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Abstract

The Magnetic Suspension Balance System (MSBS) serves as a core apparatus for interference-
free aerodynamic testing in wind tunnels, where its high-precision levitation control perfor-
mance directly determines the reliability of aerodynamic force measurements. This paper
addresses the strong coupling issues induced by rigid-body motion in the MSBS vertical
suspension system and proposes a decoupling control framework integrating classical
decoupling methods with geometric feature transformation. First, a nonlinear dynamic
model of the six-degree-of-freedom MSBS is established. Through linearization analysis of
the vertical suspension system, the intrinsic mechanism of displacement-pitch coupling is
revealed. Building upon this foundation, a state feedback decoupling controller is designed
to achieve decoupling among dynamic channels. Simulation results demonstrate favorable
control performance under ideal linear conditions. To further overcome its dependency on
model parameters, a decoupling strategy based on geometric feature transformation is pro-
posed, which significantly enhances system robustness in nonlinear operating conditions
through state-space reconstruction. Finally, the effectiveness of the proposed method in
vertical suspension control is validated through both numerical simulations and a physical
MSBS experimental platform.

Keywords: magnetic suspension and balance system; vertical suspension system; state
feedback decoupling controller; geometric feature transformation

1. Introduction

Wind tunnels represent critical ground-based simulation facilities, providing indis-
pensable data support for aircraft aerodynamic design and performance evaluation [1].
Unlike traditional wind tunnel testing techniques employing mechanical supports and
strain-gauge balances, MSBS constitutes a breakthrough contactless support and measure-
ment technology [2]. The fundamental principle involves utilizing actively closed-loop
controlled electromagnetic forces to apply precise suspension forces to test models incor-
porating permanent magnets or ferromagnetic structures. This enables stable levitation
of model within the wind tunnel test section flow field without mechanical contact [3,4].
Simultaneously, the system computes aerodynamic forces and moments acting on the sus-
pension model by real-time monitoring of driving coil currents and six-degree-of-freedom
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position and orientation data of the suspension model [5-7]. The MSBS completely elimi-
nates mechanical support structures, thereby fundamentally removing physical flow-field
interference caused by support struts. This technology offers a promising pathway for
acquiring high-fidelity aerodynamic test data [8,9].

The development of high-performance controllers is essential for the engineering
application of MSBS, enabling stable model suspension in strongly disturbed flows [10].
Existing research has primarily focused on decentralized control architectures. Various
control strategies have been explored, including independent PD controllers for each
degree of freedom [11], PID control applied to magnetically suspended re-entry vehicle
models [12], IFT adaptive control [13], and PI controllers for error elimination [14]. Some
studies have specifically addressed decoupling challenges, proposing methods such as
feedforward control with decoupling scaling factors [15]. Other notable contributions
include a high-frequency synchronous PI control system that improved response times [16],
a dual-loop digital controller for enhanced stability [17], and an FTD-based algorithm for
noise suppression [18].

Despite these advancements, decentralized control remains predominant. This ap-
proach faces fundamental limitations in systems like the high-aspect-ratio missile-type
configuration studied herein, which differs significantly from re-entry vehicle models
investigated by NASA Langley Research Center and Old Dominion University [19-21].
The elongated geometry creates substantial offsets between electromagnetic force applica-
tion points and the center of mass, inducing strong translational-rotational coupling that
can provoke destabilizing oscillations without precise compensation. Although decou-
pling strategies have been proposed [14], research specifically addressing five-pair coil
MSBS configurations under strong coupling conditions remains limited. Therefore, advanc-
ing research on coupled dynamic modeling and decoupling control for high-aspect-ratio
missile-type models in MSBS is of both significant theoretical importance and practical
engineering value.

Based on the observations above, this paper addresses the vertical suspension control
of a MSBS by adopting a six-degree-of-freedom dynamic modeling, analysis, and decou-
pling control approach for a high-aspect-ratio missile-type model. Main contributions of
this paper are as follows:

(1) For the MSBS applied to high-aspect-ratio missile configurations, a six-degree-of-
freedom dynamic model is established. Taking the vertical suspension system as an
example, linearization-based analysis reveals the inherent translational-rotational cou-
pling mechanism caused by the deviation between electromagnetic force application
points and the model’s center of mass.

(2) A model-based feedback decoupling controller is designed and evaluated specifically
for the vertical suspension system. Both simulation and experimental results demon-
strate that this method exhibits high sensitivity to parameter variations, revealing its
fundamental limitation of insufficient robustness in practical MSBS applications.

(3) A decoupling control strategy based on geometric feature transformation is pro-
posed. This method eliminates the dependency on precise system parameters and
demonstrates effective decoupling performance through comparative simulations
and experimental validation on an actual MSBS.

