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Abstract

For a hybrid magnetically suspended flywheel (MSFW) rotor suspended by permanent magnet
biased active magnetic bearing (AMB) and passive magnetic bearing (PMB), the dynamic functions
are nonlinear and coupling among different degrees of freedom (DOFs). In this article, the non-
linear dynamic functions in two controllable DOFs of the hybrid MSFW rotor are developed based
on the equivalent magnetic circuit, and then the nonlinear dynamic function is linearized by using
the state feedback exact linearization (SFEL) in order to minimize the coupling in two controllable
DOFs. Furthermore, an optimal control based on the SFEL model is designed to reduce displace-
ment runout and coupling among two controllable DOFs of the hybrid MSFW rotor at the rated
speed. Finally, the simulation and experimental results validate the effectiveness of the optimal
control based on SFEL model, and the stability of the hybrid MSFW rotor with an impulse-type
disturbance is improved.

Keywords
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Introduction

The magnetically suspended flywheel (MSFW) suspended by the magnetic bearings
(MBs) is regarded as a promising actuator to realize the attitude control of the
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high-precision spacecraft because of its advantages on the long-lifetime, the micro-
vibration, the lubrication-free, and so on.'* The rotor part of MSFW has five
degrees of freedom (DOFs) controlled by the MBs except the axial rotation driven
by the motor. On the one hand, for the whole active MSFW, the rotor part is con-
trolled by the active magnetic bearings (AMBs) in five DOFs.”” On the other hand,
for the passive-active hybrid MSFW, some DOFs of hybrid MSFW rotor are con-
trolled by the AMBs, but other DOFs are suspended by the passive magnetic bear-
ings (PMBs) without power supply.® ® Therefore, the energy consumption of the
hybrid MSFW is reduced greatly because the hybrid MSFW rotor is suspended by
the PMBs in some DOFs. Furthermore, in order to further save the energy con-
sumption of the AMB, a novel structure of the permanent magnet biased AMB dif-
ferent from the pure AMB'®!" is designed in this article. The bias permanent
magnet (PM) ring not only provides the bias magnetic flux for the AMB by repla-
cing the bias current of the pure AMB, but also generates magnetic forces to realize
the passive suspension of the MSFW rotor in some DOFs. However, although the
energy consumption is reduced by adopting this novel permanent magnet biased
AMB in the hybrid MSFW, the magnetic flux superposition and coupling of the
bias PM rings lead to nonlinear dynamics of hybrid MSFW rotor,'? so the displace-
ment runout of hybrid MSFW rotor would be amplified. Moreover, the control
precision on angular moment of the flywheel rotor is determined by its displace-
ment runout in the attitude control of spacecraft,'® so the displacement runout of
the MSFW rotor should be limited to improve the precision of the control torque.
Therefore, the active control about nonlinear model of the hybrid MSFW rotor is
critical to guarantee its stability, and then improve the control precision of angular
moment applied to the spacecraft.

A series of control strategies had been applied to stabilize the MSFW rotor suc-
cessfully. The sliding mode control (SMC)'* was used in the MSFW with a hybrid
MB system, the maximum displacement deflection was restrained to 0.05mm in
radial direction, so the SMC model had good performance on suppressing the
dynamic displacement of the MSFW rotor. The linear parameter-varying control
was also used in the MSFW system to reduce the mean square error of rotor dis-
placement at different rotational speeds.'> Moreover, the variable bias current con-
trol was proposed to save the energy consumption of the MSFW system.'® The
linear quadratic gaussian optimal control was used in the MSFW system to sup-
press the gyroscopic coupling effect at high rotational speed.'” In addition,
researchers also proposed other control methods to improve the control perfor-
mance of the MSFW system such at the feedback linearization control,'® 2! the
inverse system method,?*** the active vibration control**** and so on.

Those proposed control methods could obtain good control performance on the
MSFW system with a pure AMB system. The bias magnetic flux and the control
magnetic flux of the pure AMB are both provided by winding currents, and the
coupling between the bias magnetic flux and the control magnetic flux is ignored
by simplifying the bias magnetic flux into the equivalent bias current, so the decou-
pling model of the pure AMB is obtained. In addition, those proposed control
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methods were designed based on the Taylor linearization (TL) model of the mag-
netic force, the nonlinear terms in dynamic function of the permanent magnet
biased AMB were not analyzed and considered.

