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ABSTRACT. This paper presents an approach for quick calculation of the torque of mag-
netic coupling. Through analyzing the magnetic field characteristics of magnetic coupling,
the equivalent magnetic circuit model is established. Based on equivalent magnetic cir-
cuit model, the torque calculation formula for the magnetic coupling is deduced. Finally,
the proposed calculation method is validated with 3-D finite element simulation and with
experimental results.
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1. Introduction. With the rapid development of permanent magnetic materials, mag-
netic couplings have been widely applied in the modern industry. The magnetic couplings
are able to finish the transmission of a torque from the prime mover to the load without
any mechanical contact. They achieve the good effect by reducing the noise and easing the
vibration, and they can avoid the damage caused by the system when the motor shaft and
the load shaft cannot accurately align [1,2]. The transmitting torque plays an important
role in predicting the performance of magnetic coupling [3]. The mathematical model of
transmitting torque can reflect the relationship between the transfer capability and design
parameters. Therefore, the research on the mathematical model of transmitting torque
has important theoretical and practical significance.

There are many research results for the calculation of torque of magnetic coupling. For-
mal design optimization of magnetic coupling is represented using a layer model approach
[4]. The analysis and design of magnetic coupling using a pure analytical procedure are
showed based on variable separation method [5]. The analytical calculations for torque
and axial force of magnetic coupling are presented with the equivalent magnetic charge
method [6]. The spatial distribution of the air-gap magnetic field in the magnetic coupling
is described using the formula of theoretical arithmetic on air-gap magnetic field based
on the equivalent surface current model [7]. The magnetic flux density distribution, eddy
currents density distribution and the influence of various design parameters for the torque
of magnetic coupling are represented using the finite element analysis [8,9].

The objective of this paper is focused primarily on the use of analytical method to
calculate the torque of magnetic coupling. Firstly, the equivalent magnetic circuit model
has been established according to the magnetic field characteristics of magnetic coupling.
Then the torque calculation formula has been derived. Furthermore, the simulation model
of magnetic coupling is established and analyzed by the use of the finite element analysis
software. Finally, an experimental platform is built and the validity of analytical method
is verified through the experimental test.
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2. Mechanical Structure and Operation Principle. The basic structure of magnetic
coupling is shown in Figure 1. The main components of magnetic couplings are a Magnet
Rotor that is surrounded by a Conductor Rotor. The Magnet Rotor assembly is made of
one magnet disc that contains powerful rare-earth magnets. The Magnet Rotor is usually
mounted to the load shaft. The Conductor Rotor assembly is made of a fabricated steel
housing with copper conductor rings attached to the inside surface facing the Magnet
Rotor. The Conductor Rotor assembly is usually mounted to the motor shaft. The
Magnet Rotor and Conductor Rotor are never in contact with each other.

If the Conductor Rotor has a velocity relative to the Magnet Rotor, then the eddy
currents will be produced based on the slip on the copper conductor rings. The induced
eddy currents within the skin depth of the conductors generate an induced magnetic field.
The interaction between induced magnetic field and permanent magnetic field will result
in a circumferential resultant force such that the Magnet Rotor will endeavor to catch
up with Conductor Rotor. Through this coupling between Conductor Rotor and Magnet
Rotor, the energy transfer is achieved.

Permanent magnets Steel disc

Copper conductor

Magnet Rotor

Magnet disc Conductor Rotor

FI1GURE 1. The mechanical structure of magnetic coupling

3. Calculation Method.

3.1. Equivalent magnetic circuit model. The magnetic flux path of magnetic cou-
pling is shown in Figure 2(a). Because the coupling process of magnetic coupling running
is complex, we make following assumptions: (1) ignore the effect of temperature on the
conductivity and permeability; (2) material is isotropic; (3) ignore hysteresis effect.

Based on the above assumptions, the equivalent magnetic circuit model for magnetic
coupling can be established which is shown in Figure 2(b). The effective magnetic circuit
is an air reluctance, copper conductor rings reluctance and steel disc reluctance in series.
Considering the influence of leakage flux, the leakage reluctance and reluctance of effective
magnetic circuit are parallel. The pair of magnetic poles of the magnetic circuit can be
further simplified as a magnetic pole of the magnetic circuit, where the simplified magnetic
circuit is shown in Figure 2(c).

