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Abstract
This paper presents design optimization, and transent-state analysis of

active magnetic bearings (AMB) using the powerful ANSY S software package.
ANSY S software provides the required environment for numerical modeling and
analysis based on the finite d ement method (FEM). In this paper two programs
are developed in ANSYS, the first for modeling and optimizing the anal ytically
designed active magnetic bearing, and the second for transient-state analysis of the
FE model to investigate the effects of eddy currents on the considered active
magnetic bearing.

Keywords: Active magnetic bearing (AMB), Finite e ement method (FEM),
ANSY S software package.
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numerical FEM using the powerful
ANSY S software package is the one

1. Introduction
An AMB is an electromagnetic

device that uses actively controlled
magnetic field for rotor suspension.
AMBs are non-contact bearings,
which enables very high-speed
operation.

For the analysis of AMBs the
numericalk methods ae more
powerful and accurate than
anaytical methods. In this paper the

depicted.

Design  optimization is an
advanced technique in ANSYS that
can be used to optimize the AMB
geometry. The objective of the
anaysis is to minimize the volume
of the actuator with maintaining the
maximum magnetic force higher
than a gpecified limit. The
opti mi zation-program is

*Electrical and Electronic Engineering Department, Univer sity of Technology/Baghdad

https://doi.org/10.30684/¢tj.28.16.4

2412-0758/University of Technology-Iraq, Baghdad, Iraq

This is an open access article under the CC BY 4.0 license http://creativecommons.org/licenses/by/4.0



https://orcid.org/0000-0001-7846-2342
https://doi.org/10.30684/etj.28.16.4

Eng. & Tech. Journal, Vol. 28, N0.16, 201(

Active Magnetic Bearing Design
Optimization and Transient-State
Analysisusing ANSYS

implemented on the selected AMB
for two sets of design variables. The
optimization results are given in
table form and by colored graphs to
show the changes made on the AMB
geometry.

During rotation and following the
vibrations in rotor, time varying
control currents are superimposed on
the actuator biasing current due to
the control action. To invegtigate this
situation the transient state analysis
method in ANSYS is implemented
on the FE model. The supply voltage
is assumed to vary in steps with time
so the analysis will track the coil
currents, journal force and cail
inductance over time in response to
this applied voltage. These quantities
will change dlightly due to the
development of eddy currents in the
journal as shown clearly by the
colored graphs of this analysis. The
magnetic force, power loss, and
energy stored in the journal due to
the presence of this eddy current are
computed.

2. Geometry optimization

Design optimization is atechnique
that seeks to determine an optimum
design, that reaches the maximum
bearing force but with a minimum
possible volume of the entire
construction. The ANSYS program
performs a series of anayss
evaluation-modification cycles. This
processis repeated until all specified
criteria are met. The main geps in
the design optimization program are
explained by the flowchart in figure
3.

Using the ANSYS Parametric
Design Language (APDL) all the
numerical values must be entered to
the program as variable parameters,
table 1 or table 2. The program reads
these scalar values assigned to the
parametric variables and consider it
asinitial assumptions.

As design variables (DV) the
following parameters are chosen, see
figure 1) [2] [3]:

1- The polewidthw.

2- Thejourna thicknessw;.

3- The stator yoke thicknessws.

4- The axid length of the stator
iron u.

5 The nominal gap lengthgs.

As state variables (SV), only Frmax
is chosen. Where the program
caculates Fn.y, at the condition of
i1=i5=lp, i3=Imax, aNd i,=0, See figure
(b) [2] [3].

The chosen objective function is
the total iron volume (IVOLU),
including the journal plus the stator
iron core.

For the magnetic force to be
related only to iron volume the coils
current density Jnax iS assumed to be
constant that is when both maximum
current dendity Imax and coil space
area A are maintained constants.

The two selected AMBs listed in
tables 1 and 2 are used as a two
cases of design optimization. For
each AMB two design-variables sets
are chosen. In the first set the pole
legs, the journal, and the stator yoke
ae assumed of equal width
(w=wi=wg), this assumption is to
insure a uniform flux path along the
magnetic circuit. In the second set
each of these parameters is
considered as an individual design-
variable.