The paper structure is as follows: Section 2 describes the MSBS, establishes the six-
degree-of-freedom dynamic model, and presents the linearization process. Section 3
analyzes coupling mechanisms and presents the feedback decoupling controller alongside
the geometric-feature-transformation-based decoupling control strategy. Section 4 details
simulation and experimental validation. Section 5 summarizes conclusions and outlines
directions for future work.
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2. System Modeling and Linearization
2.1. MSBS Description and Six-Degree-of-Freedom Dynamic Equations

The MSBS comprises electromagnetic coils, a connecting frame, a controller, a position
sensor system, and a model with embedded cylindrical magnets. The system structure
is illustrated in Figure 1. The coil system consists of eight electromagnets (#1 to #8) and
two solenoids (#0 and #9), arranged in a point-symmetrical distribution centered at the
origin of the test section [18]. A right-handed Cartesian coordinate system is fixed relative
to the wind tunnel. The origin of this coordinate system is defined at the reference center
(typically the center of mass of the test model) [22]. The positive x-axis is aligned with the
freestream flow direction, the y-axis lies in the horizontal plane perpendicular to the x-axis,
and the z-axis completes the right-handed system by pointing vertically upward.

Figure 1. Schematic diagram of the MSBS structure and coordinate system.

In the MSBS, the electromagnetic array achieves precise control over the six-degree-of-
freedom motion of the magnetically suspended model through the application of three-
dimensional electromagnetic forces and moments. The electromagnetic force components
are defined as follows: the axial force along the wind tunnel axis, the vertical force in
the vertical direction, and the lateral force in the horizontal transverse direction. The
electromagnetic moment components include the pitching moment, yawing moment and
rolling moment. The specific current combinations required to generate these forces and
moments are summarized in Table 1.

Table 1. Coil current combinations.

Form of Resultant Current Form of Resultant Current
Force Combination Force Combination
Axial force (In+ Iy) Pitching moment (h+1L—Is—1I)
Vertical force (h+L++I) Yawing moment (Lh+1y—Ig— Ig)

Lateral force (I + Iy + I + Ig) Rolling moment

Note: Iy to Iy represent the currents passing through electromagnets 0 to 9, respectively.

(12—14+16—Ig)

The position and attitude sensor system employs optical position sensors integrated
with five high-resolution CCD linear array sensors [23]. As shown in Figure 2, CCD linear
array sensors capture images of the model illuminated by LED light sources. Model position
and orientation are derived by detecting model edges and marker boundaries.
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Figure 2. Position and attitude sensor system (where Oy — x,Y32;, is body coordinate system).

The magnetic excitation array of the MSBS is primarily configured at the nose and
tail sections of the suspension model. Spatial magnetic flux density distributions exhibit
significantly higher field strength near the suspension model ends compared to the mid-
section. This non-uniform field distribution allows simplification of the electromagnetic
resultant force into concentrated forces acting at the suspension model nose and tail.
Simultaneously, the gravitational vector acts at the suspension model center of mass.
Additionally, spatial electromagnetic fields generated by excitation coils induce restoring
moments on the suspension model.

As shown in Figure 3, the suspension model of MSBS can be treated as a lightweight
rigid rod with specific moments of inertia. This equivalent model provides a simplified basis
for analyzing six-degree-of-freedom motion (particularly translation-rotation coupling).
The differential equations for six-degree-of-freedom motion are expressed as:

dV,
m gll?del = Frotal (1)
dH,,

T;del + wx X Himodel = Tmodel
where Vo401 is the velocity of the suspension model, wy is the angular velocity about the
x-axis in the rotating coordinate system, and Hy,oqel is the angular momentum of the rotor
about the center of mass. Fyoy and Tiogdel are the total external force and moment acting
on the magnetically suspension model, respectively.

zl zr

F o 1 _ F

xl xr

£y F,

»r

Figure 3. Schematic of force acting on the suspension model (where Fy;, F), F;; are the external forces
on the front/left end. Fy, Fyr, and F;, are the external forces on the rear/right end of the model).

Constructing the dynamic model of the suspension model requires analyzing its force
state along three axes. In the vertical degree of freedom, the model is governed by gravity
and the vertical resultant force generated by the front and rear vertical electromagnets.
The lateral degree of freedom is dominated by the resultant force from the front and rear
lateral electromagnetic actuators. The axial degree of freedom is influenced by both the
resultant force from the front and rear axial electromagnetic actuators and aerodynamic
disturbances. To achieve accurate control modeling of the model in the absolute coordinate
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system, the force balance relationship must be transformed into this coordinate system.
This coordinate transformation ultimately leads to the differential equations characterizing
the translational motion of the model:

mXo = Iy total
my, = Fy_total (2)
mzy = Fz_total

where x,, y, and z, are the coordinates of the center of mass of the magnetically suspension
model along the x, y, and z axes in the absolute coordinate system. Fy_ota1, Fy_totals Fz_total
are the resultant forces acting on the model along the x, y, and z axes, respectively. The
expressions for the resultant forces along each axis are as follows:

Fx_total = Pe,O + Fe,9 + Fp
Fy_total = Fe,2+Fe,4+Fe,6+Pe,8 _FY (3)
E, totat = Fe1 + Fe3 + Fo5 + Fo7 + Fp —mg

where F,;,i =0,1,...,9 represents the electromagnetic force exerted by the i-th electromag-
net on the model, Fp is the drag force experienced by the model in the flow field, Fy is the
side force, and F} is the lift force.

