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ABSTRACT In this study, a conductivity-regulated barrel-type permanent magnet eddy current governor
is proposed, and a conductor barrel structure scheme consisting of four sections of materials with different
conductivities is presented. The torque equation of the barrel-type permanent magnet eddy current governor
with the equivalent conductivity as the covariate was established using the separation variable method based
on the subdomain model. The equivalent conductivity function was established to obtain the speed regulation
characteristics of the governor under a constant torque load, and the calculation method for the governor’s
transmission efficiency was provided. The influence of the conductivity parameters of the conductor barrel on
the speed regulation characteristics was studied by numerical simulation, the influence of the conductivity
values of each section of the material on the conductivity function was investigated, the torque equation
and conductivity function were verified by three-dimensional electromagnetic finite element simulation,
and the direction and distribution of eddy current in conductor layer under different working conditions
were simulated. The results show that the structural scheme of the four-segment combined conductor barrel
can realize a continuous change in conductivity with the displacement of the magnet disk, thus realizing
continuous speed regulation of the constant torque load, and the speed regulation characteristic of the
governor is segmented linearly. Compared with the air gap-regulated disk-type permanent magnet eddy
current governor, the conductivity-regulated barrel-type permanent magnet eddy current governor has a
wider speed regulation range, a lower unloading torque after overload protection, and can start with its
maximum torque, thus enabling heavy-load starting of constant torque loads, speed regulation operation,
and unloading overload protection of equipment.

INDEX TERMS Constant torque load, permanent magnet eddy current governor, speed regulation
characteristics, equivalent conductivity, separation variable method.

I. INTRODUCTION

A significant class of loads in industrial production is
constant torque loads, which are frequently observed in
the continuous transport machinery used in deep coal
mines, including belt conveyors, scraper conveyors, transfer
machines, and crushers. Its reliable functioning must adhere
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to the following technological specifications: Controllable
soft start of heavy load, speed regulation (or load balancing),
and unloading overload protection. Permanent magnet eddy
current speed control technology is a novel speed control
transmission technology that has emerged in recent years.
Owing to its remarkable advantages of noncontact, no wear
and tear, and being unloaded after overloading [1], it is
particularly well suited for soft starting and overload pro-
tection. It is only utilized in fans, pumps, and other loads
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because it has problems with a low starting torque and
small speed regulation range when applied to constant torque
loads [2], [3], [4].

The speed regulation characteristics of permanent mag-
net eddy current drives have been studied in many papers.
Reference [5] established the torque calculation model of
the permanent magnet eddy current coupler with axial mag-
netic flux by using layer model theory, pointing out that its
torque characteristics have mechanical characteristics similar
to those of asynchronous motors and that there are over-
turning and blocking points, with the blocking point being
significantly lower than the overturning point. Reference [6]
predicted that the torque characteristics of a disk-type per-
manent magnet governor with air gap adjustment would be
similar to those of asynchronous motor with voltage regu-
lation. References [7], [8] examined the characteristics of
the disk-type permanent magnet governor’s speed regulation
under a constant torque load, with speed ranges of 50 and
200 rpm respectively. Reference [9] also noted that the speed
range of the disk—type permanent magnet governor was only
13% and that when the conductor barrel material resistance
increased, the governor’s overturning torque remained essen-
tially unchanged, while the blocking point increased and the
torque characteristics became flexible. Reference [10] inves-
tigated the air-gap speed regulation characteristics of a disk-
type permanent magnet eddy current coupler with a speed
range of only about 1.2 and a blocking point torque of 42%
of the maximum torque.