The optimization results are
tabulated in tables 3 and 4 for
AMB(1) and AMB(2), respectively.
For set (1) it can be seen that the
minimum volume obtained is larger
than that of set (2) for both cases,
because the program is limitated by
equal values of (Ww=w=ws), whilein
set (2) the program can freely reach
different values for (v, wj, and w),
and therefore a lower minimum
volume can be obtained. Consider
table 3, AMB (1), for set (1) it can
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be seen that the optimum result
w=1.37 is less than the designed
value w=1.51, also {,=12 cm is less
than the designed vaue =13 cm
and the optimum volume Ivolu=
1640 cm® is less than the designed
value Ivolu=1977 cn?. However
Frax is increased and this is because
the gap length g, is reduced from
0.6mm to 0.55 mm, since g, is
inversely proportiona to Fma. The
minimum acceptable g, which is
specified as alower limit should be
practically feasible. For set (2) the
results show that w>ws>w;, also the
axial length is reduced to 12 cm
instead of 13 cm, and the volume is
reduced to 1570 cn? with Foa
higher than the lower limit. The ar
gap length is dso computed as
0=0.55 mm that is less than the
nominal va ue.

By referring to table 4, AMB (2),
for set (1) the results show that the
optimum vaue for w=0.65 is less
than the design vaue w=0.68, but
the axia length £,=5 cm is taler
than the designed length (,=4.85
cm. However the total volume is
reduced from 154 cnf to 151 cm’.
For set (2) the optimum values are
w=0.85, w=0.73, and w;=0.78, it can
be seen that the program usualy
attains values for w higher than that
for w;y and ws because it has direct
impact on the generated magnetic
force Frax. IN this case the volume is
less than that for set (1), the axid
length is shorter, and g, is the same
for both sets.

For AMB (1); figure 6 () presents
the designed geometry before
optimization, the figure shows flux
density B distribution inside the
actuator when the maximum force
Fmax IS generated at electromagnet 3.
Figure 6 (b) presents the optimum
results for set (1), a uniform
distribution of B throughout the
magnetic circuit can be seen in spite

of the reduction made inw, w;, and
Ws. Figure 6(c) presents the optimum
results for set (2), B is higher at the
journal becausew; is less than ws and
w, which isundesirable. Since this
means that the journa may reach
saturation before the other parts of
the actuator.

Figure 7 presents AMB (2) where
(@) is the model of the designed
geometry, and (b) and (c) are modes
of the optimized geometry for set (1)
and (2) respectivey. In figure 7 (b),
since the magnetic circuit is uniform
(w=w=wg), thereforeB is uniformly
digtributed along the magnetic circuit
athough w, w;, ws, &, and the iron
volume are reduced. In figure 7 (c),
B is uniformly distributed with no
saturation in the magnetic path
dthough w; is less than ws and w.
This indicates an acceptable
optimum set.

By referring to tables 3 and 4, the
following reduction in the overal
iron volume is obtained: for AMB
(1), the optimized volume is only
83% of the iron volume before
optimization, thisisfor set (1), while
for set (2) the ratio reduces to 80%.
For AMB (2), the ratio is 98% and
97.3% respectively. There is a
considerable difference between the
two cases and this can be explained
by referring to tables 3 and 4, we can
see that AMB (1) is approximately
twice in dimensions with respect to
AMB (2), and the design results
show that it is preferable to use 16-
poles for this AMB instead of the
chosen 8-poles configuration. So the
design agorithm is accurate and
gives good results when the free
parameters are chosen properly as
can be seen for AMB (2) where the
design results are very close to the
optimum one. So the optimization-
program can verify and correct the
designed AMB geometry.
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3. Transient-stateanalysis

Magnetic fields caused by
arbitrary electric current that varies
over time can be analyzed using 2-D
trangent magnetic analysis. Using
this type of analysis, time dependent
effects such as eddy currents, power
loss due to eddy currents, and
magnetic forces induced by eddy
currents can be treated. The same
procedure used for the daétic
magnetic analysis, of building the
model geometry, assigning physics
atributes, and meshing the model
holds for this type of andysis.
However a trandent anayss
involves boundary conditions and
loads that are functions of time. To
specify such loads the coils are
supplied with an excitation voltage,
which varies with time. This voltage
increases from 0 volts to biasing
supply voltage in three load steps
over a0.06 sec time (in the first |oad
step the voltage ramps in five steps
of 0.002 sec time, followed by two
constant voltage steps over the time
stepping ending at 0.03 and 0.06
seconds respectively).

The coil requires additiona
characterization, including cross-
section area and fill factor.
Resistivity for copper is dso
provided
(po= 3 10° Q.m). The journd
assumed to be solid steel, so it
requires the input of electrica
resistivity (pses =70° 10 Q.m).

For AMB transient anayss, a
program is developed in ANSYS, as
illustrated by the flowchart given in
figure 8.

