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Highlights:

e A novel maglev yaw system is introduced to serve as a replacement for conventional gear-driven
yaw mechanisms in wind turbines.

e Backstepping controllers are designed for both dynamic suspension subsystem and yawing
suspension subsystem to ensure global stability and trajectory convergence.

e An average dwell time switching strategy is developed to guarantee exponential stability of the
entire MY S.

Abstract: The stability control of a maglev yaw system (MYS) in wind turbines is investigated by
replacing the conventional gear-driven yaw mechanism with magnetic levitation technology. The MYS
comprises two subsystems: the Dynamic Suspension Subsystem (DSS) and the Yawing Suspension
Subsystem (YSS), between which the system switches during operation. To prevent mechanical damage,
it is essential to ensure the stability of both the individual subsystems and the overall switched system.
Firstly, physical and mathematical models of DSS and YSS are developed, followed by the design of
backstepping controllers to stabilize each subsystem. Then, a switching strategy based on the average
dwell time method is proposed to guarantee the stability of the entire system. Finally, simulation results
validate the effectiveness of the proposed control scheme in maintaining the stability of both subsystems
and the overall MYS.

Keywords: maglev yaw system; dynamic suspension subsystem; yawing suspension subsystem;

backstepping approach; average dwell time
1. Introduction

The yaw system is a critical component of horizontal-axis wind turbines, playing a vital role in wind energy
utilization and the overall performance of the turbine. Such systems are associated with several limitations,
including structural complexity, periodic lubrication requirements, reliance on multiple motors, maintenance
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difficulties, and a relatively high fault rate. Thus, it is particularly important and urgent to design a novel yaw
system for rotating accurately to the wind with high stability and easy maintenance.

For this reason, yawing control of a MYS is achieved adopting maglev-driving technique instead of
the traditional gear-driving technique in [1]. The maglev yawing process consists of three subprocesses:
levitation, suspension and rotation at the equilibrium position, and landing aligned with the wind
direction. Among them, the levitation and landing phases are referred to as Dynamic Suspension (DS),
while the suspension and rotation at the equilibrium position are termed Yawing Suspension (YS). That
means MYS includes two subsystems: the DSS and YSS. When the wind direction changes, MY'S works
with switching between DSS and YSS. However, for the conventional wind turbines and the maglev yaw
systems, most researches focus on the control strategies of the systems without considering the switching
problem [1-3]. In MYS systems with multiple operating modes (DSS and YSS), the absence of an
effective switching strategy can lead to inefficiency, instability, and even mechanical failure when facing
faults, disturbances, or load variations. To address this, a well-designed switching strategy is essential
to enhance MY S’s reliability, efficiency, and long-term stability, especially under varying conditions.

As for the switching algorithm, the multi-mode operation for switched systems is not a simple
superposition of different modes, and the switching operation among different operating modes would be
likely to result in infinite multiple switching in finite time [4,5]. The switching between different stable
operation modes may lead to the instability of the whole switched system [6,7]. Designing dwell time
approach is an efficient approach for the whole system’s stability [8—10]. In [11], exponential
stabilization for switched positive linear systems is guaranteed by multiple time-varying Lyapunov
functions and dwell-time switching techniques. Compared to dwell time, Average Dwell Time (ADT)
allows switching signals to satisfy average frequency constraints over a long-time span, providing greater
flexibility to the switching rule. In [12], the ADT method is extended into Markov jump systems
and a non-fragile sliding mode observer is designed to effectively handle time-varying delays and packet
loss issues, ensuring finite-time boundedness. A neural control method based on ADT is proposed in [13],
ensuring system stability through mode-dependent ADT, preventing singularity, and optimizing the
transient tracking error behavior. Mutation-free transmission control along with the ADT method is
utilized to address the stability and robustness of time-delay switched systems, improving the smooth
transition of the system.