Reference [11] investigated the transmission characteris-
tics of a disk-type permanent magnet eddy current coupler
using the separated variable method. The analysis revealed
that the conductivity and permeability of the magnetic disk
have a significant impact on the slope of the torque charac-
teristics, the slope of the peak, and the peak size. The conduc-
tivity of the conductor disk has no impact on the maximum
torque value, but does affect the slip to reach the maximum
torque value. Reference [12] used the method of separating
variables in cylindrical coordinates to analyze the torque
characteristics of a barrel-type coupler and noted that the
speed characteristics of the barrel-type coupler and disk-
type permanent magnet coupler follow the same laws. Ref-
erences [13], [14] established a nonlinear analytical model of
a barrel-type permanent magnet eddy current coupler using
the equivalent magnetic circuit method, which can effectively
deal with material parameters and complex geometric shapes.
Reference [15] provided a transient equation for the output
torque of an axial flux permanent magnet eddy current gov-
ernor. Under the situation of a low speed difference, the error
of the output torque-speed characteristic is less than 10%
using finite element simulation and experimental verifica-
tion. On this basis, the starting and transient characteristics
of the output torque of a permanent magnet governor were
investigated. The superiority of the permanent magnet eddy
current governor in shock load buffering was demonstrated
through theoretical analysis and experimental studies. In all
the preceding studies, the torque characteristics were altered
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by adjusting the air gap, but the conductivity of the conductor
layer material remained constant. There have been no pub-
lished studies on the eddy current flow characteristics of per-
manent magnet eddy current drive with variable-conductivity
materials.

Therefore, this study proposes a barrel-type permanent
magnet eddy current governor structure based on conductiv-
ity regulation. Four sections conductors of different conduc-
tivities were linked axially to create a conductor barrel with a
gradient conductivity. The goal is to increase the governor’s
heavy-load starting capabilities, broaden the speed regulation
range, and provide speed regulation and unloading overload
protection during operation.

First, the structure and principle of a permanent magnet
eddy-current governor with adjustable conductivity are intro-
duced. A torque characteristic equation with the equivalent
conductivity as the parameter and the relationship between
the equivalent conductivity and the position function of the
magnet disk were derived, and the speed regulation charac-
teristics of the governor based on the position of the magnet
disk were obtained. The influence of the change in equivalent
conductivity on the transmission characteristics and that of
the conductivity of segmented conductor on the change rule
of the equivalent conductivity of the conductor barrel were
explored using a numerical analysis approach.

Il. OPERATING PRINCIPLE OF PERMANENT MAGNET
GOVERNOR BASED ON CONDUCTIVITY REGULATION

As shown in Fig. 1, the barrel permanent magnet eddy
current governor with gradual conductivity of conductor
barrel consists primarily of a conductor rotor, permanent
magnet rotor, and control mechanism. The conductor rotor
and permanent magnet rotor were coaxially nested, with
the conductor rotor fastened to motor-shaft-6, and the per-
manent magnet rotor fixed to load-shaft-7. The conductor
rotor was composed of yoke-cylinders-1 and conductor-
cylinder-2 inserted into yoke-cylinder-1. The conductivity
of conductor-cylinder-2 steadily decreased along the axial
direction, from left to right. Yoke-disk-5 and permanent-
magnets-4 implanted in the circle of yoke-disk-5 constitute
the permanent magnet rotor. Permanent-magnets-4 is alter-
natively magnetized in the radial direction by N-S poles and
positioned uniformly around the circumference. The perma-
nent magnet rotor can move axially along load-axis-7 owing
to control-mechanism-8.

When the motor turns, the rotor of the conductor turns. The
magnetic force line created by permanent-magnets-4 on the
permanent magnet rotor is continually severed by conductor-
cylinder-2 on the conductor rotor (Fig. 2). An eddy current
occurred in conductor-cylinder-2. Eddy current causes an
induced magnetic field to form around conductor-cylinder-2.
The magnetic field of permanent-magnets-4 interacts with the
induced magnetic field on the conductor rotor, causing the
permanent magnet rotor to revolve delayed in the same direc-
tion as the conductor rotor and to drive the load output shaft.
Control-mechanism-8 can control and alter the axial coupling
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FIGURE 1. Structure of variable impedance conductor barrel-magnet disk.
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FIGURE 2. Change in axial working position of governor.

point between the permanent magnet rotor and conductor
rotor to adjust conductivity and speed.