For the hybrid MSFW system, the magnetic forces generated by the permanent
magnet biased AMB are coupling because the permanent magnet biased AMBs in
different DOFs share a same PM ring. Thus, the translations of the MSFW rotor
in two controllable DOFs are not only controlled by the permanent magnet biased
AMBs, but also affected by the shared PM ring, so the dynamic model of the
hybrid MSFW rotor is more complicated than whole active MSFW rotor.

In this article, an optimal control based on state feedback exact linearization
(SFEL) model is designed to suppress the displacement runout of hybrid MSFW
rotor. The SFEL model could realize the linearization of the magnetic force gener-
ated by the permanent magnet biased AMB in the hybrid MSFW rotor, and then
the optimal control is applied to minimize the displacement runout of the hybrid
MSFW rotor. So, the stability and the low consumption of the hybrid MSFW
could be guaranteed. This paper is organized as follows. At first, the structure and
protype of the hybrid MSFW are introduced in section 2. The nonlinear coupling
model of the hybrid MSFW rotor in two controllable DOFs is developed based on
the equivalent magnetic circuit in section 3. In section 4, the nonlinear dynamic
model is linearized exactly to a linear model based on SFEL model. The optimal
control based on SFEL model is designed to realize the stable suspension of hybrid
MSFW rotor in two controllable DOFs in section 5. Finally, the effectiveness of
optimal control based on SFEL model of hybrid MSFW rotor is validated by
simulations and experiments in section 6, the superior dynamic response and the
better decoupling ability are obtained by decreasing displacement runout and con-
trol currents.

Structure of hybrid MSFW

As shown in Figure 1(a), the hybrid MSFW system consists of a rotor part, a sta-
tor part, a permanent magnet biased AMB, a PMB, a driving motor, a backup ball
bearing, radial and axial displacement sensors, a seal cover and a basement. The
whole hybrid MSFW rotor is sealed with an aluminum shell in order to increase
the vacuum degree. The permanent magnet biased AMB and the PMB suspend the
flywheel rotor at the equilibrium points in axial and radial directions. The perma-
nent magnet synchronous motor (PMSM) is the driving motor to turn the hybrid
MSFW rotor rotates around the axial principal axis. The backup ball bearing with
0.5mm protective airgap is used to restrict the maximum displacement deflection
of the hybrid MSFW rotor when the permanent magnet biased AMB is powered
off. The displacement sensors mounted on stator part could measure dynamic dis-
placements of the hybrid MSFW rotor in radial and axial directions.

The coordinate and motions with variable terms [x y z «B€Q] on six DOFs of the
hybrid MSFW rotor are shown in Figure 1(b). The rotational speed Q around Z
axis is controlled by the PMSM. The radial translations with displacement
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Figure I. (a) The sketch of the hybrid MSFW system. (b) The rotor coordinate of the hybrid
MSFW rotor.

variables x and y are controlled by the permanent magnet biased AMB and
affected by the PMB. The radial rotations (rotational angle @ around X axis and
rotational angle 8 around Y axis) and the translation in Z axis (displacement term
z) are passively controlled by the PMB when the hybrid MSFW rotor is suspended
at the radial equilibrium position. Due to only two DOFs in radial translations are
controlled by the permanent magnet biased AMB, the dynamic model and the con-
trol model in two controllable DOFs are developed, and the radial rotation of the
hybrid MSFW rotor are analyzed according to the stiffness characteristics and
magnetic torques of the PMB.

Model of hybrid MSFW
Magnetic force of permanent magnet biased AMB

Because the magnetic fluxes generated by the permanent magnet biased AMB and
the PMB are not interlinked in the ferromagnetic steel embedded in the hybrid
MSFW rotor, the magnetic forces generated by the permanent magnet biased
AMB and the PMB could be calculated independently. For the permanent magnet
biased AMB as shown in Figure 2(a), the magnetic forces acting on the hybrid
MSFW rotor are generated by the magnetic fluxes of the bias PM ring and the coil
currents in X + , X—, Y + , and Y- directions. When the hybrid MSFW rotor sus-
pends at the radial equilibrium position, the magnetic flux densities in four airgaps
of the bias PM ring are identical, so the resultant magnetic forces of the bias PM
ring acting on the hybrid MSFW rotor is zero. When the hybrid MSFW rotor
deflects from the radial equilibrium position, the magnetic flux densities in four air-
gaps of the bias PM ring would be different, so the resultant magnetic forces of the
bias PM ring acting on hybrid MSFW rotor is not zero. Therefore, the coil cur-
rents are tuned to balance magnetic flux densities in airgaps along four directions,
and then magnetic forces make the hybrid MSFW rotor back to the equilibrium
position.
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Figure 2. (a) The structure of permanent magnet biased AMB. (b) The equivalent magnetic
circuit.

