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A Novel Hybrid Analytical Model of Active
Magnetic Bearing Considering Rotor
Eccentricity and Local Saturation Effect

Zhi Cao “, Yunkai Huang

Jianning Dong

, Baocheng Guo

Abstract To facilitate the active magnetic bearing (AMB)
design and analysis, an accurate and fast model that con-
siders both rotor eccentricity and the saturation effect is
necessary. In this article, a novel hybrid analytical model
(HAM) for effective calculation of the magnetic eld of the
AMB is proposed. Eccentricity and local saturation are con-
sidered in the proposed HAM. In the proposed HAM, the
stator and rotor are modeled by elementary subdomains
(ESDs) and the air-gap is modeled by magnetic equiva-
lent circuit (MEC). Direct coupling between the solutions
in the ESD regions with MEC completes the whole model
matrices. Compared to the existing literature, the proposed
model considers both the rotor eccentricity and material
nonlinearity. The effectiveness and accuracy of the pro-
posed HAM are validated by both the nite element model
and experimental results. The results show that the pro-
posed HAM can accurately predict the magnetic quantities
of the AMB.

Index Terms Active magnetic bearing (AMB), analytical
model, hybrid model, magnetic equivalent circuit (MEC),
material nonlinearity, rotor eccentricity, saturation, subdo-
main method.

NOMENCLATURE
AMB  Active magnetic bearing.
HAM  Hybrid analytical model.
SD Subdomain.
ESD  Elementary subdomain.
MEC Magnetic equivalent circuit.
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FEM Finite-element model.
AM Analytical model.
BC Boundary condition.

[. INTRODUCTION

CTIVE magnetic bearings (AMBSs), compared with con-
A ventional mechanical bearings, are gaining more and more
attention in various high-speed industrial applications. It has
attractive features such as contactless operation, no lubrication
needed, no mechanical wear, and ability to actively control rotor
dynamics [1].

Normally, the linear AMB model characterizing the relation
of magnetic force versus current and displacement is used for
the controller design and simulation [1] [3]. However, the AMB
system is highly nonlinear, and linear model is not accurate and
its parameters have to vary with the change of the operating
point. In some cases, such as starting and load variation, the
AMB system has to go through eccentric and saturated condi-
tions. In such case, the linear model will result in inaccurate
results. Thus, better model of AMB with high accuracy in the
full operation range and low calculation burden is required. FEM
is a popular and powerful tool for accurately predicting the
electromagnetic performance for many different actuators [4].
However, FEM has the obvious disadvantages of time and com-
putational consumption.

Compared with FEM, the analytical models (AMs) require
lower CPU resources and can obtain solutions with acceptable
accuracy. Different AMs have been developed to predict the
magnetic eld for different electrical machines. Therein the
subdomain (SD) method uses the harmonic model technique
in all subdomains (e.g., air-gap, stator/rotor slots, and magnets)
assumingthatthein nite magnetic permeability in the ferromag-
netic materials [5], [6]. However, these models are only valid in
the linear part of the magnetization curve.

Recently, an elegant superposition principle formulation
for the SD model is developed in parallel by Dubas and
Boughrara [7] and Devillers [8] to the include global saturation.
This technique is further extended to an elementary subdomain
level for the full prediction of the magnetic eld in the ro-
tating electrical machines with the local saturation effect by
the Newton Raphson iterative algorithm in [9]. However, these
SD models are only featured with solutions derived for perfect
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Fig. 1. Schematic diagram of a 2-DOF AMB system.

annular domains, which are not applicable for the nonannular
air gap domain under the rotor eccentricity.

To solve eccentricity problems, two approaches are widely
used. The rst one is the perturbation method [5], [6], which
considers the rst-order term by Taylor series expansion, and
the other one adopts the superposition method [10] [12]. The
original eccentric state is rst divided into several concentric
states, then is superposed. The perturbation method is theoreti-
cally complex and can only achieve accurate solutions in a small
range of eccentricity, while the superposition method requires
longer computation time than perturbation method, and it is
expected to have a nonnegligible error at the boundaries between
sections [13].