Fig. 2 shows a close-up of the magnet disk and conduc-
tor barrel engagement area shown in Fig. 1. Load start-up,
speed regulation, rated operation, and overload protection are
the primary functions of a permanent magnet eddy current
governor. Fig. 2 shows the position shift of a magnet disk
(permanent magnet rotor) during operation. When the motor
is not started or is not operating under a load, the perma-
nent magnet rotor is in the no-load operation position, the
governor is in the no-load condition, and there is no torque
transfer between the input and output shafts. The control
mechanism causes the permanent magnet rotor to move to the
left, and the conductivity of the conductor cylinder within the
magnet disk coverage increases progressively. The equivalent
conductivity of the conductor rotor in the coupling section
determines the transmission properties of the governor. With
the starting torque progressively increased, the load starts
when the starting torque is greater than or equal to the load
torque (characteristic curve-1 in Fig. 3). When the permanent
magnet rotor barely enters the coverage region of the con-
ductor barrel, the starting torque reaches its maximum value
(the overturning point of the torque characteristic, curve-2 in
Fig. 3). The equivalent conductivity of the conductor barrel
coupling section increased as the permanent magnet rotor
continued to travel to the left under the control mechanism.
When the governor eventually reaches the limit position,
it enters the rated operation state (characteristic curve-3 in
Fig. 3 and the rated operation position in Fig. 2).

When a sudden overload occurs at the load end during
rated governor operation, the slip between the primary-
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secondary ends increases significantly. At this point, the gov-
ernor’s working point quickly exceeds the maximum torque
point B from the rated working point A to the locked rotor
point C, and the locked rotor torque is very small, resulting in
motor and transmission system overload protection (as shown
in Fig. 3).
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FIGURE 3. Change of transmission characteristic curve of permanent
magnet eddy current governor.

IIl. TRANSMISSION CHARACTERISTIC OF GOVERNOR

The magnetic field distribution and electromagnetic torque
of the governor must be precisely calculated to investigate
the speed control performance of the permanent magnet eddy
current governor. First, the conductor cylinder area covered
by the permanent magnet at each axial position on the magnet
disk is treated as if it were a material with equivalent single
conductivity, and the separated variable method was applied
to the three-dimensional eddy current field of the barrel-
type permanent magnet eddy current governor to establish
the governor’s transient torque calculation model. Second,
the equivalent conductivity of the covered area is computed
using the loop resistance equivalence principle, and the obtain
torque equation is replaced to produce speed regulation char-
acteristics that vary with the location of the magnet disk.

A. STRUCTURE AND PARAMETER DESIGN OF
CONDUCTOR BARREL

To achieve axial variation in the conductivity of the con-
ductor barrel, the conductor barrel was built in four parts
as a combination of materials with different conductivities
(Fig. 4). As shown in Fig. 5, Section-A relates to the con-
ductivity under no-load operating condition, section-D corre-
sponds to the conductivity under rated working condition, and
Section-B and Section-C are conductive transition sections.
When the magnet disk position corresponds to the conductor
of Section-B, the governor’s start torque meets the rated
torque, and Section-C is utilized to coordinate the speed
control process to smoothly transfer the governor speed to
Section-D. Section-D’s conductivity is dictated by the power
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FIGURE 4. Three-dimensional structure of Segmented conductor
barrel-magnet disk.

and cannot be set randomly. The conductivities value of
Section-B and Section-C can be freely chosen between the
conductivity ranges of sections-A and Section-D to replicate
various gradual change laws of conductivity.

Fig. 5 and Fig. 6 show the axial and radial coupling dia-
grams of the conductor barrel and the magnetic disk, respec-
tively. Conductivities of conductor barrel segments A, B, C,
and D were o1, 03, 03, and oy, respectively. Their value cor-
responds to the following relationship: o1 > 02 > 03 > 04.

FIGURE 6. Radial section of coupling part of governor.

B. LAYER MODEL OF MAGNETIC FIELD AND ITS

BASIC ASSUMPTIONS

We assume that the cylindrical permanent magnet eddy cur-
rent governor model is expanded into a linear model along
its circumference [16] and that the model is axially truncated
to generate a two-dimensional linear model in the Cartesian
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coordinate system (Fig. 7). The transformed 2D linear model
is separated into five layers:

Layer 1: the outer magnetic yoke layer.

Layer 2: solid conductor layer.

Layer 3: air gap layer.

Layer 4: permanent magnet layer.

Layer 5: inner yoke layer.

_ tayer !

Layer 4
Layer 5
0

/ =X

Z

FIGURE 7. Two-dimensional linear model in Cartesian coordinate system.

