nal is about 0.3 s, which indicates that the response of the control system is fast. Both the
frequency and amplitude of the control signal’s oscillation controlled by neural network
SMC are slightly larger when the step signal occurs, so the neural network SMC can con-
trol MSR’s position with higher precision when the gimbal of MSCMG rotates, and other
uncertain disturbances act on MSR.

When the rotor is affected by abrupt disturbance, the displacement stiffness and cur-
rent one of MSR will have obvious nonlinear changes, and the nonlinear function in the
control law of neural network SMC will change accordingly. Regarded the step change
process of the input signal as the process of applying interference torque suddenly, the
adjustment process of weights in the neural network algorithm to approximate the nonlin-
ear function in X channel is shown in Figure 17, where the adjustment process for weight
w to approximate nonlinear functions fn(x) illustrated in Figure 17a, and weight v to ap-
proximate nonlinear functions gq4(x) illustrated in Figure 17b, respectively. It can be seen
that when the tilting torque and other uncertain disturbances are introduced, the weight
adjustment process will oscillate with large amplitude and high frequency if the input sig-
nal steps, but it can converge quickly within 0.3 s; this is a timely adjustment made by the
control algorithm according to rotor’s position error. All these simulation results prove
that the neural network not only has the ability to approximate the nonlinear functions
with high precision but also can update its weights online rapidly.
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Figure 17. Adjustments of weights when the inputting is step one with gimbal moving. (a) Weight
w (b) Weight v.

In order to verify the position accuracy of MSR when the gimbal of MSCMG rotates
and other uncertain disturbances act on MSR, the experimental test of MSR’s displace-
ments controlled by different control methods was performed when the rotary speed of
MSR is 1000 rpm, the gimbal of MSCMG is accelerated from rest at t =5 s, and its aver-
age angular velocity is 1.6328 rad/s, Figure 18 illustrate the tested displacements of MSR
in X channel controlled by general PID, adaptive SMC, and neural network SMC, respec-
tively. It can be seen that the average displacement of MSR controlled by general PID
is 20 um and that controlled by adaptive SMC is 16 um, which is improved by 20% of
that controlled by general PID. Furthermore, the average displacement of MSR controlled
by neural network SMR is only 10 pm, which is improved by 50% compared to that con-
trolled by general PID. At time t = 10 s, the MSR becomes stable, and it is closer to its own
equilibrium position. These experimental results show that the neural network SMC can
effectively improve the position accuracy of MSR when the gimbal of MSCMG rotates, and
other uncertain disturbances act on MSR. Simulation and experimental results indicate that
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the neural network SMC can effectively improve the position accuracy of MSR in MSCMG.
On the other hand, with respect to the displacement curves of MSR, we do find out some
obvious high-frequency oscillations in the experimental test and simulation, and the posi-
tion error in the experimental test is larger. The reason for this phenomenon may be that
there exists some uncertain interference, sensor noise, and other factors still acting on MSR
in actual systems.
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Figure 18. Displacement of MSR in X channel with gimbal moving. (a) General PID. (b) Adaptive
SMC. (c¢) Neural network SMC.

5. Conclusions

With respect to the nonlinearity of magnetic suspension force for MSR, the influence
of nonlinear changes in displacement stiffness and current one on the magnetic force are
analyzed, a second-order nonlinear uncertain system model for MSR is established, and a
neural network SMC is designed to control rotor’s radial translation with high-precision.
When the gimbal of MSCMG does not rotate, the tested average rotor translation displace-
ment controlled by neural network SMC is up to 5 um, and the position accuracy is im-
proved by 50% compared to that of general PID, so the presented neural network SMC
can effectively improve the position accuracy of MSR and has the ability to suppress distur-
bance; When the gimbal of MSCMG rotates, and the rotor is disturbed by uncertain distur-
bances, the tested average displacement of MSR controlled by neural network SMR is only
10 pm, which is improved by 50% compared to that controlled by PID plus cross-feedback
method, so the presented neural network SMC can not only suppress these disturbances
caused by the moving of gimbal and other uncertain factors but also improve the position
accuracy of MSR. These results of simulation and experiments demonstrate that this pre-
sented neural network SMC can effectively improve the control accuracy of MSR'’s radial
translation for MSCMG to output control moment with high precision for spacecraft.