By projecting the rotational equations from (1) into the body-fixed coordinate system,
the rotational equations in the absolute coordinate system are obtained as:

]x‘P = Tx

]zl_l_J - ]x(PG = Ty 4)
JyO + Jxpyp = T

where [y, Jy, |, are the moments of inertia about the x, y, and z axes, respectively. 0 is the
pitch angle of the magnetically suspension model, ¢ is the yaw angle, and ¢ is the roll
angle. Ty, Ty, and T; are the resultant moments about the x, y, and z axes, respectively.

2.2. Linearization of Vertical Dynamics Equations

Ignoring the additional moment generated by the electromagnetic coils on the mag-
netically suspension model, it can be observed that the angular rate of the model about the
x-axis couples the rotational motions of the y and z axes, causing the lateral moment to
induce dynamic responses in the orthogonal direction. Since the roll degree of freedom
is released during suspension and the roll angular velocity is very small [24], it can be
assumed that ¢ ~ 0. Therefore, the terms J,¢¢ and | x4>9 in the equations can be neglected,
meaning that the rotational motions about the y and z axes are decoupled from each other.
The vertical dynamics equations can thus be further simplified as follows:

mz, = Fe,l +Fe,3+Fe,5 +Fe,7 —mg
z: ()

0 Lper
]yg = (Fe,l +Pe,3 - FB,S - Fe,7) Z

where Lper is the length of the embedded permanent magnet.
When the center of the embedded permanent magnet rod is located at (x,1,0, z¢1), the
electromagnetic force acting on the model is given by:

[Sl[e8)

_5 _
Fp1 =kmh (3251 (Zfl + (xel + Lper/z)z) F - (Zgl + (xel + Lper/z)z)

5 3
-3 -3 6
=323 (28 + (xa = Lper/2)?) 7+ (24 + (%1 — Lper/2)?) 2) (©)
= k111G (2ze1)
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where k,,; is the electromagnetic force coefficient of electromagnet 1, and G(z,1) is an
auxiliary function of z,.

Under static suspension conditions, it is assumed that the center of mass of the model
fluctuates within a small range near x,1. Thus, (Xe1 + Lper/2) and (x,1 — Lper/2) can be
regarded as constants, and their influence on the vertical electromagnetic force acting on
the model can be neglected. The electromagnetic force F, ; is linearized at the equilibrium
point z,; = z1, Iy = I:

(Zel - Zl)

Fe,l ~ kmllvlc(zl) +km1G(Zl)(11 - vl) +kmllvl % . (7)
1

=kmG(z1) 11 + ki G’ (21) Ip1 (ze1 — 21)

where G'(z;) is the partial derivative of G(z,) with respect to z, evaluated at the equi-
librium point z,; = z1, and I is the current flowing through electromagnet 1 at the
equilibrium point.

Similarly, the linearized expression of the electromagnetic force exerted by electromag-
net 3 on the model at the equilibrium point (z3, I,;3) is:

Fo5 ~ ky3G(2z3) I3 + kn3G' (23) L3 (ze3 — 23) (8)

where k3 denotes the electromagnetic force coefficient of Electromagnet 3, and I3 repre-
sents the current through Electromagnet 3 at the equilibrium point.

Assuming the distance between the outer surface of the core of electromagnet 1 and
the x-axis of the absolute coordinate system is Ly, it can be obtained that z3 = 2L, — z3,
I = Iz = Iy, and I3 = I,;; = Iy Therefore, the total electromagnetic force acting on the
front end of the model along the vertical direction, F, 13, is:

Fe,13 = Le,1 + Fe,3
= kyfilyf + kyez (21 — 2Ze1)

©)

where kg and ky¢, correspond to the current stiffness and positional stiffness of the front
vertical segment, respectively.