The equivalent magnetic circuit of the permanent magnet biased AMB is illu-
strated in Figure 2(b), the magnetic flux passes the ferromagnetic steel and airgap,
finally returns to magnet pole. The coil currents in X + and X— directions are equal
and opposite. According to the Biot-Savart law,?® the magnetic forces f,, and Jepin
X and Y axes are respectively expressed into

s e
Jox = fox+ —fao = %

2+ _4’2,
Jey =Jeyt —Jo- = (yToAy)

—~
—_—
~—

where fox + , foxs fop + and f,, are magnetic forces generated by permanent magnet
biased AMB. 4 is the cross-sectional area of single magnet pole. ug is the vacuum
permeability. ¢, 1, ¢, @, + and ¢, are magnetic flux densities along X +, X_,
Y + and Y- directions, and

b = G [2Niy (Gy+ + Gys + Gy + Gom) + 2NixGy+ + 2Niy Gy + —2Niy Gy —Fom G|
x— G
_ Ges [2Ni(Ge + Gys + Gy + Gom) + 2NiGe —2NiyGy+ + 2NiyGy + Fom G
¢x+ - G
b, = Gy [2Niy(Gy+ + Gy + Geo + Gom ) + 2Ni,Gy = + 2Niy Gy + —2Niy G- —Fien G )
y= G
_ Gyi [2Niy(Gy + Gos + Goo + Gom) + 2Niy Gy —2NieGy + + 2NixGy— + Fom G|
¢y+ - G
b = Gom[(Fpm + 2Nic) Gy + + (Fom—2Nig)Ge + (Fom + 2Niy )Gy + + (Fom—2Niy )G,y |
pm G

where Gy, is the magnetic conductance of the bias PM ring, F,y, is the magnetic
potential of the bias PM ring, and they are

Gpm — Mok Apm

i (3)
Fom = Hehpm
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where H. is the coercive force of the bias PM ring. 4,y is the cross-sectional area
of the bias PM ring. A, is the length of the bias PM ring along the magnetization
direction. w, is the relative vacuum permeability. i, and i, are control currents. N is
the number of turns of single winding. g is the bias airgap of the bias PM ring. The
length of the bias PM ring along the magnetization direction is S mm, and the max-
imum airgap of the bias PM ring is 0.3 mm, so there is

Gom < Gyv + Gee + Gy + Gy (4)
And then
G:Gx+ +Gx7+Gy+ +Gy7+Gpm% x + +Gx7+Gy+ + G, (5)

The magnetic conductance in four airgaps are

A A
Gx + = Ho 5 fo = Ho
(g +x) (g —x)
y y (6)
_ Mo _ Mo
Gv + = 5 Gyf -
! (g +y) (g—»)

The magnetic forces could be expressed into

(7)

R STRE SR CURY N ARy SERY i SVRY MRy PRY M PR
Jop = har -3 + oy il + ka3 )+ kg i+ hgs - dy kg -y

where kq1~k1¢ are coefficients of magnetic force f,,, and k»;~k»¢ are coefficients of
magnetic force f,,.