Most, if not all, previous studies [5] [12] are not able to
provide a simple, fast, and accurate approach to consider both
eccentricity and local saturation. To facilitate the AMB design
and analysis, a fast AM that takes into account both rotor
eccentricity and the saturation effects is preferable. Inspired by
the methodology in [9], [14], and [15], a novel hybrid analyt-
ical model (HAM)-based on the ESD technique and MEC is
presented for the AMB design and analysis in this article. To
make up for the de ciency of the ESD model in dealing with
the eccentric problem, an MEC model region in the middle of
the air gap is introduced to model the nonannular region under
the rotor eccentricity. Furthermore, the direct coupling boundary
conditions between ESD regions and the MEC region are derived
based on the air-gap region division technique.

This article is organized as follows. The ESD technique can
consider the local nonlinear behavior of the material in the stator
and rotor. The MEC is used to model the uneven air-gap under ro-
tor eccentricity and directly coupled with ESDs. Thus, the model
matrices are assembled and solved by the Newton Raphson
method. All results obtained with HAM are compared with and
validated by 2-D FEM. Finally, two-degree-of-freedom 2-DoF
AMB suspension experiment is designed to further verify the
proposed model.

Il. INTRODUCTION AND PARAMETERS OF THE STUDIED AMB

A typical 2-DOF radial AMB system is shown in Fig. 1. This
system includes an AMB actuator, a rotor, position sensors, a
controller, and power ampli ers. The rotor is kept at the center
point by controlling the currents in the coils. The coils are
grouped into four sets (distinguished by color in Fig. 1) in the x
and y directions. The expressions of currents in the coils are

Stator: ESD region
Air-gap II:
ESD region

Interlayer Air-gap:
MEC region

Air-gap I
ESD region

Rotor yoke:
ESD region

Windings [ /.
| A

(@) (b)

Fig. 2. (a) lllustrative representation of a heteropolar AMB. (b) Coordi-
nate relationships of the fixed and moving coordinates.

TABLE |
SPECIFICATIONS OF A HETEROPOLAR AMB

Parameter Symbol  Value
rotor shaft radius Rgsp 0.020 m
rotor yoke radius Ry 0.030 m
stator bore radius Rs 0.0304 m
stator slot bottom radius Ry 0.0394 m
stator outer radius Rso 0.0494 m
stator slot span angle ds 0.4550 rad
stator tooth width angle ot 0.3304 rad
stack length L. 0.070 m
turns of winding Ne¢ 25
bias current Iy 3A
nominal air-gap length 90 0.0004 m

given in Fig. 1, where lg is the bias current, and iy, iy are
the control currents. The geometric parameters of the radial
heteropolar AMB are depicted in Fig. 2(a) in detail: the rotor
shaft radius Rgp, the rotor yoke radius Ry, the stator bore radius
R, the stator slot bottom radius Rg,, the stator outer radius
Rso, the stator slot span angle s, the stator tooth width angle ¢,
and the nominal air-gap length go. The sign +/ in the gures
denotes the direction of the currents in the coils. A maximum of
50% eccentricity is considered in this article due to the limit of
back-up bearings. The speci cations of the studied AMB in this
article are listed in Table .

I1l. PROPOSED HYBRID ANALYTICAL MODEL FOR FULL
PREDICTION OF THE MAGNETIC FIELD

Toachieve effective analysis of the magnetic eld ofthe AMB,
ahybrid analytical model is presented in this section. This model
takes into account rotor eccentricity and local nonlinearity of
the iron core. It can predict the magnetic eld distribution of the
AMB in all regions.

To simplify the analysis, the following assumptions are made.

1) The geometry is 2-D in polar coordinates.

2) The stator slots have radial sides.

3) Theend effect is ignored due to very short ending winding
of the concentrated winding (i.e., the magnetic variables
are independent of z).