The switching stability problem can be roughly divided into two classes: arbitrary switching stability
and constrained switching stability [ 14—16]. The stability of systems under arbitrary switching sequences
is mainly based on multi Lyapunov theory and linear matrix inequality (LMI) method [17,18]. There are
also researches on constrained switching stability. In [19], the Lyapunov theory of logical dynamic
systems with average dwell-time method, is put forward for ensuring the point stability of the considered
switched logical dynamic systems. In [20], stability conditions are derived using multiple Lyapunov
functions and mode-dependent average dwell-time, which relaxes the conservation caused by common
Lyapunov function and average dwell-time.

Extending the above discussed average dwell time method to magnetic levitation systems, this study
aims to ensure stable switching between the DSS and the YSS in the MYS via ADT method. To maintain
stability under varying conditions, controllers of subsystems are designed using the backstepping
approach. Additionally, an ADT-based switching rule is developed to enable smooth transitions between



Mechatronics Tech. Article

subsystems. Compared to fixed dwell-time strategies, ADT intelligently regulates switching frequency
through stability-oriented time constraints, minimizing excessive transitions and mechanical shocks.

The remainder of this paper is organized as follows. Section 2 presents the physical models of the
DSS and YSS, which are subsequently formulated using appropriate state-space representations. In
Section 3, the models are simplified via homeomorphic transformations, and the design procedures for
stable controllers based on the backstepping method are proposed for both DSS and YSS. Then, an
average dwell time approach is adopted to design the switching rule of the switched system. Section 4
contains the simulation results of the proposed method. Finally, concluding remarks are addressed in
Section 5.

2. The MYS and modeling of DSS and YSS

Figure 1 illustrates the structure of the MYS, which mainly comprises a magnetic levitation and drive
system, a support system, and guide bearings. The magnetic levitation and drive system includes a
synchronous disc motor (consisting of suspension electromagnets and a stator), air-gap sensors, and

a controller.

C

__________________________

Figure 1. Structural sketch of MYS. 1: suspension electromagnet (rotor); 2: stator; 3: magnetic
suspension support system; 4: air gap sensor; 5: guide bearing.

Subsection 2.1 presents the physical models of DSS and YSS, which are subsequently transformed
into mathematical models via a suitable state-space representation in Subsection 2.2.

2.1. The physical models of DSS and YSS

The MYS is an electromechanical platform developed in our laboratory as an alternative to traditional
gear-driven yaw mechanisms, as illustrated in Figure 2. It is activated in response to changes in wind
direction. The yawing process includes four stages: lift-off, static levitation, rotation at the equilibrium
point, and landing at the upwind position. During the lift-off stage, the suspension electromagnets and
the wind turbine nacelle rise together under the action of the levitation force until they reach the
equilibrium position. During the landing stage, the suspension electromagnets and the nacelle descend
together to the final position under the combined effects of gravity and the levitation force.

To achieve stable operation, the MY'S is designed as a switched system comprising two subsystems:
the DSS and the YSS. The MY integrates a magnetic suspension and driving system with a supporting
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structure that includes the nacelle platform, tower, and suspension bracket. A synchronous disc motor
drives the system, using a rotor formed by the suspension electromagnet and a stator.

Stator

Suspension
electromagnet
(rotor)

Figure 2. Prototype of the MYS.

2.1.1. Model of DSS

During the DS process, as illustrated in Figure 3, the suspended object either moves upward toward the
equilibrium position (levitation) with acceleration &, or downward to the resting position (landing) with
acceleration 8. Accordingly, the physical model of the DSS is obtained as follows [1]:

(mg —F =mé
e ko di(t) ki) do()
up() = RO + 505"~ ~ 5200 ae (1)
F—1 i2(t)
ot
\

where m denotes the mass associated with the suspension object, F denotes the magnetic lift force, up (t)
represents the DC exciting voltage applied to the suspension electromagnet u(¢) during the DS process,
R is the resistance that arises from the rotor’s winding circuit, i(f) stands for the DC exciting current, o
indicates the air gap for levitation, measured as the distance between the stator and the levitation
electromagnet. k = uoN>S/2, in which po is permeability of vacuum, N is the number of coil turns, and S
is the effective area of the magnetic poles of the suspension electromagnet.
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Figure 3. Mechanical model of MYS.
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2.1.2. Model of YSS

As shown in Figure 3, during the Y'S process, the stator is energized by a three-phase AC current with a low
frequency, thus the rotor will rotate at the equilibrium position with the nacelle up to the wind direction.
The flux linkage produced by the stator current in the dg reference frame can be written as:

o

VI, V2. V2 V6 6
Ldl0059<3 iq 6lb < >+sm9<?lb 6%)]

) V2, V2. V2 Ve Ve ||
L, I—sm9<3 la = — iy — 6 L>+cose<?1b—?%>l

where wy, yq are the flux linkages; L4, L, represent the d and ¢ component of inductance respectively; ig,
iy are the stator currents, 6 = wt is the rotation angle, w is angular velocity.

According to the field-orientation principle, wa could make the MYS rotate, and y;, could change
the magnetic energies stored in the air gap, which will influence the suspension control of MYS. The
suspension control input uy(¢) can be described as

uy (t) = Ri(t) + AW+, ®)
o ko di() ki) do(e) d, (D)
=R+ 505 "0 "5 ar T dr

where uy (t) is the DC exciting voltage of the suspension electromagnet (rotor) u(f) in the YS process,
w(t) represents the flux linkage generated by the rotor’s DC excitating current i(z).
Thus, the physical model of YSS can be given by rewriting equation (1):

(mg — F =mé
A + ()
<uY(t)1:Rl(z))+ T 2)
i2(t
F :E 52—(15)

\

2.2. Mathematical models of DSS and YSS

Subsection 2.1 has given the physical models of DSS and YSS, which are described by equations (1) and (2)
respectively. The mathematical models of DSS and YSS should be established before designing the
controller and switching rule.

The state variables x1, x2, x3 of MYS are defined as:

X1 e
|- o]
X3 i(t)

where e = J(?) — dre(t) and denotes the trajectory error, in which J,.(?) is the reference trajectory.
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From the integration of equations (1) and (2), the corresponding state-space expressions for DSS
and YSS are constructed as follows:

_xz - Sref(t)
. k x3°
i) I G e w2
5(2 — m (X1 + ref(t))
X3 _X1 + 6ref(t) Rx; + X3 X,
k X1 + 61"ef(t) (3)
. |
0
X1+ 6per(t
8y O [uge) + 20 Oy
k
0
where u(t) = up(t) and M =Mp=0in the process of DSS; and u(t) = uy(t), M = My = d[LOi o]
I
dt

in the process of YSS.
3. Controller and switching rule design

In this subsection, a coordinate transformation is used to simplify the mathematical model (3). Then, to
ensure the stability of the two subsystems, the backstepping method is adopted to design the controllers
of DSS and YSS. The switching rule is designed using the average dwell time method to maintain the
stability of the switched system.

3.1. Model transformation

Due to system’s nonlinear complexity, system (3) of the MYS is simplified by employing the coordinate
transformation defined as follows:

Zl = x1
Zy =Xy — 6 ()

kref x32 (4)
Zz3 =9

C2m (g + e (0)?

From equation (4), the inverse transformation can be derived as

x1 = Zl
Xy, =2y + 5ref(t)

5 (5)
m
X3 = \/ k (Zl + 5ref(t))2(g - 23)1

As transformations (4) and (5) are both continuous, transformation (4) represents a homeomorphic
coordinate transformation.
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Consequently, the reformulation of system (3) is given by:

Zl = Zz
Z, =273 — Sref(t) (6)

. X3 _ _
B ¥ Brap(@)) R T B — M),

3.2. Controller design and stability analysis of DSS and YSS
3.2.1. Controller design

The stable operation of MY'S is based on the stability of each subsystem and the switched rule. According
to equation (6), controller u(?) is designed by backstepping approach to ensure the stability of each
subsystem. As the recursive process of backstepping is stopped once the control input u(7) is obtained,
the design process can be divided into three steps.