Author Contributions: Conceptualization, ].T. and X.C.; methodology, X.C.; software, X.C.; valida-
tion, M.Z. and X.Z.; formal analysis, X.C.; investigation, J.T. and X.C.; resources, X.C.; data curation,
J.S.; writing—original draft preparation, J.T. and X.C.; writing—review and editing, M.Z.; visualiza-
tion, X.C.; supervision, ].T.; project administration, J.T.; funding acquisition, J.T., J.5. and X.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Beijing Municipal Natural Science Foundation (Grant No. 4222048),
National Natural Science Foundation of China (Grant No. 62073010, 52075017, and 62122009), and
Ningbo Nature Science Foundation (Grant No. 2021J011).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Actuators 2023, 12, 217 21 of 22

References

1.  Qu, Z;Zhang, G.; Meng, Z.; Xu, K;; Xu, R; Dj, ]. Attitude maneuver and stability control of hyper-agile satellite using reconfig-
urable control moment gyros. Aerospace 2022, 9, 303. [CrossRef]

2. Geranmehr, B.; Vafaee, K.; Nekoo, S. Finite-horizon servo SDRE for super-maneuverable aircraft and magnetically-suspended
CMGs. Proc. Inst. Mech. Eng. Part G ]. Aerosp. Eng. 2016, 230, 1075-1093. [CrossRef]

3. Hu, Y.; Geng, Y.; Biggs, J. Simultaneous spacecraft attitude control and vibration suppression via control allocation. J. Guid.
Control Dyn. 2022, 44, 1853-1861. [CrossRef]

4. Li, J; Liu, G.; Zheng, S.; Cui, P.; Chen, Q. Micro-jitter control of magnetically suspended control moment gyro using adaptive
LMS algorithm. IEEE ASME Trans. Mechatron. 2022, 27, 327-335. [CrossRef]

5. Peng, C.; Zhu, M.; Liu, X.; Chao, S.; Zhen, Z. Synchronous vibration control for magnetically suspended control moment gyros
using optimal notch filter. Electron. Lett. 2020, 56, 331-333. [CrossRef]

6. Tang, J.; Zhao, S.; Wang, Y. High-speed rotor’s mechanical design and stable suspension based on inertia-ratio for gyroscopic
effect suppression. Int. J. Control Autom. Syst. 2018, 16, 1577-1591. [CrossRef]

7. Vashisht, R.; Peng, Q. Adaptive hybrid control of unbalanced vibrations of a rotor/active magnetic bearing system with coupling
misalignment using low cost instrumentation. J. Vib. Control 2019, 25, 2151-2174. [CrossRef]

8. Zhou, T.; Zhu, C. Robust proportional-differential control via eigen structure assignment for active magnetic bearings-rigid rotor
systems. IEEE Trans. Ind. Electron. 2022, 69, 6572-6585. [CrossRef]

9.  Sun,].; Zhou, H; Ju, Z. Dynamic stiffness analysis and measurement of radial active magnetic bearing in magnetically suspended
molecular pump. Sci. Rep. 2020, 10, 1401. [CrossRef]

10. Kandil, A.; Sayed, M.; Saeed, N. On the nonlinear dynamics of constant stiffness coefficients 16-pole rotor active magnetic bear-
ings system. Eur. J. Mech. A-Solid. 2020, 84, 104051. [CrossRef]

11.  Xu, Y.; Zhou, J.; Jin, C. Identification of dynamic stiffness and damping in active magnetic bearings using transfer functions of
electrical control system. J. Mech. Sci. Technol. 2019, 33, 571-577. [CrossRef]