4) The magnetic vector potential and current density have
only z-axis components.

5) The ESDs are considered as isotropic regions.

Authorized licensed use limited to: TU Delft Library. Downloaded on March 01,2022 at 10:58:19 UTC from IEEE Xplore. Restrictions apply.
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Schematic diagram of ESD mesh generation in the stator and

A. Coordinate Systems and Region Division

The following two coordinate systems are depicted in Fig. 2
(b):

1) Os r coordinate system xed to the center of the stator;
2) O, coordinate system which is attached to the center
of the rotor.

The relative position of the rotor with respect to the stator
is characterized by eccentricity distance and angle . The
coordinate transformations of two reference frames can be found
in [16].

The hybrid analytical model combines the 2-D ESD tech-
nique and the nodal-based MEC by strong coupling boundary
conditions. Since the boundary conditions between non-periodic
subdomains (e.g., stator slots and teeth) and the MEC region are
complicated to derive, the air-gap region is divided into three
layers modeled by the ESD and MEC, respectively. Thus, the
derivation of the boundary conditions between periodic subdo-
mains and the MEC region is simpler. The complete division
of the regions is shown in Fig. 2(a). The stator and air-gap |
are modeled by ESD in Os r  system while the rotor and
air-gap Il are modeled by ESD in O, system. Only the
inter layer in the middle of the air-gap is modeled with MEC
in Og r coordinate system to address the problem of rotor
eccentricity.

B. Solutions in the ESD Regions

The ESD modeling applies the general solutions of magne-
tostatic Maxwell s equations using the superposition principle
in [7], [8], and [17]. It is able to take into account the nite
relative permeability of the ferromagnetic material. The rotor
and stator are subdivided into multiple smaller sector regions
in radial and circumferential directions as shown in Fig. 3. For
convenience, only partial unrolled stator and rotor are displayed
in Fig. 3. In general, the meshing in the ESD regions can be
nonuniform. The meshing is performed such that the material
boundaries of the geometry are coinciding with the edges of the
ESDs. As a result, Lg sections in the circumferential direction
and K layers are obtained for the stator region while L, sections
in the circumferential direction and K, layers are obtained for
the rotor region.

Afterward, the air-gap is divided into three layers character-
ized by the geometric parameters Rs, Rg1, Rg2, and Ry inFig. 3.

As a result, one layer is concentric with the stator, one layer is
concentric with the rotor, the inter layer is modeled by MEC.
The general solutions of each ESD are formulated in terms of
magnetic vector potential.
1) General Solutions in the Air-Gap Regions | and 11: The air-
gap regions | and 1l are periodic annular domains, the solutions
of Laplace s equations in these two regions are given as

A, = Al + Ay In( )

N n R, N
+ AI1n Ril + AI2n — sin (n )
n=1 9
n R n
+ Agn Ri + Alln — Cos (n ) (1)
n=1 91
All' = Al + A In(r)
N n n
r R .
+ A!I.In Ris + A|2n ng sin (n )
n=1
N n n
r R
A g YA P cos()
n=1 S

where {A!LO AIZO Alln AIZIn A|3n Alm} and {AIJ.IO AIZIO A!LIn AIZIn
Al AllL} are the integration constants in Regions I and 11, re-
spectively, N is the maximum number of harmonics considered
in the air-gap regions.

2) General Solutions in the Rotor Regions: Each ESD in the
rotor regions is characterized by its inner radii Ry x and outer
radii Ry x+1, position angle |, opening width a;, and magnetic
reluctivity v&!. The general solutions of these ESDs can be
expressed as

A =B +BXIn()

Ve Kl Vri Kl Vri
+ Bj: +B, -
v=1 3 Rr,k+1 av Rr,k
cos vri( 7' +ay)
N Meooaklsinh (0 pra) SN ndInGep)
wer PBESinh (2 a)  sinh( na)
(€))
where  vp =V /a, rk =W /In(Rrk+1/Rrk), and

{B¥'BX'BY' BY, B! B!} are the integration constants in
the rotor ESD regions, V. = W, is the maximum number of
harmonics considered in the rotor ESDs.