Following the same linearization procedure, the electromagnetic force acting on the
rear vertical segment of the model, F, 57, is derived as:

F.57 = kybilyp + kybz (25 — 2e5) (10)

where kyp,; and k4, are the current stiffness and positional stiffness of the front vertical
segment, respectively, and I, = Is = Iy holds. Under static suspension conditions in the
absence of flow, the boundary conditions satisfy:

kyezz1 = kybzzs = mg/z (11)
Thus, introducing the linearized electromagnetic forces given by Equations (9) and (10)

into the system of Equation (5) yields:

mzo = kygilyf — KygzZe1 + kybilyb — KybzZes
zZ: Lper (12)

]_l/é = (kaiIVf - kvfzzel - kaiIVb =+ kvbzze5>T
3. Design of the Decoupling Controller for Vertical Suspension System

3.1. Coupling Term Analysis
Based on the rigid-body properties of the magnetically suspension model, it is obtained that:

Lper . Lper .
Zel = Zo + —5-SInb, ze5 =zo — -5 sinf (13)
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It should be noted that near the equilibrium point, the pitch angle remains sufficiently
small [25]; hence, sin ~ 6. Accordingly, Equation (13) reduces to:

L L
Zel = Zo + 550, Zes5 = 2o — 5= (14)

Let u¢ and u,3, denote the control voltages applied to electromagnet pairs (1, 3) and
(5,7), respectively. Ryf and Ry, represent their respective series resistances. Ly and Ly,
represent their corresponding series inductances. The voltage—current relationship for each
electromagnet pair is described by:

uyf = IyfRyf + vajvf (15)
ttyp = Iy Ryb + Lyb b (16)
The state vector is defined as:
T . . T
Xv=|x1 x X3 X4 X5 xé} = [Zel zZa L Zes zes Ivb} (17)
By incorporating the dynamic equations and geometric constraints, it can be derived that:

Lper 34 . . Lper 34
520, Zes =2z — 570 (18)

Ze1 = Zo +
Substitution into the governing dynamic Equation (11) leads to:

{ Zo = - (kuixs — kyg X1 + kypiXe — kybyXs) (19)

o L
0 = 7. (kytixs — kygX1 — kybiXe + kypzXs) =5

Substituting Equations (13) and (18) into Equation (19) yields:

. kaZ L}Z)erkvfz kvfi L}zjerkvfi kaZ Ll%er kvbz kai legerkvbi
== —A — - 2
el ( m oA )t e e )Rt e P et e B0

w kvfz L%erkvfz kvﬁ L%erkvﬁ kvbz le;)erkvbz kvbi L%erkvbi
%—<‘m+ . )0\ e et e e et e T e B

T T
Defining the input vector as u, = |:Z/lvf uvb} and the output vector as Yy = [zd 235} ,

the state-space representation of the vertical motion is obtained as:

X, = AyXy + Byt

22
Y, = G Xy 22)

where Ay is the state matrix, By is the input matrix, and Cy is the output matrix, expressed,
respectively, as:

(001 0 0 0 0] [0 0]
a1 0 axp axg 0 ay 0 0

A, = 0 0 azz 0 O O,Bv= b3 OICvzl()OOOO
0o 0 o0 0O 1 0 0 0 00 0100
as; 0 as3 asy 0 asg 0 0
L 0 0 0 0 0 a66_ L 0 b62_
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L2 ko L2,k o L2 ki L2,k
where oz = S+ T 0y, = —bia 1 Ligpi gy = by L gy = by Do
2 2 2
R kygi L erkvfi k L erkvbz kybi L erkvbi R
a3 = — 1, 453 = S — F—, a5 = =5 — F, ase = SR+ o, aee = — T

b1 = 1, b2 = -

The non-zero off-diagonal elements in matrix A reveal that the expression for z,
includes terms a1, a23, az4, and a6, which depend on z.1, Ly, z.5, and Iy, respectively.
This indicates that z,; is related not only to its own state but also to the rear vertical
displacement z,5 and the rear electromagnet current I;,. Similarly, zs5 is influenced by
ze1 and I¢. Therefore, a strong mechanical coupling exists between the front vertical
displacement z,; and the rear vertical displacement z.5 in the suspension system. This
coupling arises from the rigid-body motion (translation and rotation) of the system, where
z,1 and z,5 are related to the center-of-mass displacement z and the pitch angle ¢ through
kinematic relations. In the state-space equation, this coupling is manifested through the non-
zero off-diagonal elements. Such mechano-electromagnetic coupling introduces dynamic
off-diagonal terms [26], altering the system pole distribution and readily inducing low-
frequency oscillations or high-frequency instability [27,28]. Furthermore, strong coupling
between the front and rear displacement channels renders single-channel independent con-
trol ineffective, causing interactive disturbances during command tracking and significantly
increasing steady-state error and settling time.

Furthermore, the dynamic coupling intensity of the vertical suspension system varies
dynamically with operating conditions, with key influencing factors including wind speed,
angle of attack (pitch angle), sideslip angle, and stable suspension state. Specifically, un-
der low-wind-speed conditions, aerodynamic forces are relatively weak, and the vertical
motion is primarily balanced by electromagnetic forces and gravity. As wind speed in-
creases, aerodynamic forces become significantly stronger, making the vertical motion more
sensitive to changes in pitch angle, which leads to a sharp increase in coupling intensity.