12.  Han, B,; Chen, Y.; Zheng, S.; Li, M; Xie, ]. Whirl mode suppression for AMB-Rotor systems in control moment gyros considering
significant gyroscopic effects. IEEE Trans. Ind. Electron. 2021, 68, 4249-4258. [CrossRef]

13. Tang, J.; Wei, T.; Lv, Q.; Cui, X. Stable control of the high-speeding magnetically suspended rotor based on extended state
observer and two-degree freedom internal model control for control moment gyros with serious moving-gimbal effects. Trans.
Inst. Meas. Control 2020, 42, 2733-2743. [CrossRef]

14. Sun, J.; Zhao, ]J. Low power control for magnetically suspended control moment gyro based on current adaptive adjustment-
gimbal angular velocity feedforward method. IET Electr. Power Appl. 2022, 16, 1317-1329. [CrossRef]

15. Wei, T.; Fang, ]. Moving-gimbal effects and angular rate feedforward control in magnetically suspended rotor system of CMG.
J. Astronaut. 2005, 26, 19-23. (In Chinese)

16. Sun, M.; Zheng, S.; Wang, K,; Le, Y. Filter cross-feedback control for nutation mode of asymmetric rotors with gyroscopic Effects.
IEEE/ASME Trans. Mechatron. 2020, 25, 248-258. [CrossRef]

17.  Wen, T.; Xiang, B.; Wong, W. Coupling analysis and cross-feedback control of three-axis inertially stabilized platform with an
active magnetic bearing system. Shock Vib. 2020, 2020, 8290369. [CrossRef]

18. Schuhmann, T.; Hofmann, W.; Werner, R. Improving operational performance of active magnetic bearings using Kalman filter
and state feedback control. [EEE Trans. Ind. Electron. 2012, 59, 821-829. [CrossRef]

19. Wei, T,; Fang, J. Adaptive control based on variant operating-point linearization in magnetic bearings of MSCMG. Chin. ]. Mech.
Eng. 2007, 43, 110-115. (In Chinese) [CrossRef]

20. Ghazavi, M.; Sun, Q. Bifurcation onset delay in magnetic bearing systems by time varying stiffness. Mech. Syst. Signal. Process.
2017, 90, 97-109. [CrossRef]

21. Defoy, B.; Alban, T.; Mahfoud, ]. Experimental assessment of a new fuzzy controller applied to a flexible rotor supported by
Active Magnetic Bearings. J. Vib. Acoust. 2012, 136, 1-10.

22.  Chu, C,; Chiang, H. Adaptive sliding mode recurrent Gauss basis function neural network estimation in magnetic bearing system.
Inf. Technol. ]. 2014, 13, 1161-1167. [CrossRef]

23.  Chen, C.; Xu, J.; Ji, W.; Rong, L.; Lin, G. Sliding mode robust adaptive control of maglev vehicle’s nonlinear suspension system
based on flexible track: Design and Experiment. IEEE Access 2019, 7, 41874-41884. [CrossRef]

24. Yang, Z.; Zhao, G.; Rong, H.; Yang, J. Adaptive backstepping control for magnetic bearing system via feedforward networks
with random hidden nodes. Neurocomputing 2016, 174, 109-120. [CrossRef]

25. Wai, R;; Chen, M,; Yao, J. Observer-based adaptive fuzzy-neural-network control for hybrid maglev transportation system. Neu-
rocomputing 2016, 175, 10-24. [CrossRef]

26. Lin, F; Chen, S.; Huang, M. Intelligent double integral sliding-mode control for five-degree-of-freedom active magnetic bearing
system. IET Control Theory Appl. 2011, 5, 1287-1303. [CrossRef]

27. Montoya-Chairez, J.; Rossomando, F.; Carelli, R.; Santibanez, V.; Moreno-Valenzuela, J. Adaptive RBF neural network-based
control of an underactuated control moment gyroscope. Neural Comput. Appl. 2020, 33, 6805-6818. [CrossRef]