Stepl: In z;-subsystem, new variables &; = z;, & = z>—a(¢;) are defined, where a;(&;) 1s applied as
a virtual control. For subsystem:

& =&+ ay(éy),

a Lyapunov function is introduced as:

1
Vy = 58(12-
Its derivative is:
V1 =¢&1(&2 + a1(1))- (7)

If the virtual control law is picked as a;(¢1) = —ki&1, where ki1 > 0, a1(&1) 1s a smooth function and
a1(0) = 0, then equation (7) could be rendered into:

Vl = _k1€12 +$182. (8)
Step 2: For {&1, &} -subsystem, according to & = zo—ai(<1), the following equations can be obtained:
séz =2, —a,(§) = z3 — gref(t) —a;.
where o is a virtual control variable, and its derivative is given by:
a; = —k 15.1 =—k.$ + k%srl
Thus, the overall expression becomes:
52 =ki$; — klzfl +2z3 — Sref(t)- )

Then, a new state variable is defined as &= z3—ax(¢1, &), where a2(&1, &) is regarded as a virtual
input. The Lyapunov function is augmented as
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1 1
V, = 5512 + Efzz
Its derivative function is:
Vz = _k1f12 +$2(8, +“k 1§62 — k%ﬁ + 4¢3 (10)

+ a,(¢1,$2) — 5ref(t))

One chooses:
a,(&1,&2) = k%ﬁ =& —k & — k6 + Sref(t)
where k> > 0, and a2(&1, &) 1s a smooth function. Then it is substituted into equation (10), there is:
. 2 2
Vo = —ki§1" —k 328 +$283

Step3: For {&1, &, &} -system, & satisfies the following equation:

& = % (Rxz —u(t) — M) + (1 + kky)z
PUmz 4 S () 2%z (an

+(ky + ky)zs — (ky + kz)gref(t) - gref(t)

In this system, the Lyapunov function is constructed as:
1 1 1
V3 =§S(12+§S(22+§S(32 (12)

Its derivative function is:

Vy = —ki&2 =k o8 +&5 (& +é)
R
= —lady’ —koh + ol s

. x L x (13)
m(z + 6,0, @) " Tz + 6y ()

+ (1 + kiky)zy + (ky + kp)zz — (ky + kz)gref(t)
- Sref(t) + 52]

If the control input u(?) is selected as:

m(z; + Spe(t))

u(t) = x3 [(ki + ks + kikok3)z
+(k1k2 + k1k3 + k2k3 + 2)22 + (kl + k2 + k3)Z3 (14)
Rx3?

—(key + Ky + k3)Erep (£) = Srep(8) + 1-M

m(z, + 5ref(t))
where k3> 0, the derivative function (13) could be rewritten as:

. 2
V3 = _klflz —k zfz - k3€32 <0 (15)
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3.2.2. Stability analysis

For the whole switched system, its working process needs to ensure the stable operation of the two

subsystems, otherwise, the abnormal operation of MYS may occur, and even the mechanical structure

would be damaged. Therefore, it is necessary to analyze the stability property for the two subsystems.
Theorem 1: For the system (3), assume that the control law is established as equation (14).

(I) During the DSS and YSS processes, the air gap length d(¢), its velocity 8(t) and the exciting current
i(f) maintain globally bounded.

