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Design and Development of Halbach Electromagnet
for Active Magnetic Bearing
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Abstract—Active Magnetic Bearings (AMBs) are advantageous due to their active control on rotor
position, but are disadvantageous due to their high initial as well running costs. The running cost
of AMB can be reduced by improving design of electromagnet so that the same magnetic field can be
generated with reduced supply of electric current. In the present paper, analyses of various arrangements
of electromagnets using 2D finite element (FE) have been presented. To validate the results of magnetic
flux density obtained from theoretical study, experiments were performed, and comparisons have been
presented. The electromagnet using Halbach winding arrangement provides the best results.

1. INTRODUCTION

The applications of Magnetic Bearings (MBs) are increasing due to their non-mechanical contact and
low friction operation [1–5] support. The magnetic bearings are broadly classified as Passive Magnetic
Bearings (PMBs) and Active Magnetic Bearings (AMBs). Due to brittleness [6], instability and low load
carrying capacity [7] of PMBs, usage of AMBs [8, 9] is recommended. These bearings have built-in fault
diagnostics [10, 11]. Shankar et al. [12] concluded that it is hard to justify the usage of AMBs, which
costs minimum of $1500 compared to similar sized greased lubricated rolling element and hydrodynamic
bearings which cost lesser than $15. Further Shankar et al. [12] compared the power loss among these
bearings. As per their study for a typical application, AMBs consumed 48 W compared to 7 W consumed
by rolling element bearing. However, such losses in running conditions of AMBs can be reduced by
improving the design of electromagnet.

In PMBs, the flux density of a magnet can be increased without changing the volume of magnets
using stacking arrangements [13–16], well known as Halbach arrangement. In this arrangement the
magnetic flux density is added on one side and reduced on the opposite side. In PMBs, two types of
Halbach arrangements have been tried (i) full Halbach array consists of five magnets [14] and (ii) half
Halbach array consists of three magnets [15]. The increase in the magnetic flux of the Halbach magnetic
arrangement is depicted in Figure 1.

In Figure 1(a), the direction of polarization of magnets is shown by the arrows. Figure 1(b) shows
the magnetic field lines for radially polarized magnets, and Figure 1(c) shows the magnetic field lines
for axially polarized magnets. The magnetic components are vector quantities. If the components are in
the same direction, they get added, and if they are in the opposite directions, the magnetic components
get cancelled. Consider the first, third and fifth magnetism in Figure 1(a). Their magnetic field lines are
shown in Figure 1(b), and similarly field lines of second and fourth magnets are shown in Figure 1(c).
The magnetic components get added at the top since the magnetic field lines are in the same direction.
The magnetic field gets cancelled at the bottom side. This arrangement of Halbach array provides small
magnitude opposite polarity at the ends, as shown in Figure 1(d).

In the present work, an attempt is made to increase the magnetic flux density of an electromagnet
using Halbach arrangement [17, 18]. To achieve Halbach array, Mark [17] used different cores with
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Figure 1. Full Halbach array. (a) Halbach arrangement of magnets with direction of polarization.
(b) Magnetic field generated by radial magnets. (c) Magnetic field generated by axial magnets. (d)
Resultant magnetic.

normal winding pattern, and Gan et al. [18] used trapezoidal winding pattern on the different cores.
The design of such Halbach electromagnets [17, 18] is complex and requires higher labor skills. In the
present work, a simple core structured Halbach arrangement is devised.

The 2D FE analyses, performed on (i) single electromagnet, (ii) Half Halbach arrangement of
electromagnet and (iii) Full Halbach arrangement of electromagnet are presented. In the analyses, the
sum of the areas of core and winding were kept the same. To validate the 2D FE results, electromagnets
were fabricated, and experiments were performed on those electromagnets. The values of magnetic flux
density obtained from theoretical and experimental studies are presented.

2. 2D FE ANALYSIS OF DIFFERENT ELECTROMAGNET ARRANGEMENTS

An electromagnet consisting of a core of permeability (μ), Copper wire winding (‘N ’ number of winding)
and voltage supply (passing current ‘I’ in electromagnet) is shown in Figure 2.