3.2. Feedback Decoupling Controller Design

To address the complex strong coupling in multivariable systems, the state feedback-
based decoupling controller [29,30] provides a systematic solution. The core idea involves
precisely analyzing the dynamic response relationship between system inputs and outputs,
particularly the relative degree property, and constructing critical decoupling matrices to
achieve complete dynamic decoupling between output channels.

For the i-th output y; shown in Equation (22), d; is the smallest non-negative integer j
that satisfies the following condition:

GALB, £0, j=1,2,...,n—1 (23)

where ¢; denotes the i-th row vector of the output matrix Cy, and d; denotes the relative
degree of the i-th output y; with respect to the system input. Specifically, if c;A{By = 0
holds forall j = 0,1,...,n — 1, then the relative degree is defined as d; = n — 1.

The decoupling matrix Ey can be formed as
c1AVBy _ lclA%Bv] _ lb31ﬂ23 bez“za]

24
©A®B, @9

v =

2
A7By b1ass  berase

For the system Zp (Av, By, Cy), a necessary and sufficient condition for achieving
integral decoupling via state feedback is that the decoupling matrix E, is nonsingular. Thus,
the system parameters must satisfy the following assumption:

det(Ev) # 0= A = ay3asg — axgas3 # 0 (25)
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The matrix Ly is defined as:
_ AN _ [0 ay axazz 0 Ay (xdes (26)
Y At 0 as1 aszasz 0 asy  asedes
The state feedback decoupling control law is given by:
u, = KXy +Fyvy (27)

where Ky = E; 11, is the state feedback matrix, F, = E, Lis the input transformation matrix,
T
and vy = {vvl sz} is the new reference input vector for controlling the decoupled system.

After applying feedback decoupling controller, the closed-loop system becomes
Ixry(Ay — ByKy, B\Fy, Cy), which satisfies:

GKF,V,ll (S) 0 _ s% 0 (28)
__ 1
0 GRiv2() 0 3

However, the decoupled subsystems remain open-loop unstable. To ensure global
stability and dynamic performance, additional closed-loop controllers must be designed
for each independent channel [31]. Nominal controllers Ky, 11 and Ky, 25 are designed for
the decoupled system, yielding the closed-loop transfer function matrix:

GK?,VJ 1 (S) 0
1+Ggg Kin
GCL,V (S ) = K F’V’z)l ©) M GKF,V,22 (s) (29)

1+GgFy 22 (5)Kvn22

By selecting the form and parameters of the controllers such that the characteristic
roots of the closed-loop transfer function lie in the left half-plane [32], the system can be
stabilized, ultimately achieving synergistic optimization of decoupling and stability.

While the feedback decoupling controller offers an elegant and high-performance
solution under ideal linear time-invariant conditions with precise modeling, its practical
application is limited by high sensitivity to model errors and insufficient robustness. In
real MSBS vertical suspension systems, modeling uncertainties, parameter variations,
unmodeled dynamics, and external disturbances often degrade decoupling performance
and may cause instability.

Moreover, the coupling characteristics vary dynamically with operating conditions,
further increasing the risk of control failure. During stable suspension, weak coupling
allows effective decoupling control near equilibrium. However, when the system deviates
due to wind speed changes, angle of attack variations, or external disturbances, coupling
intensifies significantly. The fixed-model decoupling controller cannot adapt to these
dynamic changes, leading to performance degradation and potential instability.

3.3. Design of Decoupling Controller Based on Geometric Feature Transformation

To reduce sensitivity to model dependence, nonlinearities, and modeling errors, this
article proposes a decoupling control method based on geometric feature transformation,
building upon feedback decoupling control. Considering that the key geometric state
variables of the vertical suspension system include vertical displacement, center-of-mass
position, and pitch attitude angle, the core idea of this method is to transform the vertical
displacements at the front and rear of the model into the center-of-mass position and
pitch angle of suspension model via geometric relationships. The control law is then
designed based on these transformed geometric state variables. The schematic diagram of
the principle is shown in Figure 4.
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Figure 4. Schematic Diagram of Decoupling Control Based on Geometric Feature Transformation.

Specifically, for the vertical suspension system in Equation (22), the control process is
as follows: the setpoint inputs are the target positions of the left and right ends, denoted as
11, and r,, ;. First, a predefined geometric transformation module converts the measured
position values at the left and right ends into feature quantities representing the overall
motion of the magnetically suspension model—namely, the center-of-mass position z. and
the pitch angle 6. Then, a nominal controller receives the deviation signals between the
target and measured values of the transformed features (z., ). This controller outputs two
independent control signals (i, ), corresponding to the control requirements for the
center-of-mass position and the pitch angle, respectively. Finally, these two control signals
are differentially allocated (i.e., u; = uc, + g and u, = uc, — u.g), processed through the
current loop, and used to drive the corresponding electromagnetic actuators.