(IT) When ¢—o0, d(t) asymptotically converges globally to its reference trajectory d,..(¢), while the
velocity &(t) asymptotically converges globally to its reference velocity 4,.,(t) in the DSS and YSS.
Proof: The proof procedure is given as follows:

(I) As the coordinate transformation (6) is a homeomorphic transformation, and the original system (3)
is equivalent to the new system (6). To prove that the gap length J(¢), the velocity &(¢) and the
exciting current i(¢) are globally bounded, we just need to prove that z;, z, and z; in equation (6)
are globally bounded, respectively.

For the {1, &, &} -system, the Lyapunov function is selected as:

1 1 1
Vs = 5512 +§fzz +§st2

According to equation (13), the derivative under control law (14) becomes

Vo= —hafs —k ofy ~hals <0
=—ki&® —k 2§ + &~ (ky + ks + kykoks)zy
— (kiks + kyks + 1)z; — k3z + k36,7 ()
+ (2, + kq121)] ,
=—ki&® —k 2§ + &~ (ks + kikoks)z,
— (kiks + kyk3)z; — k3zs + k36,5 ()]
=~ ko8 + kaE[—(L+ kiky)z,
— (k1 + ky)z; —z3 + 5ref(t)]

Since
$3 =23 — a(§1,¢2) .
=Z3 — [k%ﬁ — & k& — k6 + 5ref_(_t)]
=23 — [—(1 + kiky)zy — (ky + k3) 2z + Grep ()]
=1+ kiky)zy + (k1 + ky)zp + 25 — Sref(t)

substitute it to V;,, there is
; 2 2 2
Vs =—ki$1" —k 5 —k3é" <0

Clearly, based on the supremum and infimum principle, V3 is bounded when t—oo. Therefore, &1, &,
& are globally bounded. Furthermore, according to the relationship between &1, &, & and z;, z, and z3,
we can draw a conclusion that z;, z, and z5 are globally bounded.
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(IT) To prove the asymptotical convergence global of gap d(?) and velocity &(t), we just need to prove
z1—0, and zo—0, when t—oo0.

For {1, &, &} -system, if the Lyapunov function is selected as:
1 1 1
Vs = 5512 + Efzz + 5532
. 2
Va=—ki&® —k ,& — k3" <0

Obviously, according to the Barbalat’s Lemma, there are £—0 and £&—0 when —o0. As &= z1 and
& =22+ kizi, we can obtain z;—0, and zo—0 when t—oo. Thus, x; - 8,.; and x, - &,,; When t—co.

3.3. Switching rule design

While Theorem 1 confirms the stability of the subsystems, it falls short of ensuring the stability of the
entire switched system. Therefore, the average dwell time technique is employed to formulate the
switching strategy, which is given in Theorem 2.

Theorem 2: For the switched system (6), if it satisfies equations (16) and (17),

kadllxll? VG, 0) < eyl (16)
—&t
@)l < ve~=tllx(eo) -

where x(79) is the initial state of the system, and k;;> 0, k2;> 0, i = {1,2}, and y > I, ¢ > 0, then the
switched system is exponential stable.
Proof: According to the description of the subsection 3.2, the Lyapunov function of the DSS is

as follows:
1 1 1
VLD =6 58" +58]
and the Lyapunov function of the YSS is the same with the DSS’s, which can be described as:
1 1 1
V(2,t) = 2512 + Efzz + 59(32
Then, it can be induced as:
) 1 1 1
V(i t) = 2512 + Efzz + 5532
Similar to the derivation of equation (15), there is

o 2
V(,t) = —klflz —k 6 — k3f32
Then,

V(@i,t) < -AV(i,t)

10
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where the constant A = min{k;}(i = 1,2,3), and 1 > 0.
According to the comparison lemma, the following equation can be obtained

V(i t) < e M0V (i, ty)
Assuming that the switching time is %, k€{1,2,..., N;}, Ny denotes the switching times of the switching
signal during the system’s running time. For N, > 0, No> 0, if the following equation is satisfied:

t_to
N; < N, +

(o

then 75 is defined as the average dwell time of the switched system. Usually, there is No= 0.
If the system switches from subsystem DSS of i to subsystem YSS of j, there is g, -) = j, and 5, +) = i.