The steel disc is made of high permeability materials. Its reluctance is far less than
other and can be ignored. So the total reluctance of a magnetic pole could be expressed
in the following:

_ 2R)(R, + R.) v R, (1)

R, + R.+ R,
where R, is the air-gap reluctance, R, is the copper conductor reluctance, R; is the leakage
reluctance, and R, is the permanent magnet reluctance.
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FIGURE 2. The equivalent magnetic circuit model of magnetic coupling

Furthermore, the magnetic permeability of air gap, copper conductor and permanent
magnet is approximately 1. According to the formula of the reluctance R = 1/(uS), the
reluctance can be separately calculated as follows:

R = 1o/ (H0Sn), Re=1e/(105m), Fi =1/ (2000av/Suf7) B =ln/(ttoSm) ~ (2)

where [, is the length of air gap, [. is the thickness of copper conductor, I, is the average
length of adjacent magnetic circuits, [, is the thickness of permanent magnet, pg is the
magnetic permeability of vacuum, and S,, is the cross-sectional area of permanent magnet.

3.2. Torque calculation. In the calculation of the torque, it is assumed that the shape
of the eddy current region is approximately circular and equals 1.0 ~ 2.0 times of the
cross-sectional area of the permanent magnet. The ratio of eddy current area to cross-
sectional area of magnet is defined as

kc = Se/Sm (3)

where S, is the area of eddy current region, S, = 7(d/2)?, and d is the diameter of the
circular area.

A permanent magnet is taken as an example. The corresponding eddy current region
in the copper conductor is circular. With the rotation of the drive rotor, changing rule of
magnetic flux of the circular area can be considered to be sine regularity [10] as

¢ = BS, sinw,t (4)

where w, is the angular velocity, w, = 2mpn/60, p is the pairs of magnetic pole, n is the
slip, t is the run time, and B is the air-gap magnetic flux density.

According to the law of electromagnetic induction, the alternating magnetic field will
generate the induced electromotive force, which can be calculated by

e =d®/dt = BS.w, cosw,t (5)

Due to the skin effect of eddy currents, many eddy currents rings with radius being r,
width dr and skin depth A;, (when the skin depth is greater than the thickness of copper
conductor, Ay represents the thickness of copper conductor) are formed on the copper
conductor on one near side of the permanent magnet as shown in Figure 3.

The resistance of eddy current ring is

dR = 27rp/(Apdr) (6)

where p is the resistivity of Cu, r is the radius of eddy current rings and A, is the skin

depth, Ay = \/2p/(wppio)-
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ddy current
régions

F1GURE 3. The diagram of eddy current region

The transient eddy current value with a single permanent magnet is derived as

B ApBw,Se cos wyt
i = /dz /dR T (7)

So the effective value of eddy current could be expressed in the following:

' 2ALB
i@ _ Tmax _ \/_ h pre (8)
V2 87p

Furthermore, the eddy current losses of all permanent magnets in a cycle are calculated

by
Te Te /{A B2 252
— k— dPdt = k— —d =
/ / / / BRI ©)

where k is the number of permanent magnet poles, and T, is the cycle.

The eddy current of copper conductor rings generates a strong induced magnetic field
during its runtime. It will produce a strong demagnetizing effect. The total magnetomo-
tive force can be expressed as

F=F,—-F, F,=H,l, F.=ki (10)

where F), is the magnetomotive force of a magnet pole, H,, is the coercivity of perma-
nent magnet, F, is the induced magnetomotive force of eddy currents, k. is the convert
coefficient of eddy currents and usually taken 1.5 and i, is the effective value of eddy
currents.

According to the magnetic Ohm’s law, the magnetic flux of magnetic circuit can be
determined as

FR
& = BS, 11
Rt(R + R.+ R)) (11)
Thus, the air-gap flux density can be obtained as follows:
) 8tpHplm Ry

B P ipu—
Sm 87pSmByi (Ry + Re + Ry) + 2k Apw, SRy

Substituting Equation (12) into Equation (9), the power can be rewritten as follows:

47Tpk:Ahw2k2H2 12,
P= 2 (13)
[87rp% (Ro+ R+ R) + ﬂkeAthkC}

(12)
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Finally, the torque of magnetic coupling can be calculated as follows:

P 4 pkApwik?H2 12,
Tt pECHTY ~ (14)
w T\laTlec
. 87Tplbsm(2la+2lc+lm:;§é,;lm/Sm/ (latle) NGNS

where w,, is angular velocity of rotating machinery, w,, = 27n/60.