This anaysis is performed on
AMB(1) with maximum supply
voltage equals to 80 volts and
biasing voltage equals to (B" V max),
where =0.315, and on AMB(2) with
maximum supply voltage equals to
270 volts and biasing voltage equas

to (B" Vimax), Where p=0.5. The two
solutions use constant time stepping
over three load steps ending at 0.01,
0.03, and 0.06 seconds respectively.

The results of the magnetic force,
power loss, and energy stored in the
journal of AMB (1) and AMB (2)
ae gven in tables 5 and 6
respectively.
The power loss and energy stored in
the journal are given per meter of
axial length, where £,,=13.0211 cm,
therefore, the total power lossis:
P=1329" 13.0211 10°=173 W
And the energy loss, from the table,
after 0.06 secis:
I’ €, =41.22° 13.0211° 10°= 5.37
J

For AMB (2) the power loss and
the energy stored are considerably
less since the biasing power for
AMB (1) is:

V' 1,=80" 31.46=2.517 kVA
Andfor AMB (2) is.
V' 1,=270" 5=1.35 kVA

Figure 9(a) present the transient
effect of pushing the magnetic field
represented by the 2D flux lines to
the outer surface of the journal.
Figure 9(b) and (c) shows the effect
of the transient condition of
concentrating the flux density at the
outer surface of the journal, which
leads to saturation at certain partsin
the journa. In figure 10(d) the
current density in each coil of AMB
(2) isshown. The current in direction
+J, isindicated by red color and the
current in direction -J, is indicated
by blue color. The interesting thing
in this figure, which differs from the
results obtained from dgeady-state
anaysis, are the green dots, which
indicate the presence of current
density in the journd. This current
density indicates clearly the
generation of eddy current in the
journal due to the transient effects.
Figure 11 shows the same effects
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noticed in AMB (2) but with less

power.
4, Conclusions
The AMB geometry

optimization objective is to find
the minimum volume of the
overdl iron (the journal plus the
stator) at a certain magnetic
force (not less thanFay) .
The results of the optimization
program show that an 80-83%
reduction in iron volume for
AMB (1) is obtained, while for
AMB (2) the obtained reduction
in iron volume is 97.3-98%. A
small difference between the
designed and the optimized
volume indicates a good choice
of free parameters during the
design process.
The FEM transient-state
analysis program simulates
the transient conditions to
investigate the development
of eddy currents in the
journal.  Accordingly the
power loss and energy stored
in the journal due to this
current is computed.
Also the distortion in flux
density in the journal due to
the development of eddy
curent and the place of
formation and density of this
current are well shown in the
resultant figures with their
associated numerical values.
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Table (1) Analytically designed parameters of AMB(2) [3], used as
initial guessfor the optimization program.

Results Parameter (unit) 8-pole
Air gap area A, (cn) 19.6694
Pole width w (cm) 1.51057
Axial polelength lax (CM) 13.0211
Journal radius rj (cm) 6.51057
Stator (pole face) inner radius rp (Cm) 6.57057
Biasing ratio B 0.31464
Cail thickness t. (cm) 1.96633
Cail height L (cm) 0.79235
Coil area A (cnT) 1.55803
Stator yoke innei-radius r. (cm) 7.84983
Pole length &, (cm) 1.27926
Stator outer radius rs (cm) 9.3604
Stator outer diameter ds (cm) 18.7208
Stator axial length s (cm) 16.9538
Ca culated amplifier capacity VAna (VA) 6674.24
Capacity of the picked amplifie KVA 8
Peak amplifier current Imax (A) 100
Number of windings per pole N 10.5042
Biasing current Ih (A) 31.4643
Areaof cupper wire Acy (mm) 7.4162
Inductance per el ectromagnet L (mH) 0.997
RMS current lrms (A) 44,4972

Table(2) Analytically designed parameters of AMB(2) [3], used asintial
guessfor the optimization program.