Given the following equation
V(i t) < pV(, t) (18)
By applying an iterative algorithm to equation (18), one obtains

V(i) < e AWV (i tg)
< e M- 2V (0 (tg_1), tr-q)

: (19)
< e M=t yNowto) V (0 (), to)
-t
< e M=) To V(g (ty), to)
Since
t=ty T Lh
TR g T _ Ttk (20)
Equation (20) can be further rewritten as:
ﬂlnu
V(l, t) < e—)l(t—to)e Ty V(O-(to): tO) (21)

—(t—tg) (A= H

According to the DSS and YSS, one can choose k1,1 = ki = ka, k2,1 =k22 = kv, and by combing with
equation (16), the following can be obtained

kp
V(2,0 < kyllxll? < 2V (L0

V(o (to) to) < kpllx(to)ll?

Then, according to equation (21), one can obtain

1 1
VA, O  [ky —o-mBey ]2
kol <[] s[k—”e( T t‘”] Ix(to)l
a a

k

11
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where y = (ko/ka)"?, & = 2/2—Inu/(2T5), and combining equation (18), there is u = ks/ks. Therefore, the
system is exponential stability condition under the proposed switching rule.

4. Case study

According to the established models of DSS and YSS in Section 2, the performance of the proposed
method is validated through simulations in Matlab/Simulink environment. The parameters used in the
simulation are summarized in Table 1.

Table 1. Parameters of the MYS.

Parameter Value Parameter Value
g 9.8 m/s? N 6400
m 500 kg S 235050 mm?
R 44Q o 47 x 107 H/m
ia 10sin(wt) A w 1.68 rpm
ip 10sin(wt — 120°) A Ly 25 mH
i 10sin(wt + 120°) A

In practical operation conditions, the YSS will operate when the DSS runs to its stable state. In this
study, it is assumed that the wind direction changes from 0 s. The variation of the magnetic linkage under
the process of the YSS is shown in Figure 4.

0.6 T T T T T T T T T

04t y

=

b
T

|

dy, 1)/ di

2 4 b 2 10 12 14 16 12 20
tls

Figure 4. The variation of the magnetic linkage.

The variation of the magnetic linkage would influence the YSS. The proposed controller designed
by backstepping method can ensure the stability of YSS. Even though the controller can ensure the
stability of the subsystems, if the DSS and YSS switch at any moment without designing the switching
rule, it may lead to the instability of the switched system.

The reference trajectories for the DSS and YSS are selected as 0.005¢™* + 0.01 and 0.01
respectively. Then, the state trajectories of DSS and YSS after normalization are shown in Figure 5
and Figure 6, respectively.

12
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Figure 5. The state trajectory of the DSS.

x(1)
x| 7
x,(0)

4 6 2 10 12 14 16 18 20

Figure 6. The state trajectory of the YSS.

As demonstrated in Figure 5 and Figure 6, the states x;, x,, and x5 are all stabilize within 6 s, and the
states in the Y'SS even reach stability within 4 s. Thus, the stability of both subsystems is secured through the
controllers in Subsection 3.2, affirming the effectiveness of the proposed control scheme. However, the
stability of the subsystems cannot ensure the stability of the switched system. Therefore, we need to verify
the switched system’s stability by average dwell time technique proposed in subsection 3.2.

It is known that if equations (16) and (17) are satisfied, and y > 1, ¢ > 0, the switched system
satisfies exponentially stability. Due to y = (k»/ka)"?, & = A/2—Inu/(2T5), one chooses ko= 1/2, ko= 1,
then, u = 2, T5> Inw/A. If the parameters are chosen as k1 = 30, k> = 20, k3= 20, 4 = 2, then 76> 0.35 s.
And we can know that if the average dwell time satisfies 75> 0.35 s, the MY'S can guarantee the stable
operation not only in each subsystem, but also in the switching system.