3) General Solutions in the Stator Regions: Each ESD in the
rotor regions is characterized by its inner radii Rs x and outer
radii Rs k+1, position angle 1, opening width by, and magnetic
reluctivity v&-!. The general solutions of these ESDs of the stator

Authorized licensed use limited to: TU Delft Library. Downloaded on March 01,2022 at 10:58:19 UTC from IEEE Xplore. Restrictions apply.
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can be expressed as

AL =Cy + 3l In(r)

v K1 vl L vl
+ ck +Cck
v=1 3 Rs.k+1 v Rs,k
cos Vg ( El+b')
N Ws o 4Cllsinh g A+h) o sin sdn(RE)
wet +Cgdsinh (o2 by) sinh(" skbr)
+Ak,|
pPs
4)
where  vg =V /by, sk =W /In(Rsk+1/Rs k), and

{Cf‘I C'Z"I Cg\‘,' C"f\',' ng' Cé‘\;\,'} are the integration constants in
the stator ESD regions, Vs = W5 is the maximum number of
harmonics considered in the stator ESDs, A‘g-s' is the particular

solution in the slot ESD regions, which is given as [8]

A= L garz e 0T va( 5 +b) ()
ps 4 ovio VS|2 4 sl 2 |
Jir + Jj
Jio = |l2 i2 (6)
2 v .V
Jiv = T(Ji1+( 1)"Ji2) sin > (M

with the current densities Jj; and Jj» in the ith slot shown in
Fig. 2(a).

Then the radial and tangential components of ux density can
be obtained from the vector potential distribution by

1A

1A
Br=" =-=

B ®)

A

or B = . 9)

A
B = —
,

C. Solutions in the MEC Regions

Since it is hard to give the exact analytical solutions under
rotor eccentricity, the MEC technique is used to model the
uneven air-gap under rotor eccentricity and to directly couple
the nonconcentric stator and rotor regions.

The interlayer MEC region in the air-gap is meshed into
circular sector elements in Os r  coordinate system as shown
in Fig. 4. The magnetostatic problem in the MEC region is
described using scalar potential. Two layers of potential nodes
in the radial direction and Lmnec Sections in the circumferential
direction in total are set for the MEC region. A potential node
is de ned at the geometrical center of each MEC element, and
each MEC element is characterized by reluctance in —r and —
directions [18]

1 Ry2
R = In =2
mr OI—z Rgz

(2 k)

B K n (10)

Fig. 4. Schematic graphs of the meshed MEC region and the mesh
elements.

R:(ﬁl = Ryz 2 K) n

2 olzIn W
k=1,2and1=1,...,Lmec (11)
where L, is the stack length of the AMB, =2 /Lmec and

N = gmec/2 are illustrated in Fig. 3, representing the angle
inthe direction and the length in the r direction of each MEC
element, respectively. gmec iS the length of inter layer air-gap,
and it can be written as under rotor eccentricity [16]

cos( ) (12)

OUmec = Jomec

where gomec IS the interlayer air-gap length without rotor ec-
centricity. As a result, the reluctances in (10) and (11) of MEC
elements vary with the rotor position.

According to the magnetic equivalence of Kirchhoff s current
law applied to each MEC element, the magnetic ux going into
each potential node should equal to the magnetic ux going out,
namely

k,1 k,1 k1 kI _
rlo rup + | r = 0

(13)

where the magnetic ux inside each MEC element is calculated
by its potential and reluctances as well as surroundings. The
expressions are given in [18], and hence, are not repeated here.

Then the radial and tangential components of ux density in
the MEC region shown in Fig. 3 can be obtained by

Ul,l U2,|
ey = Ev (14)
(Rir + Rmr)Sni

K1 k1

14k
B!= L r 15
75, (15)
where Sy = L;(Rg2 rn) andS,;=L, r arethesec-

tional areas of the ux ow in the radial and circumferential
directions of the MEC element.