The definition of the vertical geometric features of the MSBS is illustrated in Figure 5.
The suspension model centroid target position, z., is defined as the arithmetic mean of the
target positions of the front and rear ends, z; 5 and z; o:

Z10 + Zr0
20 = R0 (30)
Electro- Electro-
magnet 1 magnet 5

Electro- Electro-
magnet 3 magnet 7

Figure 5. Geometric Features of the Vertical Suspension System.
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The target attitude angle 6 of the system is calculated using the inverse tangent
function of the ratio between the difference in the target positions at the two ends and the
distance between the suspension points:

0y = arctan (ZZ,O_Zr,O> (31)
Lper

Similarly, the actual position of the center of mass z. is determined as the arithmetic
mean of the actual positions at the left and right ends, z; and z;:

_ Zl+Zr

Zc > (32)

The actual attitude angle of the system is calculated using the inverse tangent function
of the ratio between the difference in the actual positions at the two ends and the distance
between the suspension points:

Z]—Z
0= arctan( ! r) (33)
per
Based on the above, the geometric coordinate transformation matrix is defined as:
- 72
=11 O (34)
Lper Lper

where F; is the geometric coordinate transformation matrix.
PID controller is selected as the nominal controller, and the control law for the center-
of-mass geometric feature is:

t
Upe = kpcezc + kdcézc + kic 0 ezcdt (35)

where uy, is the controller output for center-of-mass, e, is the error in the center-of-mass
geometric feature, and k., k4. and k;. are the proportional, derivative, and integral gains of
the controller for center-of-mass, respectively.

The nominal control law for the attitude angle geometric feature is:

t
upg = kpoea + kageo + ki A epdt (36)

where 1 is the controller output for attitude angle and ey is the error in the attitude angle
geometric feature. kjy and kjg are the proportional, derivative, and integral gains of the
controller for attitude angle, respectively.

The expressions for e, and ey are:

ool
€9 Zy Vzr

The feedback decoupling strategy based on geometric feature transformation, as
developed in this work, deliberately architectures the control system through structural
reshaping of the coupled dynamics. This approach fundamentally redefines the interaction
mechanisms among control commands. Unlike conventional PID or multivariate control
schemes that treat vertical coupling as an external disturbance requiring passive compensa-
tion, the proposed method embeds an analytical model of the system coupling directly into
the coordinate transformation framework. This enables proactive cancelation of anticipated
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coupling effects at the control command formulation stage, thereby achieving a paradigm
shift from reactive suppression to proactive structural decoupling.

4. Simulation and Experimental Validation

In this section, both experimental studies and simulation results are presented to
illustrate the effectiveness of the proposed approach.

4.1. Simulation and Analysis Based on Linear Model

Based on the linearized vertical suspension control system model from Sections 2.2 and 3.1,
simulation verification of the feedback decoupling controller is conducted. First, inde-
pendent PID controllers are used as the nominal controllers for the front and rear vertical
attitude control:

1 kn.
Kyn11 = kpl + k]l 3 + le m (38)
1 K
K =k k= +kp, —2>— 39
vn22 = kp, + 12S+ D21+kN2% (39)

where kp,, k1, kp, and ky, are the proportional, integral, derivative, and filter coefficients
for the left controller Ky 11. kp,, k1,, kp,, kn, are the corresponding coefficients for the right
controller Ky, 20.

The PID controller parameters are set as kp, = kp, = 17, kj, = kj, = 53, kp, = kp, = 0.95,
kn, = kn, = 373. Figure 6 shows the curves of the front vertical position x; and rear
vertical position x4 of the magnetically suspension model without decoupling. Both the
front and rear ends exhibit oscillations with an amplitude of approximately 0.002 m. A
magnified view clearly reveals that the displacement curves at both ends exhibit nearly
sinusoidal fluctuations with a period of about 0.005 s (corresponding to a frequency of
200 Hz) and a phase difference of 180°. This further confirms the presence of significant
dynamic coupling between the front and rear vertical degrees of freedom in the MSBS.
When independent control is applied to the electromagnets at both ends, the front and
rear ends show periodic vibrations with equal amplitude and opposite phase (180° phase
difference), indicating that the vertical suspension system exhibits a typical pitch vibration
mode without decoupling. This mode oscillates persistently at a natural frequency of
about 200 Hz, causing disturbances on one side to trigger cooperative oscillations on both
sides. This phenomenon profoundly reveals the strong coupling between the mechanical
structural dynamics and the control loops. Therefore, a decoupling controller must be
designed to suppress this inherent vibrational mode and improve the stability of the vertical
suspension system.
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Figure 6. Vertical Positions of the Front and Rear Ends Without Decoupling.
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Combining the parameters of the vertical electromagnet array and the magnetically
suspension model, the expressions for the state feedback matrix Ky and input transforma-
tion matrix Fy are obtained as:

K, =
0 00118 0 0 —00179 0.23

_ [ 1.0393 x 104 —2.5362 x 105 1

0 —00179 023 0 00118 0 ]

(40)
Y| —25362x107° 1.0393 x 10°*

For the decoupled system, controllers K, 11 and Ky 22 are still used as nominal con-
trollers. Figure 7 shows a comparison of the front and rear vertical position responses of
the model under the decoupling control strategy and the nominal control strategy. Both
control laws enable stable convergence from the initial position to the target setpoint. No-
tably, compared to the independent nominal controller, the designed decoupling controller
demonstrates performance improvements. The displacement response curves at both ends
show no trace of the previously observed coupling-induced anti-phase sinusoidal oscil-
lations. The steady-state error is minimal, and the settling time is significantly reduced,
indicating excellent dynamic performance and steady-state accuracy under decoupling con-
trol. Detailed comparative results are summarized in Tables 2 and 3. These results strongly
validate the effectiveness of the decoupling control strategy in suppressing the vertical-pitch
coupled dynamic modes and enhancing the overall stability of the closed-loop system.

T1
ZTq 1

0 . . . .
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Time/s

Figure 7. Control Performance Based on Feedback Decoupling.

Table 2. Detailed comparative results of x.

Indicator Steady-State Error Peak Value  Vibration Frequency
Without Decoupling 0.001033 0.0943 200 Hz
Feedback Decoupling 0 0.0824 0Hz

Table 3. Detailed comparative results of x4.

Indicator Steady-State Error Peak Value  Vibration Frequency

Without Decoupling 0.001016 0.0820 200 Hz
Feedback Decoupling 0 0.0749 0Hz
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4.2. Simulation and Analysis Based on Nonlinear Model

From Section 3.2, the design of the feedback decoupling controller relies on the lin-
earized system model. However, the actual vertical suspension system of the MSBS exhibits
unmodeled nonlinear dynamics and parameter uncertainties, leading to significant degra-
dation of the theoretical decoupling performance in practical closed-loop control. To verify
its robustness, the designed feedback decoupling controller is applied to a nonlinear system
model for testing, yielding the position curves shown in Figure 8. The simulation results
show that although the controller achieves stable tracking of the target setpoint, the re-
sponse curves exhibit sustained low-amplitude oscillations, and the front and rear vertical
displacements show asymmetric fluctuation characteristics. Therefore, under strongly
nonlinear conditions, the feedback decoupling mechanism based on ideal linear assump-
tions cannot fully eliminate the inherent vertical-pitch coupling mode, and its decoupling
effectiveness is significantly reduced due to model mismatch.
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Figure 8. The impact of model nonlinearity on decoupling controller.

To verify the performance of the geometric feature transformation-based decoupling
controller under nonlinear conditions, the simulation directly used the full-order nonlinear
magnetic suspension model as the controlled plant (i.e., without linear approximation).
The controller parameters in Equations (35) and (36) are set as kyc = 290, k;c = 25,
kic = 20, kyg = 22, kg9 = 2, kip = 1.5. Figure 9 shows a comparison of the results
under two control strategies. Under the independent control strategy, the pitch attitude
angle exhibits sustained constant-amplitude oscillations with a steady-state amplitude
of 1.8°, indicating that the pitch-vertical coupling mode of the un-decoupled system is
not effectively suppressed. In contrast, under the geometric feature transformation-based
decoupling controller, the pitch angle rapidly converges from an initial offset of 0.57°
to the target value of 0° without overshoot or oscillation. The response curve shows
strictly monotonic convergence characteristics throughout both the transient adjustment
and steady-state phases. Thus, the proposed decoupling controller overcomes the stability
limitations of traditional independent control and achieves dynamic decoupling of the
vertical/pitch channels in a strongly nonlinear system.

Figure 10 shows the vertical displacements of the left/right endpoints and the center-
of-mass vertical displacement of the model under geometric feature transformation-based
decoupling control. The results indicate that all three curves converge to the target position
with small steady-state errors. The transient trajectories of the three positions change
in strict synchrony, and no significant oscillations occur in the steady-state phase. The
vertical-pitch coupled vibrations are completely suppressed.
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Figure 9. Attitude Angle Under Geometric Feature Transformation-Based Decoupling Control.
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Figure 10. Vertical Position Curves Under Geometric Feature Transformation-Based Decoupling Control.