In a normal electromagnet, the generated magnetic flux (B) for a material is proportional to
the supplied current and number of turns. Increasing the number of turns increases the volume of the

Figure 2. Electromagnet.
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magnet, and the increase in the current will increase the running cost of the electromagnet. Therefore, in
the present work Halbach arrangement, which increases the magnetic flux density without increasing the
current or number of turns, is adopted for the electromagnet. To quantify the increase in magnetic flux,
2D finite element analysis was performed on different arrangements (i) single electromagnet (shown in
Figure 3(a)) (ii) half Halbach electromagnet (shown in Figure 3(b)) and (iii) full Halbach electromagnet
(shown in Figure 3(c)) and values of magnetic flux are compared.

A single electromagnet consisting of a core and winding on both sides of the core is shown in
Figure 3(a). In this configuration, the lengths of electromagnet (L), core (Lc) and winding (Lw) are
assumed to be the same. The width of electromagnet, core and winding are ‘W ’, ‘Wc’ and ‘Ww’
respectively as shown in Figure 3(a). The hatching, in this figure, shows the winding pattern. The
winding pattern has been sketched in Figure 3(b), where cross mark with circle indicates the winding
coming out of the paper and dot with circle specifies the winding going inside the paper. The direction
of the magnetic flux density in a current carrying wire can be established using right hand thumb rule.
As per this rule when the core is held in right hand with the thumb showing the direction magnetic
field then the rest of the fingers show the direction of current in the winding or vice versa.

Half Halbach electromagnet, as shown in Figure 3(c), consists of two horizontal electromagnets and
one vertical electromagnet (in the form of plus shape). In this figure, the direction of the generated
magnetic field is perpendicular to adjacent electromagnets in anti-clock wise rotation. To compare the
performance of half-Halbach electromagnet with that of single electromagnet, the area of winding, core
and total area electromagnets of both arrangements were kept same. The dimension of the core and
winding for this configuration is estimated by simultaneously solving the following equations:

Area of electromagnet: Lc

(
2Ww + Wc

)
=

(
2Ww1 + Wc1

)(
3Lw1 + Wc1

)
(1)

Area of winding: Lw ∗ Ww = 6
(

Lw1 ∗ Ww1

)
(2)

Area of Core: Lc ∗ Wc =
(

Lc ∗ Wc1

)
+ 2

(
Wc1 ∗ Ww1

)
(3)

For full Halbach arrangement consisting five electromagnets (three horizontal and two vertical) is
shown in Figure 3(d).

2.1. Modeling

Finite element (FE) analysis [19–21] of an electromagnet was performed using ANSYS to account its
magneto static response.

The results of FE analysis were validated with published results of [22] and extended for the present
case. In the analysis, length of the winding (Lc): 32.5 mm, width of core (Wc): 10 mm and width of
winding (Ww): 7.5 mm were considered.

The current and number of turns considered for the present analysis are 1 A and 80, respectively.
The magnetic flux density and 2D flux line are plotted in Figures 4(a) and 4(b) respectively. From these
figures, it can be said that the magnetic flux is distributed equally on both sides of the electromagnet,
and the maximum value of the magnetic flux value is 0.1239 T.

For carrying out FE analysis of half Halbach arrangement, the dimensions of electromagnet were
obtained by solving the Equations (1)–(3). By substituting the values of ‘Lc = 32.5 m’, ‘Wc = 10 mm’
and ‘Ww = 7.5 mm’ in Equations (1)–(3), following equations can be derived:

(1) ⇒ 0.0325
(

2 × 0.0075 + 0.01
)

=
(

2Ww1 + Wc1

)(
3Lw1 + Wc1

)
(4)

(2) ⇒ 0.035 × 0.015 = 6
(

Lw1 ∗ Ww1

)
(5)

(3) ⇒ 0.035 × 0.01 =
(

0.0325 ∗ Wc1

)
+ 2

(
Wc1 ∗ Ww1

)
(6)
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Figure 3. Different arrangement of magnets for FE analysis. (a) Single electromagnet. (b) Half
Halbach arrangement. (c) Full Halbach electromagnet. (d) Equivalent hatching and symbols.