Those coefficients (k;;~k;¢) of magnetic force are variable with radial displace-
ments of the hybrid MSFW rotor. Considering the radial symmetry of the perma-
nent magnet biased AMB, the coefficients of magnetic force f,. are chosen as
example, and relationships among coefficients ky;~k;¢ and radial displacements
are presented in Figure 3. The second-order coefficients (k;;, k5, and k;3) are
much less than the first-order coefficients (kq4, k15, and k) with small control cur-
rents, so the second-order coefficients (k;;, k1>, and k;3) could be neglected in the
dynamic model of the hybrid MSFW rotor. So, the magnetic forces f., and f,,
along X and Y axes are respectively expressed into

_ 2NFomGpm(g® —3)(2¢* + 2 =) . 4NFypmGpm(g® =)y
g(2g% —x2 —2)° Toggr -2y
2 2
(FomGpm)~ (&2 — ) (8)

2
moAdg(2g> — x> = y?)
= k14-ix + k15-i_v + k16-x

Jex
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Figure 3. The relationships among coefficients k| |~k ¢ of magnetic force f,, displacement
deflection in X and Yaxis. (a) Coefficient k;,. (b) Coefficient k;,. (c) Coefficient k;3. (d)
Coefficient k4. (e) Coefficient k5. (f) Coefficient k.
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Figure 4. (a) The structure of the PMB. (b) The coordinate of the PMB. (c) The displacement
variation of the PMB.

_ 2NFpmGpnm (g2 — x2) (2g2 + 3?2 — x2) . ANFpmGpm (g2 — xz)xy )

R g(2g> — x> —)?)? YT g2 - =)
(FpmGpm)z(g2 - x2)2 ©)
1oAg(2g” — x> — 7’

=hog iy T kos iy t ko -y

Jey

X

Magnetic force of PMB

As shown in Figure 4(a), the PMB consists of one PM stator ring and one PM rotor
ring with axial magnetization. Since that the angle range of radial rotation caused
by the PMB is small, the coupling between radial translations and radial rotations
could be neglected. The axial translation of the hybrid MSFW rotor is determined
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by the component of gravity along Z axis, so the hybrid MSFW rotor would deflect
from the axial equilibrium point when the component of gravity along Z axis is not
zero, the magnetic force of the PMB could be further affected by axial displacement
deflection. The magnetic force of the PMB?’ could be written into

1 00,

= __  Zs=er 10
4, 13 ’ (10)

where Qg and Q, are magnetic charges of two PM rings, respectively, and r is the
eccentricity vector of two PM rings. The magnetic force f,. of the PMB is deter-
mined by the eccentricity of two PM rings r = (r,0), and affected by the axial dis-
placement deflection. As shown in Figure 4(b), the eccentricity of two PM rings in
polar coordinate is expressed into

0= arean*) “1)

The direction of magnetic force f),. is consistent with the angle 6, and the ampli-
tude of magnetic force f,, is determined by the radius r and affected by the axial
displacement deflection. The magnetic forces f, and f,, in X and Y axes are
respectively

fox = for - COS O
{jl;,y =;;,,-sin0 (12)

Since the PMB is symmetric about axial axis, the eccentricity of two PM rings is
r = (r, 0) when only motion in Y axis happens, the magnetic force of the PMB
could be expressed into

B3 s

20 (27 (rowl [Tou2

go 1

fl‘”’ = ZJ J J J Iy ——3r1r2dr1dr2d01d02
0 JOo Jrim Jrin 477—/""0 r

. (13)

2m (27 (routl [Tou2 1
- 2J J J J rxﬂgrlrzdrldrzd@ldﬁz
0 0 Finl ¥in2 47TI‘LO r

where o* is magnet pole surface density, r;,; is the inside radius of PM stator ring,
Fin2 18 the inside radius of PM rotor ring, roy is the external radius of PM stator
ring, rour is the external radius of PM rotor ring. The geometric relationship in

Figure 4(c) is obtained as following
12 =15+ + 1y — 2rgricosf; — 2r'rycos’

~2

#? =12+l + 13— 2roricos — 2r'rycos8 + h

pmb
Fy = 12c080; — (ricosf; —rg)

Y= \/rf + 1% — 2rgricost,
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Figure 5. (a) Magnetic force of the PMB versus radial displacement. (b) Stiffness of the PMB
versus radial displacement.