4.3. Experimental Validation and Analysis

This section verifies the effectiveness of the proposed estimation method using suspen-
sion data from the axial suspension system of a MSBS, as shown in Figure 11, developed
by the College of Intelligence Science and Technology, National University of Defense
Technology. Through an H-type linear CCD attitude detection system and current sensors,
real-time acquisition of the suspension model’s positional data and current signals is per-
formed. This data is transmitted to the controller for computation. The controller outputs
PWM signals to the silicon carbide (SiC) chopper, actuating the power supply to energize
the electromagnets. The resulting electromagnetic force counteracts the gravitational and
aerodynamic loads on the model.

Vertical suspension control experiments were conducted on a dedicated MSBS experi-
mental test platform. The sampling time of the vertical suspension control system is set
to 0.5 ms. Independent PID controllers are used to control the front and rear ends of the
experimental model, with controller parameters set as kp, = kp, = 1, k;; = ki, = 0.15,
kp, = kp, = 0.05, kn, = kn, = 800. Figure 12 shows the vertical position curves of the front
and rear ends of the magnetically suspension model without decoupling. As illustrated,
the displacement curves of both the front and rear ends exhibit periodic fluctuations. The
fluctuation amplitude of the front end is 0.006 m, which is larger than that of the rear end
which is 0.005 m.
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Figure 11. Physical Setup of the Wind Tunnel MSBS.
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Figure 12. Vertical Position Without Decoupling.

From the zoomed-in section between 30 s and 31 s, it can be clearly observed that both
exhibit a vibration pattern approximating a sinusoidal waveform, with a vibration period
of approximately 0.015 s, corresponding to a frequency of about 66.7 Hz. Furthermore, the
phase difference between the vibrations of the front and rear ends is close to 180°, meaning
they move in opposite directions, demonstrating a clear anti-phase oscillation mode. This
anti-phase vibration is a typical manifestation of vertical coupling, indicating strong dy-
namic coupling effects within the system. Therefore, the vertical suspension system of the
MSBS exhibits significant coupled vibration, with the front and rear ends demonstrating
anti-phase sinusoidal oscillation, necessitating effective decoupling strategies.

Figure 13 shows the vertical position of the suspension model under the geometric
feature transformation-based decoupling controller. The vertical motion characteristics of
the MSBS are significantly improved under this controller. After 10 s, the vertical position
of the model rapidly reaches a stable state, with the steady-state error maintained within a
small range. Specifically, the fluctuation amplitude of the front end ranged from —1 mm
to 1.5 mm, while that of the rear end ranged from —0.5 mm to 0.5 mm. The displacement
curves of the front and rear ends show highly consistent and synchronous variation charac-
teristics during both transient and steady-state phases, with no significant phase difference
or anti-phase oscillation observed between their trajectories. This result clearly indicates
that the original vertical-pitch coupled vibration has been effectively suppressed, further
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demonstrating that the controller not only possesses excellent decoupling capability but
also ensures system stability and dynamic response performance. Consequently, these
experimental results fully validate the effectiveness of the geometric feature transformation-
based decoupling control strategy for the magnetic suspension system, providing a reliable
experimental basis for the decoupling control of complex multi-degree-of-freedom systems
like the MSBS.
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Figure 13. Vertical Position Under Geometric Feature Transformation-based Decoupling Controller.

5. Conclusions

This study addresses the strong mechanical coupling in the vertical suspension system
of a supersonic wind tunnel magnetic suspension balance by establishing a six-degree-of-
freedom nonlinear dynamic model. Through linearization analysis of the vertical subsys-
tem, the coupling mechanism between rigid body translation and rotation induced by the
off-diagonal terms in the state equation is revealed. Simulations and experiments demon-
strate that this coupling excites a high-frequency pitch oscillation at 200 Hz in the linearized
model, with a simulated amplitude of 0.002 m, while manifesting as a low-frequency beat
vibration at 66.7 Hz in the actual nonlinear system, with an experimental amplitude of 0.006
m. Such an anti-phase vibration mode leads to unsatisfactory performance of independent
control strategies and makes the system prone to instability.

Based on above analysis, a state feedback decoupling control method is investigated,
which completely suppresses the oscillation in the ideal linear model, achieving smooth,
overshoot-free stable convergence. However, its performance heavily depends on model
parameters, resulting in limited decoupling effectiveness in the practical system. Sub-
sequently, a geometric feature transformation-based decoupling controller is proposed.
Simulations with the full-order nonlinear model demonstrate oscillation-free convergence
of the pitch angle from 0.57° to 0°, and experiments confirm its efficacy in suppressing the
66.7 Hz vibration, significantly reducing vertical displacement fluctuations. This method
successfully eliminates the vertical-pitch coupled mode, enabling the system to stabilize
within 10 s. By reconstructing the state space, it overcomes the limitations of traditional
methods under nonlinear conditions, providing a more robust control framework for the
MSBS and enhancing the reliability of aerodynamic testing.
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