4. The Simulation Analysis and Experiments.

4.1. Simulation analysis. A magnetic coupling prototype whose rated output power is
45 KW and rated output speed is 1475 rpm, as shown in Figure 4(a), was built where
the rectangle-shaped NdFeB magnets were mounted in middle magnet disc. Based on the
above analysis, build the prototype’s 3-D finite element (FE) model as shown in Figure
4(b). The design and material parameters are given in Table 1. Let the air gap have
a 3mm length, the performance of magnetic coupling can be simulated through finite
element analysis (FEA).

Through simulation, magnetic flux density map of the copper conductor could be ob-
tained. Figure 5 shows magnetic flux density distribution of static. It could be seen
the number of magnet poles induced in the copper conductor is 10, equal to the number
of magnet poles. Magnetic flux density decreases from the pole’s middle to outer area.

Steel disc Copper Conductor

Magnet disc
(a) (b)

FIGURE 4. Prototype and FE model

TABLE 1. Design and material parameters of FE model

Parameters Symbol Value Unit
Number of pole pairs D ) —
Relative permeability of magnet . 1.099 —
Magnetic permeability of vacuum | 4 x 1077 | H/m
Magnet coercivity H,, 8.9 x 10° A/m
Magnet thickness I 0.032 m
Magnet area Sm 0.0029 m?
Area ratio ke 1.4 —
Copper conductor thickness le 0.005 m
Copper conductivity (20°C) p 1.75 x 1078 | Q-m?/m
Steel disc thickness — 0.01 m

Steel conductivity (20°C) - 1.75 x 1078 | Q-m?/m
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FIGURE 5. Magnetic flux-density map at 0 rpm
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FIGURE 6. Magnetic flux-density map at 50 rpm

Figure 6 shows that the magnetic flux flow in simulated is lower than static because the
magnetic field of eddy current produced demagnetization effect.

From Figure 7, it could be seen that the distribution of eddy current is not uniform
in the whole copper conductor and the number of maximums is equal to the number of
permanent magnets. Every area of eddy current region is approximately equal to 1.0 ~ 2.0
times of the cross-sectional area of the permanent magnet. This is consistent with the
previous assumption in Section 3.2.

The distribution of eddy current density vector on the copper conductor is presented
in Figure 8. Eddy current behaves as annular distribution, and there are 10 eddy current
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F1GURE 8. Distribution of eddy current density vector

rings in the copper conductor. The current density in the middle of ring is small and the
outer part is big.

4.2. Experiments. To verify the performance of magnetic coupling prototype, an ex-
perimental platform is developed. The main hardware structure of test platform is shown
in Figure 9. The motor can be controlled by variable-frequency driver and its speed and
output torque can be changed.

Based on the experimental platform, test the prototype’s torque transmission capability
over the full range of slip speed, 0 to 50, for 5 different air gap settings: 3mm, 5mm,
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F1GURE 10. Curves of torque with different slip speeds
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FiGURE 11. Curves of torque with different air gap

7mm, 9mm, 11mm. The results are summarized in Figure 10 and Figure 11. Test the
load capacity at different output speeds when air gap is 3mm. Curves of output torque
and slip speed were obtained in Figure 10. It could be seen the test results are basically
the same with the analytical and simulation results. Keeping the slip speed 50rpm, the
curves in Figure 11 demonstrate the inverse air gap relationship for torque.

Compared with finite element analysis value, in summary, the analytical value is closer
to the test value in lower slip speed rate. Therefore, the proposed analytical method is
proved to be accurate and effective. In addition, finite element analysis needs to establish
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the simulation model, whose process is very complex and requires a lot of time. The pro-
posed analytical method can realize the fast calculation of torque for magnetic coupling.
The formula can provide a reference for the design and analysis of magnetic coupling.

5. Conclusions. A general and practical analytical method has been developed to pre-
dict the toque transmission characteristics for magnetic coupling. Comparative studies
are carried out between the proposed analytical method, the finite element simulation and
test, and the results show that the proposed method is accurate and effective. Because the
design parameters are explicit, the proposed analytical method represents a fast analysis
tool, and has certain practical significance for design and analysis of magnetic coupling.
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