The curve of the magnetic force f,, versus the radial displacement r is plotted in
Figure 5(a) when the axial displacement varies from —1.8 mm to 1.8 mm. The
eccentricity of two PM rings is less than 0.2 mm because of restriction of auxiliary
backup ball bearing, so the magnetic force of the PMB could be expressed into a
linear function with the displacement stiffness k,. and the axial displacement z as
following

ko = kpro — k= - |2] (15)

where k. is the radial stiffness of the PMB when the axial displacement z is zero.
As shown in Figure 5(b), the linearized magnetic forces of the PMB in radial
directions are

fe)r = (kpr() — kz . |Z|) “rp = kpr A
Jox = for€0s 0 = ky.x (16)
Joy = forsin® = kyy

When the hybrid MSFW system works in space, the micro-gravity environment
ensures the MSFW rotor suspends at the axial equilibrium position without axial
displacement deflection, the displacement stiffness of the PMB £k, could be kept at
a constant. For the experiment on the ground, the axial displacement is steady
because of the fixed direction of the hybrid MSFW, so k,, could be regarded as a
constant referring to (15).

Dynamic model of hybrid MSFW rotor in two active DOFs

In Figure 1(b), dynamic equations of the hybrid MSFW rotor in two controllable
DOFs are
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{mjé—fexﬂ;,XJrAj; (17)
my = foy + foy + Af

where Afx and Afy are disturbance forces, and m is the mass of the hybrid MSFW
rotor.

The state variables are chosen as X = [x;xox3x4]" = [x x' y y']". The system
inputs are control currents # = [ul u2]" = [i, i},]T. The system output are Y = [yl
y2]T = [x y]T. Substituting (8), (9), and (16) into (17), the state space function is
written into

Xj: g(Xu; + A (18)
h

where f{X) is the state function, g/(X) is the input function, and 4(X) is the output
function.

fi(X) =x;
fz(X) _ (k16x1 + kp,xl)
S(X) = x4 ()
f4(X) _ (k26X3 + ker3)
gl(X) = %[0 k14 0 kls}T
) (20)
2(X) = E[O kys 0 k4]
1= hl(X) =X
{iz = ha(X) = x3 @)

Dynamic model of hybrid MSFW rotor in two passive DOFs

The rotational angles [« 8] around radial axes of the hybrid MSFW rotor are dom-
inated by the PMB only, so the rotational stability around radial axes is deter-
mined by the torque stiffness of the PMB, the range of rotational angle « is [—1.2°,
1.2°] because of the limitation of backup ball bearing. Taking the rotation around
X axis in Figure 6 for example. The PMB generates magnetic torque p, when the
hybrid MSFW rotor tilts an angle « around the equilibrium position. The calcula-
tion results of the magnetic torque p, and the torque stiffness k. are plotted in
Figure 7, and the magnetic torque of the PMB has the restoring ability. When the
hybrid MSFW rotor deflects from the radial equilibrium position, it could be
pulled back to the equilibrium position by the magnetic torque with a negative
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Figure 6. Radial rotation of the PMB around x axis.
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Figure 7. (a) The magnetic force of the PMB versus the radial displacement. (b) The torque
stiffness of the PMB versus the radial displacement.

stiffness. Therefore, the radial rotations of hybrid MSFW rotor are naturally
stable.

In the meanwhile, the radial rotations of hybrid MSFW rotor are affected by
disturbance torques, and the primary disturbance in radial rotation is the residual
couple unbalance. Due to the great torque stiffness of the PMB, the radial rota-
tional angles of hybrid MSFW rotor are small at high rotational speed. As shown
in Figure 8, the measured result of radial rotational angle is smaller than 0.02°
when rotational speed is 5000 rpm. Therefore, the dynamic equations of radial
translations could be decoupled from radial rotations, and influences acting on
radial translation could be neglected.

State feedback exact linearization of hybrid MSFW rotor

The nonlinear model of the hybrid MSFW rotor in (18) is the conical form, so it
could be linearized exactly to a linear model through the state feedback.”®?° The
dynamic function of the hybrid MSFW rotor in (18) is a four-order affine nonlinear
system with two inputs and two outputs, so its relative degree defined by the Lie-
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Figure 8. The radial rotational angles of the hybrid MSFW rotor at the rated speed 5000 rpm.

derivative is four within the vicinity of X, = 0. Therefore, the space state equation
in (18) could be exactly linearized within the vicinity of X, = 0 through the state
feedback.

Since the relative degree of nonlinear model is four, the matrix 4(X) in (22) is
nonsingular within the vicinity of X, = 0.