Results Parameter (unit) | 8-pole
Air gap area Aq (cm?) 3.29M4
Pole width w (cm) 0.679132
Axial polelength L (cm) 4.85826
Journal radius ri (cm) 242913
Stator (pole face) inner radius r, (cm) 2.46913
Biasingratio Ji] 0.335683
Coil thickness t. (cm) 0.683182
Coil height £ (cm) 0.958473
Coil area A (cm?) 0.654811
Stator yokeinner-radius r. (cm) 3.57694
Paolelength £, (cm) 1.10781
Stator outer radius rs (cm) 4.25607
Stator outer diameter ds (cm) 8.51214
Stator axial length {; (cm) 6.22463
Calculated amplifier capacity VAmna (VA) 2979
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Capacity of the amplifier KVA 3
Peak amplifier current | max (A) 10
Number of windings per pole N 41.38
Biasing current Ip (A) 3.35683
Area of cupper wire Ac (Mm?) 0.791212
Inductance per electromagnet L (mH) 3.657
RMScurrent | rms (A) 474727
Table (3) Geometry optimization resultsfor AMB(1), set (1) and (2)
AMB(1)
Set Design | Limits Optim. Set Design | Limits Optim.
(1) Value Low-High | Value (2 Value | Low-High | Vaue
w 1.5106 11 - 15| 13687 w 15106 | 1.1 — 15/ 1.4553
(DV) | (cm) (cm) (cm) (DV) | (cm) (cm) (cm)
———————————————————— W =w 11 - 1512418
(DV) (cm) (cm)
———————————————————— Wy =w 11 - 15/ 1.4085
(DV) (cm) (cm)
Jo 0.6 0.55 — | 05502 Oo 0.6 0.55 — | 0.55698
(DV) | (mm) 0.65(cm) | (mm) (BV) | (mm) | 065 (cm) | (mm)
Cax 13.021 11 — 135 | 1217 Lax 13.021 | 11 — 135 11.868
(DV) | (cm) (cm) (cm) (DV) | (cm) (cm) (cm)
Frnax 5761.3 |>5761 5770 Frax 5761.3 | >5761 5869.4
(SV) (SV)
Ivolu | 1976.7 NON 1639.9 Ivolu | 1976.7 | NON 1570.5
(OBJ) | (cm’) (cm®) (OBJ) | (cm’) (cm®)
Table (4) Geometry optimization resultsfor AMB(2), set (1) and (2).
AMB(2
Set Design | Limits Optim. Set Design | Limits Optim.
(@) Value Low-High | Vaue (2 Value | Low-High | Value
w 067913 |06-1.2 |0.6467 w 06791 |06-12 | 0.85418
(DV) (cm) (cm) (DV) |3 (cm) (cm)
———————————————————— W =w 05-1 0.73240
(DV) (cm) (cm)
———————————————————— Ws =w 05-1 0.77749
(DV) (cm) (cm)
Jo 04 04-05 0.4005 o 04 04-05 0.4003
(DV) | (mm) (mm) (mm) (DV) | (mm) | (mm) (mm)
Cax 485826 | 3-6 5.0512 Lax 48582 | 3-6 3.9188
(DV) (cm) (cm) (DV) |6 (cm) (cm)
Fmax 540 > 540 540.44 Fmax | 540 > 540 542.36
(SV) (SV)
lvolu | 154.34 NON 151.17 Ivolu | 154.34 | NON 150.20
(OBJ) | (cm’) (cm®) (OBJ) | (cm®) (cm®)
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Table(5) Transent-state analysisresultsfor thejournal of AMB (1).

Time Ex Fy Power- | Energy- | Journal current
(=g V.Work V.Work loss stored (A-t)
(N/m) (N/m) (Wim) | (3/m)
2 -0.547 10™ 0.113 10" 3.281 0.00652 0.256" 10°
4 -0.818 10° 0.184" 10° 40.90 0.08113 0.132" 107
6 -0.384" 10 0.102" 10° 146.4 0.3334 0.293 107
8 -0.113 10 0.349" 10° 3313 0.9008 0.398" 107
10 -0.258" 10" | 0.912" 10® | 608.2 1.935 0.427° 10*
30 -0.2804 0.3368 1119 1951 0.636" 102
60 -2.892 1.815 1329 41.22 0.209" 10*
Table(6) Transent-state analysisresultsfor thejournal of AMB (2).
Time Fyx Fy Power- | Energy- Journal
(msec) V.Work V.Work loss stored current
(N/m) (N/m) (W/m) (J/m) (A-t)
2 -0.1214 10* | 0.342" 10° 1494 | 000295 | -0.221" 10°
4 -0.1841" 10™ 0.303" 102 17.92 0.03527 | -0.985 10™
6 -0.8396" 10™ 0.445" 10” 61.29 0.1393 0.254" 107
8 -0.2330 -0.13" 10 1325 0.3627 0.842" 107
10 -0.4924 -0.86" 10" 232.5 0.7516 0.16 10™
30 1.504 -8.338 287.9 5.189 0.234" 10"
60 25.40 -34.04 140.3 7.213 -0.441 107
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Figure (1) AMB geometry parameters.