In the simulation, the DSS’s dwell time is chosen as 6 s, and the YSS’s dwell time is 8 s. Figure 7

shows the state trajectory tracking of the system under the average dwell-time switching method.

0.2

_'|

switching signal O

"3
0.15 2 x| 7
| x, (1)
0.1 2 =
1 x; (1)
0.05 0 ) ) -
e 1} 5 10 15 20
> 0
=
-0.05 f =
-0.1 i
-015 =
032 1 1 1 1 1 1 1
0 2 4 1] 2 10 12 14 16 18 20

t/s

Figure 7. The state trajectory tracking using the average dwell-time switching method.

13
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According to the actual condition, MYS needs to switch into the YSS when the DSS runs to stable
state. The running time of YSS needs to be dynamically adjusted according to the variation of wind
direction. In this paper, 8 s is assumed to make the YSS run to the wind direction accurately, and then,
the system would switch to the DSS. As shown in Figure 7, DSS runs in 0-6 s and 14-20 s respectively,
and YSS works in 614 s.

As shown in Figure 7, the MYS runs in the process of DSS at first (0 s—6 s), then, it switches to the
process of YSS until the DSS is stable. Subsequently, the YSS runs 8s (6 s—14 s) to make the MYS yaw
to the wind direction. After that, it switches to the DSS again (14 s—20 s). Despite the mode changes
occurring around r=5s,¢=10s, and ¢ = 15 s, the system states x;, x,, and x3 remain uniformly bounded
and converge smoothly to the equilibrium. The results confirm that the proposed switching controller is
effective and that the system remains stable under the average dwell time approach.

To further assess the proposed switching rule’s effectiveness, a comparative experiment is
conducted using a dwell-time (fixed-time) switching system. In the simulation, the dwell time of both
DSS and YSS is set to 10 s, while the system switches every 5 s in a fixed manner. Figure 8 shows the
state trajectory tracking of the system under the dwell-time switching method.

0.2 T T

3 | : swiltching siglnal @ | I ‘
0.15 21 x| 4
01 I 0
i Xt | |
— 0.05 00 5 10 15 20
*x O
-0.05 b
0.1 b
-0.15 b
0.2 I L 1 L L L L I
0 2 4 6 8 10 12 14 16 18 20

t/s

Figure 8. The state trajectory tracking of the system under the dwell-time switching method.

From Figure 8, it can be observed that the convergence of state x5 is faster compared to that in
Figure 7. However, the convergence speeds of states x; and x, are noticeably slower than those under
the ADT method shown in Figure 7. Moreover, the switching rule in Figure 7 is more flexible, enabling
more adaptive transitions between subsystems. In contrast, the system in Figure 8 follows a strict fixed
dwell-time rule, requiring a minimum dwell time to be satisfied before each switch occurs. In summary,
the ADT method offers clear advantages over the dwell-time switching approach.

5. Conclusions

In this study, precise mathematical models of the DSS and YSS have been established. Since the stability
of each subsystem is required in the MYS, the stable controllers of the DSS and YSS are designed by
backstepping approach. However, the stability of single subsystem cannot ensure the stability of
switched system. Therefore, in order to ensure the switching stability between DSS and YSS, the average
dwell time is applied to design the switching rule to ensure the stability of the switched system. Finally,
the simulation results show that the proposed method can guarantee the stability not only in each
subsystem process, but also in the whole switched system.
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Future research will concentrate on enhancing the trajectory tracking process, developing a
mathematical model of the MYS in yawing mode, and designing stable switching strategies among the
three operational modes: levitation, yawing, and landing. In addition, the proposed switching controller
will be further extended by incorporating yaw misalignment effects and evaluating its combined impact
on energy efficiency, even under faults, disturbances, and varying load conditions.
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