(Lo Lihi(X) LyLehi(X)] 1 [k &k
A= [LglL;h;()O ngLj-h;o()] o [kij kﬂ (22)

Defining the matrix as

Lzhl(X) 1 ki + ky)x
b X) = ‘f - 16 pr; l:| 23
0=t ~a e i @
And following inputs are introduced into the nonlinear model
y = Bl} = b(X) + A(X)u (24)
2

The nonlinear model could be transformed into a linear model with a standard
Brunovsky form

X=AX+ Bv (25)

with state variables

(26)



Wen et al. 13

u Nonlinear Dynamic Model Y Output
—{ X}l 2 -
\ X:f(X)~+-Zi:lgl(X)u, + A Y=h(X)

VeV State feedback Linearization

O =i (X)(—b(X) + v]

Linear Controller |
Figure 9. Control diagram of nonlinear hybrid MSFW rotor.
So real inputs applied to the original nonlinear model are
w= A" (X)[=b(X) + ] 27)

Therefore, the SEFL model of the hybrid MSFW rotor has two signal input sig-
nal output (SISO) linear sub-systems.

Optimal control based on SFEL model of hybrid MSFW rotor

The control system designed for the hybrid MSFW rotor is illustrated in Figure 9.
The optimal linear quadratic control is used to decouple the nonlinear model of the
hybrid MSFW rotor. The measured displacements x and y are used as state vari-
ables. The cost function in (28) is chosen to evaluate the dynamic performance of
the hybrid MSFW rotor.

J =

N —

J[XTX + u'u)dt (28)

where X' X represents the state error, and u'u represents the power consumption.

Substituting (27) into u'w and neglecting v'A~T(X)A '(X)b(X) and
b'(X)A T (X)A~'(X)v, a standard cost function for the optimal control is obtained
as following

uTu = [y — b(X)]"A ()47 () — (X))
~T[AX)AT(X)] v+ b(X) T [AX)AT(X)] " b(X)"

It is obvious that (29) is nonlinear about the displacement of hybrid MSFW
rotor, so the linear matrix of the cost function through Taylor series is achieved as
following

(29)



14 Science Progress

a
u'u~u'ul, _,+ X' [$uTu|X_ 0} X

) VTAX)AT(X)] v+
X b(x)T[A(X) 4T (X)] ' b(X)

-X=X"[B, + B,]JX + v Ry

X=0
(30)
where
gm \’
R=\m ) ! 31
(2NFpmGpm> (31)
2 2 2
_ gm . 7(F me) ki
B, = (NinmGpn) .dzag[<74;0 T T %) 0 0 0} (32)
2 2 2
_(em (Fnm)’ by
BZ (NFplnGpm> dlag|:0 0 < ApoAgm + #) 0:| (33)

Substituting (30) into (28), the constant cost function for optimal control of lin-
ear model is

o 1 o
J= J[XT(B1 + B, + DX + v Rv]dt = J[XTQX + v Ry]dt (34)
0 0

N —
N |

where Q = B; + B, + I The feedback law applied to the SFEL model is
v=—R'B'PX=FXx (35)
The matrix P is the solution of Riccati equation as following
Pi+AP-PBR'BP+0=0 (36)

Substituting (35) into (27), the feedback law for nonlinear model of the hybrid
MSFW rotor is

u=A"(X) [—b(X) ~R'B'PX (37)

Numerical simulation and experiment

Magnetic force of permanent magnet biased AMB

The hybrid MSFW rotor is not perfectly symmetric about mass distribution and
geometry, so the unbalance term is not eliminated. When the hybrid MSFW rotor
works at a high rotational speed, the periodical disturbance induced by the residual
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Table |. Parameters of hybrid MSFWV rotor.

Symbol Value Symbol Value Symbol Value Symbol Value

M 1.05 Finl 87.5cm hpm 5mm A 259.8 mm?
o 471077y 925ecm A 999mm?  H, 4.810°A/m
m 45kg Foutl 93.5cm g 0.6 mm hom 10mm

N 150 out2 98.5cm mg 50 mg 0} 5000 rpm

imbalance could affect the stability of the hybrid MSFW rotor. The disturbance
forces caused by the static imbalance mass are

Af, = mgRo? sin(wt + ay) (38)