Electromagnef (3)-~- . _

~

AV o+ Mgzl
, 7 N \
’ ’ bl N \
S [ NN
' ‘ -7 RN \ \
A Rl U
Electro- ! P e TN Lo s + k\ 1=hoTlx
1 4 N [
magnet (2) ' £ . . [ \ \
@y iV, v VL vy, +Eléctro-magnet (1)
: l‘ + I‘ ‘\ ,k /I Fi vl nl
N \ \ N , ’ ' '
\ LI < e ’ - ol ]
=]~ - N ~- PR | it '
2=l w‘x;—} ~Rotor .- ) g
\ N —— / .
\ N =y - g 4 /
" R .. o, e S
) .\ ‘\;Vt_v“ - P .
|4:‘Lb:ly SN ___- - ’/,’
">~ .Electromagnet_. - -~
@

Figure (2) Circuit diagram of a 4-electr omagnet
radial AMB.
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( Start ANSY'S )

v

@art optimization-analysis program (written as APDD

'

Enter constant values for r;, N, I, Imax, @nd Ac.

Enter geometry design values for independent parameters; g, w, w;, ws (or
w=w;=ws), and {, (initial guess).

Enter SV (0)=F(0) and OBJ(0)=IVOLU(0).

'

{ Compute related parameters in terms of independent parameters: }

rj, rp, tc, rc, Ec, and rs.

v

[ Counter, i=1 ]

Read and assign values of independent parameters as
design variables set, DV (i).

!

Perform FEM andysis as given by the flowchart in fig. 5.3 and
obtain results set(i), including (Frna) and (1VOLU).

A

{ Define Frexas SV(i) and IVOLU as OBJX(i). Save optimum set(i) in }

optimization fileincluding DV, SV, and OBJ.

.

[ Start the optimization method in ANSY'S. ]

iS Frnax(i) = Frna(0)
and [IVOLU(i+1)-IVOLU(i)k specifi
tolerance

Modify | No

Figure (3) Flowchart representing the geometry optimization program.
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(a): Complete actuator Single el ectromagnet

(b) (©

Figure (4) AMB(1), (a) designed geometry, (b) and (c) optimized geometry set (1) and
(2) respectively.
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.'\. et |I et
(a): Complete actuator Single dectromagnet

Figure (5) AMB(2), (a) designed geometry, (b) and (c) optimized geometry set (1) and (2)
respectively.
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(a): Single eectromagnet (a): Single electr omagnet

HIL LT

(b): Single lectromagnet (b): Single electromagnet

Al

(c): Single electromagnet
(c): Single dectromagnet

Figure 6: Flux dendty
distribution for AMB (1), (a)
designed geometry (b) and (c)

optimized geometry, set (1) and
(2) respectively.

Figure 7: Flux dendty
distribution for AMB (2), (a)
designed geometry (b) and (c)

optimized geometry, set (1) and
(2) respectively.
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<Enter the ANSYS program>

Specify atitle for the analysis and set anal ysis preferences to° magnetic-

v

Define the elements type; the preferred is the higher-order element (PLANES3).

v

Define material properties, w,=1 for air and coil and 11,=2000, for iron linear analysis.

v

Define red constants for the coil, coil cross-sectional area,
total number of coil turns, current in z-direction, and coil full

v

Create the model areas, use Boolean operations,
overlap, add, delete, compress unused area numbers.

\

Assign physics attributes to the

v

M esh the model; refi ne'the mesh at the gap

v

Define the journal as a component.

v

Apply force boundary conditions to the journal .

{

Define the coil as a component, couple dearees of freedom of the coil

!

Apply loads, goply flux-parallel condition on exterior nodes,
and apply voltage drop excitation on coil elements.

.

Solution, choose time step size. Solve current load step. Repeat for al load

!

Reviewing anal ysis results, journal force, power loss, and energy stored.

v
C Save results and exit from ANSY S. )

Figure (8) Transient-state analysis program of AMB.

PDF created with pdfFactory Pro trial version www.pdffactory.com


http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech. Journal, Vol. 28, No.16, 201( Active Magnetic Bearing Design
Optimization and Transient-State
Analysisusing ANSY S

(c) Flux density B (d) B, single eectromagnet

(e) Force Fngg (f) Force Fag per pole

Figure (9) Transient-state analysis of AMB(1).
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(c) Magnetic flux
intensity H, single
el ectromagnet.

(d) Current
density J.
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(b) B, single electromagnet.
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Figure (10) Transient-state analysisof AMB (1).
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(a) Vector potential A,

nox

(c) Flux density B, contour plot.

e .

(d) B, vector plot for

ne-

%

single electromagnet.
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Figure (11) Transient-state analysisof AMB (2).
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