28. Wang, S.; Zhu, H,; Wu, M.; Zhang, W. Active disturbance rejection decoupling control for three-degree-of- freedom six-pole

active magnetic bearing based on BP neural network. IEEE Trans. Appl. Supercond. 2020, 30, 3603505. [CrossRef]


https://doi.org/10.3390/aerospace9060303
https://doi.org/10.1177/0954410015603076
https://doi.org/10.2514/1.G005834
https://doi.org/10.1109/TMECH.2021.3063722
https://doi.org/10.1049/el.2019.3719
https://doi.org/10.1007/s12555-017-0117-z
https://doi.org/10.1177/1077546319852221
https://doi.org/10.1109/TIE.2021.3095817
https://doi.org/10.1038/s41598-020-57523-8
https://doi.org/10.1016/j.euromechsol.2020.104051
https://doi.org/10.1007/s12206-019-0110-y
https://doi.org/10.1109/TIE.2020.2984463
https://doi.org/10.1177/0142331220929808
https://doi.org/10.1049/elp2.12229
https://doi.org/10.1109/TMECH.2019.2953329
https://doi.org/10.1155/2020/8290369
https://doi.org/10.1109/TIE.2011.2161056
https://doi.org/10.3901/JME.2007.06.110
https://doi.org/10.1016/j.ymssp.2016.12.016
https://doi.org/10.3923/itj.2014.1161.1167
https://doi.org/10.1109/ACCESS.2019.2906245
https://doi.org/10.1016/j.neucom.2014.12.116
https://doi.org/10.1016/j.neucom.2015.10.006
https://doi.org/10.1049/iet-cta.2010.0237
https://doi.org/10.1007/s00521-020-05456-8
https://doi.org/10.1109/TASC.2020.2990794

Actuators 2023, 12, 217 22 of 22

29.

30.

31.

32.

33.

Chen, S.; Lin, F. Decentralized PID neural network control for five degree-of-freedom active magnetic bearing. Eng. Appl. Artif.
Intel. 2013, 26, 962-973. [CrossRef]

Sun, X.; Su, B.; Chen, L.; Yang, Z.; Xu, X,; Shi, Z. Precise control of a four degree-of-freedom permanent magnet biased active
magnetic bearing system in a magnetically suspended direct-driven spindle using neural network inverse scheme. Mech. Syst.
Signal. Process. 2017, 88, 36—48. [CrossRef]

Yao, X.; Chen, Z. Sliding mode control with deep learning method for rotor trajectory control of active magnetic bearing system.
Trans. Inst. Meas. Control 2019, 41, 1383-1394. [CrossRef]

Ren, Y.; Chen, X.; Cai, Y.; Wang, W.; Liu, Q. Adaptive robust sliding mode simultaneous control of spacecraft attitude and micro-
vibration based on magnetically suspended control and sensitive gyro. Proc. Inst. Mech. Eng. Part G |. Aerosp. Eng. 2020, 234,
2197-2210. [CrossRef]

Mao, W.; Chiu, Y.; Chu, C,; Lin, B.; Hung, J. Dynamic sliding mode backstepping control for vertical magnetic bearing system.
Intell. Autom. Soft Comput. 2022, 32, 923-936. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.engappai.2012.11.002
https://doi.org/10.1016/j.ymssp.2016.11.022
https://doi.org/10.1177/0142331218778324
https://doi.org/10.1177/0954410020939790
https://doi.org/10.32604/iasc.2022.019555

	Introduction 
	Modelling of MSR 
	Design of Neural Networks SMC 
	Radial Basis Function (RBF) Neural Network 
	Design of Neural Networks SMC 
	Weight Update and System Stability Analysis 

	Simulation and Experimental Research 
	Radial Translation Control of MSR without Gimbal Moving 
	Radial Translation Control of MSR with Gimbal Moving 

	Conclusions 
	References