D. Boundary Conditions (BCs)

After obtaining the expressions of the magnetic eld inside
the ESD and MEC regions, the boundary conditions are de ned
to obtain the unknown coef cients of the expressions. The

Authorized licensed use limited to: TU Delft Library. Downloaded on March 01,2022 at 10:58:19 UTC from IEEE Xplore. Restrictions apply.



CAO et al.: ANOVEL HYBRID ANALYTICAL MODEL OF ACTIVE MAGNETIC BEARING CONSIDERING ROTOR ECCENTRICITY 7155
TABLE I with
BOUNDARY CONDITIONS INSIDE ESD REGIONS
Mi; O M3 0 0 O
Description Expressions 0 0 M23 O o 0
1 _ 4Kl 0 Masp O] \V/E 0 O
BCs bewteen air-gap I and rotor A le=rr = Alr. lk:R' 0 0 0 M 0 0
Hy le=r, = Hy ' |e=r, 44
Ny o Ms1 O 0 0 Mss O
5 _ +1, - -
Azr |e=R,, = AZT ’5:3'% Jk=1..K,_1 M — 0 M62 0 0 0 M66
HY! eop,, = HEH ‘EZRM k=1.Kr M7, Moo 0 0 M75M-g
BCs bewteen ESDs inside rotor A’;’rl ‘1;,-:al+% _ A’;'rHl w:a,ﬂf% l=1..L, M81 0 M83 (Brotor) O O 0
Hgv.l o = R ops =1L 0 0 M93 (Brotor) O O O
T |Y=apt+ o &r p=a 1—71 T
' e 0 IV|102 0 M104 (Cstator) 0 0
ALl
BCs bewteen air-gap II and stator Axlr=r, = Azlsl":RS 0 0 0 M 114 (Cstator) 0 0
HY |r=r, = Hy) |r=r, (21)
A g, = ANV R, k=1 K T
M) R ”| ' ) X = Aagi Aagil Brotor Cstator U1 Uz (22)
BCs bewteen ESDs inside stator A’;'sl A :A‘;;Hl s b A=1..L Y = 0 O Y3 Y4 O YG O 0 0 Ylo Yll (23)
- 2 =Pi+1——3
k,l k,l+1 T
omsy T o IR Ay = Al Abg Al see Al Z+an (24)
BCs at £ = Ry, Al =0 —_ All_ All Al noT 2+4N
BCs at 1 = Rao ARl g Aagn = A Ay Arp ot AN (25)
T
— 1,1 11 1,2 Ky, L 2+4V )KL
Brotor— BlO oo BGW,»... Blo...BGV\r/r r (@+aVrKrLr
conditions applied between two adjacent regions are based on (26)
continuity. T
. . . _ ~L1 1,1 1,2 Ks,L (2+4VKsL
1) Boundary Conditions Inside ESD Regions: The boundary =~ Cstator = Cig *** Cgiy ¢+ Cig ***Coyy. s
conditions inside the ESD regions are based on the continuity of 27)
the vector potentials and tangential component of magnetic eld 11110 L T L
strength between two adjacent ESD regions. The derivation of U1 = U&7 U™ eee Unimee MeEe (28)
the ESD boundary_ conditions are elaborated in [9], and they are U, = U222 .es Y2lmee | Lmec (29)
summarized here in Table 1.

2) Boundary Conditions Between ESD and MEC Regions:
Between the ESD and MEC regions, the continuity of magnetic
eld has to be guaranteed, i.e., normal ux density and the
tangential magnetic eld strength in both the spatial frequency
and space domains are consistent on the region boundaries.
According to the geometric relationship at the boundary surface,
the BCs between ESD regions and MEC region can be expressed
as

HMEC —Rg2 — H|| r=Rgs (16)

Blrf\/IEC r=Rg> = B:'I r=Rg2 an

HMECcos  HMECsin —g, =H' —g,, (18)
BMEC 1=, =B'cos  B'sin  —g,, (19)

with detailed development of (18) and (19) provided in the
Appendix.