 

(a) (b)

Figure 4. Single electromagnet. (a) Magnetic flux density. (b) 2D flux lines.

Equations (4)–(6) were solved, and values of Lw1, Wc1 and Ww1 equal to 8.7 mm, 6.4 mm and
9.3 mm, respectively, were obtained. The developed electromagnet of required dimensions along with
the different areas considered for FE analysis is shown in Figure 5(a), where (1) and (3) depict the
horizontal electromagnet while (2) shows the vertical electromagnet. The mesh density and current
density are considered the same as the full electromagnet. After performing magnetostatic analysis,
the magnetic flux density and 2D flux lines are plotted in Figures 5(b) and 5(c), respectively. The
maximum value of flux density observed is 0.194 T, which 1.56 times the value of single electromagnet.



Progress In Electromagnetics Research C, Vol. 56, 2015 177

(a) (b) (c)

Figure 5. Half Halbach electromagnet. (a) Area considered for FE analysis. (b) Magnetic flux density.
(c) 2D flux lines.

(a) (b) (c)

Figure 6. Full Halbach electromagnet. (a) Area considered for FE analysis. (b) Magnetic flux density.
(c) 2D flux lines.

Also from Figure 5(c) it can be observed that the magnetic flux is only concentrated on one side (top)
of the electromagnet.

The dimensions of electromagnet obtained by solving the Equations (1)–(4) for full Halbach
arrangement are ‘Ww1 = 10.3 mm’, ‘Wc1 = 4.4 mm’ and ‘Lw1 = 4.7 mm’. The developed electromagnet
of the required dimensions along with the different areas considered for FE analysis is shown in
Figure 6(a), where (1), (3) and (5) show the horizontal electromagnet while (2) and (4) show the
vertical electromagnet as shown in Figure 7(a). The magnetic flux density and 2D flux lines are plotted
in Figures 6(b) and 6(c), respectively. The maximum value of flux density is observed to be 0.221 T,
which is 1.8 times of the value of single electromagnet and 1.14 times of he half Halbach arrangement.
From Figure 6(c) it is observed that in this configuration the magnetic flux is also only concentrated on
one side (top) of the electromagnet.

Though the full Halbach arrangement provides better performing than the half Halbach
arrangement, the manufacturing and providing windings in the core to get required arrangement is
difficult and requires skilled labor. Therefore, half Halbach arrangement is considered for further
analysis.
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Figure 7. Magnetic flux of half Halbach arrangement.

3. PARAMETRIC STUDY OF HALF HALBACH ARRANGEMENT

Before carrying out the parametric study on half Halbach arrangement, the magnetic field generated
by each electromagnet is studied. The loop formed by each electromagnet is shown in Figure 7. From
this figure, it can be observed that the magnetic field generated by the two horizontal electromagnets is
added at the top side due to the same field direction, and the field gets reduced at the bottom side due
to the opposite direction of field. To generate such an effect, the direction of winding at the bottom
electromagnet has to be opposite to the winding direction with respect to top electromagnet as shown in
Figure 8(a). The magnetic flux is generated by this arrangement plotted in Figure 8(b), and magnetic
2D flux lines are shown in Figure 8(c).

(a) (b) (c)

Figure 8. Modified half Halbach arrangement. (a) Modified half Halbach arrangement. (b) Magnetic
flux density. (c) 2D flux line.

Parametric study was carried out by varying the ratio (0.75, 1.0, 1.25) of length of winding of
horizontal electromagnet (Lw1) to vertical electromagnet (2Lw2) as depicted in Figure 3(c). The values
of magnetic flux densities for ratios 0.75 and 1.25 are shown in Figures 9(a) and 9(b), respectively.

From the above discussion, following conclusion can be made:
� Full Halbach arrangement generates higher magnetic flux density than the other two arrangements.
� The magnetic flux density value for full Halbach arrangement is 1.14 times of the half Halbach

arrangement.
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(a) (b)

Figure 9. Magnetic flux density for different windings area in horizontal to vertical electromagnets.
(a) 0.75. (b) 1.25.