{ Af, = msRw? cos(wt + ay)
where R is the radius of the hybrid MSFW rotor, my is the static imbalance mass
of the hybrid MSFW rotor, a; is the location of imbalance mass, and w is the rota-
tional speed. The hybrid MSFW in the simulation and experiment is a prototype
used in the attitude control of a middle-size satellite, and parameters are listed in
Table 1. The angular moment of the hybrid MSFW is 25Nm at 5000 rpm. The
matrix P in (36) is

1109.5 4.023 0 0

~ | 4027 0.0329 0 0

p= 0 0 1109.5 4.023 (39)
0 0 4.027 0.0329

And the closed-loop poles are A, = —137.8%121.6i, A5 4 = —137.8%121.6i, so
the control system of the hybrid MSFW rotor with the optimal control based on
the SEFL model is stable.

The feedback law applied to the SFEL model calculated from (35) is

T pe. 33766 2755 0 0
v=-RBPX 0 0 33766 2755|% (40)

Substituting the feedback law into (27), the actual inputs applied to the hybrid
MSFW rotor are updated according to the system states.

In the simulation and experiment, the control performances of the PID control
based on TL model and the optimal control based on SFEL model are compared.
The initial states are X = [—1.5um 0 1.2 wm 0]", and the axial displacement of the
hybrid MSFW rotor is 1.2 mm caused by the axial component of gravity. The mag-
netic forces of the permanent magnet biased AMB would make the hybrid MSFW
rotor suspends at the equilibrium position. The suspension traces of the hybrid
MSFW rotor are plotted in Figure 10(a), the hybrid MSFW rotor is stably sus-
pended at radial equilibrium position when the dynamic displacements equal to
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Figure 10. (a) The suspension traces of hybrid MSFW rotor. (b) The control currents of
nonlinear and linearized model.

zero, and the settling time is 30 ms. Moreover, the control inputs i, and i, of the
nonlinear model and the equivalent inputs v; and v, of the linearized model are
depicted in Figure 10(b), there is no obvious difference between the nonlinear
model and the linearized model, the comparison between control inputs of non-
linear model and equivalent inputs of linearized model indicates that the reference
input could be accurately tracked by the linearized model.

The suspension traces of the hybrid MSFW rotor with a periodic disturbance
and an impulse disturbance are plotted in Figure 11. For the suspension traces of
PID control based on TL model as shown in Figure 11(a), the settling time for the
periodic disturbance is 150 ms, and the settling time for the impulse disturbance is
15ms with 50 wm amplitude. As illustrated in Figure 11(b), for the optimal control
based on SFEL model, the settling time for the periodic disturbance is reduced to
30ms, and the settling time for the impulse disturbance is 5 ms with 45 um ampli-
tude. Therefore, the simulation results show that the optimal control based on
SFEL model has better anti-disturbance performance than the PID control based
on TL model.

Experiment

The protype of the hybrid MSFW with the permanent magnet biased AMB and
the PMB is shown in Figure 12. The displacement sensors, winding of the perma-
nent magnet biased AMB, PM stator ring of the PMB and windings of PMSM are
mounted on the stator part of hybrid MSFW in Figure 12(b). The rotor part
including the PM rotor ring and the hybrid MSFW rotor is shown in Figure 12(c).
The whole experimental setup is displayed in Figure 13, the hybrid MSFW is
sealed in a vacuum tank (pressure <5Pa) to eliminate the influence caused by the
wind drag at a high rotational speed. The main control unit (MCU) based on a
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Figure 11. The suspension traces of hybrid MSFW rotor with periodic disturbance and impulse
disturbances. (a) PID control based on TL model. (b) Optimal control based on SFEL model.

Figure 12. The protype of hybrid MSFW. (a) Full view. (b) Stator part. (c) Rotor part. (d) MCU.

DSP chip and a FPGA chip could realize the control method programming and
collect system signals such as dynamic displacements, control currents and rota-
tional speed. The oscilloscope timely records and displays the dynamic displace-
ments of the hybrid MSFW rotor.
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Figure 13. Control diagram of the hybrid MSFW rotor.
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Figure 14. Suspension traces of the hybrid MSFW rotor. (a) With PID control based on TL
model. (b) With optimal control based on SFEL model.