Collecting the boundary conditions in Table I and (16) to (19)
results in the total matrix equations as follows:

M(X)X =Y (20)

It should be noted that the total number of the unknown
variables in (20) is

Ntot =2 (2+4N)+(Kr|_r)
+(Ksks) (2+4Vs)+2

(2+4vy)

LmEec- (30)

The choice of harmonic orders in the ESD regions can refer
to [8]. The section number Lyec of MEC regions should
satisfy Lmec 2N so that the Nyquist Shannon sampling
theorem holds for the relation between the spatial and the spatial
harmonic mesh.

Furthermore, the last four lines of submatrices in (21) corre-
spond to boundary conditions of the tangential magnetic eld
strength. They are dependent on the reluctivity of materials in
the rotor and stator, and are related to the unknown variable
vector X. Then (20) can be rewritten as the following nonlinear
system equations:

fOX) = M(X)X Y =0. (31)

E. Modeling of Nonlinear Material

The magnetic reluctivity of material within each ESD of the
stator and rotor is assumed to be a function of the mean value
of magnetic eld 8, which can be expressed using an analytical
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description [19]

! Q

vE= 32
o 0 qQ=1 ((B/mg)na + ag®)1/na (32)
where ¢ is the the vacuum permeability, g is an index, and

Mg, Ng, 8q are the parameters to be optimized using genetic al-
gorithm. For the slotand air-gap regions, the magnetic reluctivity
isl/ 0-

Newton Raphson technique is applied here to solve the non-
linear solution of (31)

xk+1 — Xk (Jk) 1f(Xk) (33)

where XK is the unknowns at kth iteration, J¥ is the Jacobian
matrix at kth iteration, which has been derived in [9].

F. Magnetic Force Calculation

After obtaining the magnetic ux density distribution in the
air-gap, the magnetic force of AMB along the x and y directions
can be predicted by the integral of Maxwell stress tensor based
on the air-gap ux density, which is given by

2
1 1 .
Fx=L, —— B%2 B%%cos —BB¥sin rd
o 20 0
(34)
2 1 2 ag2 : 1 al
Fy=L, ~— B%? B sin +—B2B*cos rd
o 20 0

(35)

where B29 and B®9 are the radial and tangential components of
the ux density in the air-gap, respectively.

Consequently, the linearized current stiffness kj and position
stiffness ks versus displacement and current of the AMB in the
x andy directions can be derived from the magnetic force, given

by

F

Ki,pg = fp (36)
q
F

Ks,pq = Tp (37)
q

where subscripts p and g denotes x or y.

IV. FINITE-ELEMENT VERIFICATION

The proposed model is validated by a 2-D nonlinear FEM,
and the element statistics are given in Table I1l. For a tradeoff
between accuracy and time consumption,the parameters used
in the proposed model are taken as follows: N = 200, V, =
W, =5 Vs=Ws=20, K, =1, L, =8, Ksg =2, Lg =16,
Lmec = 400. The total number of the unknown variables of
HAM are 5204.

A. Flux Density Validation

Figs. 5to 7 present the comparison between the FEM results
and HAM predictions for three cases in terms of the ux density
distribution in different positions (marked by red dotted circles

TABLE IlI
FEM ELEMENT STATISTICS

Type Number of elements
Triangles 9090

Edge elements 1125

Vertex elements 68

Average element quality: 0.8126

Total number of degrees of freedom (DOF): 18213
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Fig. 5. (a) Magnetic flux density distribution in the AMB obtained by
FEM without rotor eccentricity and equal currents in all windings. (b) and
(c) Waveforms of By and B in the middle of air-gap. (d) (e) Waveforms
of By and B in the middle of rotor yoke. (f) and (g) Waveforms of By
and B in the middle of stator teeth/slots.