� Though the full Halbach arrangement provides better performing than the half Halbach
arrangement, the manufacturing and providing windings in the core to get required arrangement
is difficult and requires skilled labor.

� For different values of winding ratio, the value of magnetic flux value is almost the same. Therefore,
the total area of winding of three electromagnets is important rather than the ratio of winding in
each electromagnet.

4. EXPERIMENTAL SETUP AND VALIDATION

To validate the FE results obtained in previous heading, three half Halbach arrangements (as shown in
Figure 10(a)) were fabricated. The length of the core (Lc) = 32.5 mm, width of the core (Wc1) = 6.5 mm
and axial Length of core = 30 mm were selected. Electromagnet with winding is shown in Figure 10(b),
where the length (Lw1) and width (Ww1) of winding equal to 9.2 mm and 8.7 mm, respectively, were
kept. Current to the electromagnet was supplied using a power supply (maximum current of 3 A and
maximum voltage 24 V). The magnetic flux density was measured using the Gauss meter as shown in
Figure 11. The magnetic flux density was measured at the four corners of the electromagnets as shown
in Figure 10(b), and the results are listed in Table 1. From Figure 8(b), the magnetic flux density value
estimated at the corners of the electromagnet after performing 2D FE analysis results is approximately
0.0475 T, and comparing this theoretical result with the tabulated results in Table 1 it can be concluded
that the theoretical and experimental results are matching.

Table 1. Magnetic flux density value at different location.

Electromagnet Location 1 Location 2 Location 3 Location 4
1 0.045 0.042 0.048 0.046
2 0.046 0.046 0.046 0.044
3 0.046 0.048 0.043 0.045

The finite dimension of Gauss meter probe causes errors in angular measurement. In the present
case, 4 mm width of the Gauss meter probe makes it very difficult to measure flux density at any location
and results in error.

2D FE analyses for both single and half electromagnets were carried out for the same supplied
current and half electromagnetic arrangement and yielded more magnetic flux density compared to
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Figure 10. Half Halbach arrangement. (a) Core.
(b) Core with winding.

Power Supply
Gauss Meter

Figure 11. Power supply and Gauss meter.

single electromagnet arrangement. The aim of the present research is to reduce the supply current to
the existing single electromagnet in order to reduce the running cost. 2D finite element analysis was
performed again by reducing the supply current to the half back electromagnet till the magnetic flux
density is equal to the single electromagnet. It was observed that for the magnetic flux value of 0.64 A
the magnetic flux values of both arrangements yielded approximately the same value. For validating
this results, the experiments were repeated by reducing the current and measuring the magnetic flux
value at the corner of the electromagnets. It was observed that for current value of 0.69 A, the 2D finite
element analysis and experiment results matched.

From the above discussion it can be concluded that by using the proposed half Halbach arrangement
(having the same volume of normal electromagnet), to achieve the higher load carrying capacity, either
the current supplied to the electromagnet can be reduced (i.e., reduction in the running cost of the
Electromagnet) or the strength of the magnetic flux density can be increased.

5. CONCLUSION

To develop an electromagnet with high magnetic flux compared to a normal electromagnet, 2D finite
element analysis was carried out on: (i) single electromagnet, (ii) half Halbach and (iii) full Halbach
arrangements. Following conclusions were made:

� Full Halbach arrangement generates higher magnetic flux density than the other two arrangements.
� The magnetic flux density value for full Halbach arrangement is higher than the half one.
� Due to the complexity in developing full Halbach array arrangement, half Halbach arrangement

was considered for further analysis.
� Maximum magnetic flux in the half Halbach arrangement is obtained when the direction of magnetic

flux is perpendicular to the adjacent electromagnet.
� The parametric analysis on half Halbach arrangement showed that the ratio of winding in different

electromagnets did not matter.
� The value of the 2D finite analysis was verified with experimental results.
� By using the proposed arrangement, the current required can be reduced by 31%.
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