The initial displacement of the hybrid MSFW rotor sets at X = [—200 um 0 0
0], the suspension trace of the hybrid MSFW rotor with PID control based on TL
model is plotted in Figure 14(a), and the suspension trace of the hybrid MSFW
rotor with optimal control based on SFEL model is illustrated in Figure 14(b). The
overshoot of suspension trace is reduced from 150 pm to 130 wm, and the settling
time is declined from 145ms to 65ms by using the optimal control based on SFEL
model. In the meanwhile, the suspension trace of the hybrid MSFW rotor along Y
axis is affected by the suspension process along X axis, and the oscillation peak is
reduced from 90 pum of PID control based on TL model to 30 pm of the optimal
control based on SFEL model. Therefore, the optimal control based on SFEL
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Figure 15. (a) Dynamic displacements of the hybrid MSFW rotor in X and Yaxes at 5000 rpm.
(b) Control currents i, and i, at 5000 rpm.

model not only has better dynamic performance, but also minimize the coupling
between suspension traces along X and Y axes.

Moreover, the dynamic displacements of the hybrid MSFW rotor at 5000 rpm
are plotted in Figure 15(a), the dynamic displacement of the hybrid MSFW rotor
with PID control based on TL model is shown by the blue line, and dynamic dis-
placement with optimal control based on SFEL model is marked by red line. The
displacement runout (peak to peak value) of the hybrid MSFW rotor is used to
evaluate the control performance, the smaller displacement runout, the better con-
trol performance. The displacement runout of the hybrid MSFW rotor is 55 um
with the optimal control based on SFEL model, but that of PID control based on
TL model is 100 wm. Figure 15(b) shows control currents i, and i, in control chan-
nels of X and Y axes when the hybrid MSFW rotor works at 5000 rpm. By apply-
ing the optimal control based on SFEL model, the control current (peak to peak
value) is reduced from 0.18 A to 0.12 A. Therefore, the optimal control based on
SFEL model has better performance on suppressing the displacement runout of
the hybrid MSFW rotor at rated speed.

Referring to (7), there are coupling terms among dynamic equations of the
hybrid MSFW rotor in different DOFs, so the disturbance acting on the suspen-
sion trace in Y axis also affects the dynamic displacements in X axis. The optimal
control based on SFEL model is designed to minimize the coupling among two
controllable DOFs of the hybrid MSFW rotor. The decoupling ability of the opti-
mal control based on SFEL model and PID control based on TL model are com-
pared when an impulse-type disturbance is imposed on suspension trace in X axis
of the hybrid MSFW rotor at 5000 rpm. As illustrated in Figure 16, the dynamic
displacement in X axis is obviously affected by the disturbance in Y axis, and both
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Figure 16. (a) Decoupling ability of optimal control based on SFEL model. (b) Decoupling
ability of PID control based on TL model.

Table 2. Comparison between SFEL model and TL model.

Suspension trace Speed = 5000 rmp Decoupling ability
TL SEFL TL SEFL TL SEFL
model model model model model model
Runout in X axis 150 wm 130 wm 100 m 55 um 340 pm 40 pm
Runout in Yaxis 90 um 30 um
Settling time 145 ms 65ms 45 ms 28 ms
Control current 0.18A 0.12A

of two control models could stabilize dynamic displacements of the hybrid MSFW
rotor. For the PID control based on TL model, the displacement runout along X
axis is 340 wm, the settling time back to the equilibrium position is 45 ms. The dis-
placement runout along X axis is declined to 40 um and the settling time is shor-
tened to 28 ms by applying the optimal control based on SFEL model. Therefore,
this result is consistent with simulation result that the optimal control based on
SFEL model has better decoupling ability and anti-disturbance ability than the
PID control based on TL model.

Conclusion

In this article, the nonlinear dynamic model of the hybrid MSFW rotor with the
permanent magnet biased AMB and the PMB is developed, and then there are cou-
pling terms in two controllable DOFs. Furthermore, an optimal control strategy
based on SFEL model is designed to improve the decoupling ability in two
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controllable DOFs and enhance the anti-disturbance ability of the hybrid MSFW
rotor. As listed in Table 2, the simulation and experimental results prove that the
optimal control based on SEFL model has better performance on decoupling and
anti-disturbance when an impulse-style disturbance is imposed on the hybrid
MSFW rotor at rated speed. Therefore, this control method is potential to be
applied in control engineering of the hybrid MSFW used in attitude control of a
middle-sized satellite.
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