in Fig. 5(a). It can be seen that the HAM model results match
well with the solutions of the FEM in the air-gap and rotor.
However, the HAM results deviate slightly from the FEM results
in the stator. This is because the stator tooth modeled by HAM
is simpli ed by the assumption that stator tooth edges are along
the radial direction whereas the FEM model is consistent with
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Fig. 8. Tooth model by FEM and HAM.
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Fig. 9. Magnetic force and stiffness calculation results by HAM and
FEM with ey =0 mm and iy =0 A. (a) and (b) Magnetic forces in x
direction and absolute errors between HAM and FEM results. (c) and
(d) Magnetic forces in y direction and absolute errors between HAM and
FEM results. (e) and (f) Deduced current stiffness ki xx and Kij yx. (9)
and (h) Deduced position stiffness ks,xx and ks,yx (blue indicates the
results of FEM and red is for the results of HAM).

the actual case. The comparison is illustrated in Fig. 8. Such
simpli cation does not affect the calculation of the air-gap ux
density distribution and the magnetic forces according to the
results.

B. Magnetic Force Validation

The magnetic force characteristic Fx(ix, iy, €x, &y), position
stiffness characteristic ks(ix, iy, €x, €y) and current gain char-
acteristic k;(ix, Iy, x, €y) can be calculated over the entire op-
erating range by the HAM model. Two cases of results by HAM
and FEM in Figs. 9 and 10 are presented here. The difference
between FEM and FEM in force calculations is quanti ed by
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Fig. 10. Magnetic force and stiffness calculation results by HAM and
FEM with ey = 0.2 mm and iy = 3 A. (a) and (b) Magnetic forces in x
direction and absolute errors between HAM and FEM results. (c) and
(d) Magnetic forces in y direction and absolute errors between HAM and
FEM results. (e) and (f) Deduced current stiffness ki xx and Ki,yx. (9)
and (h) Deduced position stiffness ks xx and Ks,yx (blue indicates the
results of FEM and red is for the results of HAM).

TABLE IV
ERRORS OF FORCE CALCULATION BETWEEN FEM AND HAM

Parameter MAE (N) MAPE (%)
Fig. 9b 0.8773 3.28
Fig. 9d 0.1797 98.42
Fig. 10b 1.6659 8.97
Fig. 10d 5.5583 1.30

mean absolute errors (MAE) and mean absolute percentage
error (MAPE), and the results are depicted in Table 1\, The
errors stay at a low level except for the MAPE in Fig. 9(d)
because the forces in Fig. 9(d) are quite close to zeros. The
error increases slightly when the degree of saturation deepens
and the eccentricity increases. The comparison shows a good
agreement between FEM and HAM. Besides, it can be seen that
the current gains and position stiffness vary according to the
operating point. Moreover, coupling between x and y directions
occurs when the rotor deviates from the center point in x or
y axis, i.e., the coupling stiffness is nonzero. However, such
coupling effects are always omitted during the simulation with
asimpli ed AMB model [1], [2].

Oscilloscope Power supply

AMB prototype

Stator

Control Unit &
power amplifiers

Position Sensors
Rotor

Fig. 11.  AMB test setup.

C. Computation Time

The computation time of HAM for the concentric condition
is around 0.9 s while that of FEM is about 3 s. The average
computation time of HAM for eccentric conditions is 2.6 s while
FEM requires an average of 10 s. Therefore, the proposed model
is faster than FEM.

Furthermore, the computational complexity of HAM is given.
The implementation of HAM contains four basic steps: 1)
preparing the input data; 2) establishing the system equations;
3) solving the system equations; and 4) postprocessing.

The preparation of the input data mainly includes mesh-
ing in the ESD regions and MEC regions, and its complexity
depends on the meshing element number N, i.e., O(N¢) =
O(K\ Ly + KgLg + 2Lmec). Then the complexity of forming
the total matrix depends on the size of (21), namely, O(Nit).
Next, in each iteration of solving the system equations, the LU
decomposition is used. The time complexity of each iteration
is O(NZ,). The postprocessing phase is mainly to predict the
required quantities, which varies by the actual applications. This
is a relatively simple task and its complexity is not considered
here.

By adding all gained complexities, we obtain the generic
expression of the complexity for the whole algorithm. Given
that Nt > Ne, the asymptotic complexity of the whole HAM
algorithm is equal to

O(Ne) + O(Ngr) + O(NZ) = O(NZ)). (38)

V. EXPERIMENTAL VALIDATION

The AMB test setup and devices are shown in Fig. 11. To
obtain the magnetic force in the experiment, a magnetic ux
observer is designed according to [20] and the magnetic force
can be deduced consequently. The rotor is actively controlled to
the center position in the horizontal direction (i.e., ex = 0 mm)
and moved from bottom position to top in the vertical direction
with a step pf 0.05 mm. When the current iy changes from Ig
to 1o, the magnetic forces in the y direction and the stiffness
Ki.yy, Ks,yy Obtained in the experiment are shown in Fig. 12 and
compared with analytical results and FEM. The deviation from
the experiment results is calculated for FEM and HAM results
and is listed in Table V. It can be seen that even at some extreme
conditions where the iron part is saturated, the calculated forces
by HAM agree well with the measured values. The comparison
shows good agreements on force prediction between the HAM
model and experimental results.
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Fig. 12.  Result comparison of the experiment, HAM and FEM under
the condition of ex =0 mm and ix = 0A. (a) Magnetic forces Fy. (b)
Current stiffness kj,yy. (c) Position stiffness ks yy. (Blue indicates the
results of FEM, red marker is for the results of HAM, and green is for the
experimental results.)

TABLE V
FORCE ERRORS BETWEEN CALCULATED VALUES AND MEASURED VALUES

Parameter MAE (N) MAPE (%)

Experiment - -
FEM 1.458 5.3
HAM 2.2256 6.2

VI. CONCLUSION

This article presented an ef cient HAM that integrates ESD
and MEC to predict the AMB electromagnetic performance.
It showed the capability to obtain accurate solutions over the
entire operation range, i.e., with rotor eccentricity and saturation
effects. This method was faster than FEM since the size of the
HAM matrix was much smaller than that of FEM. In addition,
force/stiffness calculations were straightforward and fast since
the expression of the magnetic eld in the air gap was obtained
analytically. The HAM implemented in MATLAB could easily
be integrated with algorithms for the optimization design and

control simulation. Furthermore, the proposed HAM was easily
applied to other electromagnetic actuators.

APPENDIX

Taking the boundary conditions at Ry; as an example, the
elaborated expressions are derived as below. According to (1),
(9), and (15), Fourier projection from MEC region to ESD region
expands the expression of (18) as

A
=Rgl
1 Lnmec i Sp—
== B! cos ( 0 d
2 L =
1 LmEc 1+
> B! sin ( 1) d (39)
=1 ' =z
IOM ; N Ry
An’ — +Ay - — =Rg1
1 LmEc 1+ 1 )
== B~ cos( psin(n )d
=1 ' =z
1 LmEec 1+ ) )
= B! sin( Dsin(n )d (40)
=1 " =
n n
oW oh R
A3(n)7 +A4(n)7 — =Rg1
1 Lmec 1+ 1
== B~ cos( p)cos(n )d
=1 ' =z
1 LmEc 1+ L
= Bl'sin( 1)cos(n )d
=1 ' = (42)

where | isthe center position angle of each MEC element center,
which should be transformed to the corresponding value in the
O, coordinate system. It should be noticed that the ux
density inside each MEC element is a constant.

Proceeding further, the boundary condition (19) can be elab-
orated by equaling the normal ux owing into each MEC
element at the interface from the ESD region, and combining
(13), one can obtain

:Rgl

Al ::RfﬂT Al B L, cos
B', sysin L+ 4 H=0 @2
with =arcsin(R—glsin(| )) here.
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