The following assumptions are established to simplify the
calculating procedure and facilitate the study:

1) Considering only the vortex component in the
z-direction, since only the z-direction vortex compo-
nent contributes to the torque of the governor;

2) Assume that the yoke iron’s conductivity is 0 and dis-
regard the yoke iron’s eddy current loss;

3) Ignoring the conductor layer’s displacement current;

4) Ignoring the presence of the inner yoke iron in the
permanent magnet layer and assume it has the same
permeability as the permanent magnet;

5) Ignoring the curvature error due to the transformation
of the coordinate system;

6) The model has a natural period boundary condition
along the x-direction, with the period determined by the
pole spacing of the permanent magnets;

7) Assume that the conductor barrel and outer yoke are
“fixed,” and that the permanent magnets and inner
yoke rotate with velocity Av relative to the conductor
rotor (Av s the slip line velocity at the equivalent radius
rc of the conductor barrel, r. = rj, — he / 2).

The transient torque calculation model of the barrel-type

permanent magnet eddy current governor was analyzed using
the aforementioned assumptions.

C. BASIC CONTROL EQUATIONS OF MAGNETIC FIELD
AND VECTOR MAGNETIC POTENTIAL DISTRIBUTION

The basic equation of magnetic field stated in terms of the
vector magnetic potential Ay is (see Appendix A for the
derivation):

VZAr = —po (ueV x Hy +V x My) (1

In (1), k represents the layer number, H; represents the
strength of the magnetic field of the kth layer, My, represents
the magnetization of the kth layer, and p¢ and px represent
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the vacuum permeability and relative permeability of the kth
layer material respectively.

Layer 4: The magnetic field of the governor is excited
by permanent magnets on the magnet disk. The permanent
magnet area is a rotating passive field with a y-direction com-
ponent By, of magnetic induction B4 presents a periodic rect-
angular wave along the x-direction with an alternating con-
figuration of N-pole and S-pole permanent magnets (Fig. 8),
whose values are B, and —B, inside the permanent magnets
and 0 outside the permanent magnets. When expressed as a
Fourier series, it has the following formula:

Biy=> é™B, m= gn (n==41,43,45..) ()
n

In (2), 7 is the pole-angle spacing (Fig. 6).

<

-Br

FIGURE 8. Change of magnetic induction in the y-direction along the
x-direction (Layer 4).

Based on assumption 1), considering only the eddy current
component J in the z-direction means taking into account
only the vector magnetic potential A, in the z-direction, and
the strength of the magnetic field H and magnetic induction B
in the z-direction are ignored because only the strength of the
magnetic field and magnetic induction originating from the
x- and y-directions contribute to the vector magnetic potential
in the z-direction.

The vector magnetic potential of each layer can be
expressed using the separated variables method as follows:

A (x,y) = A (x) - Ar (v) 3)

According to assumption 6), the electromagnetic field of
the model is periodic along the x-direction and then in the
permanent magnet layer:

Ag(x,y) =D ™ Ay (y) )

The permanent magnet layer’s basic magnetic field equa-
tion was deduced [12], and we obtain:

32A4 (v)

g7 ™ AL0) = —imB, ®)

Layer 1, 3, 5: According to assumption 2), there is no
current in the air gap and the inner and outer yoke iron, and
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the corresponding basic equation of magnetic field is:
VA= — + —==0 (6)
X

In(6),k=1,2,3.
Layer 2: There is no magnetization M in the conductor
layer, and the basic equation of magnetic field is:

V2As = —popaV x Ha (7

According to assumption 3), at a low slip speed, when
the displacement current is ignored and only the induced
eddy currents in the conductor layer are considered, the
basic equation of magnetic field in the conductor layer was
reduced using basic electrodynamics knowledge [12], and we
obtained that:

3%Asy .
8—))2 - (m + lm,bL()/LQO’CAV) Ay =0 8)

By solving (5), (6), and (8), the vector magnetic potential
of each layer can be obtained as follows [17], [18], [19]:

Al = (Clemy +D1€7my) emx
Ay = (Cze)‘y + Dze_)‘y) emx
Az = (C3€my +D3e_my) emx )
Ay = (C4emy 4+ Dye ™ — lBl) emx
m
As = (C5emy + D5e_my) e

In (9), the coefficients Cy and Dy are derived using the
model boundary conditions, and A is calculated using the
open square calculation of complex numbers [20]:

A= \‘/m“ + (mpopa0eAv)Ze®
MOM%%AV> (10)

m

6= ! arctan (
2

D. BOUNDARY AND INTERFACE CONDITIONS
To the model, add the Dirichlet boundary condition:

Ally— =0
1 |)_+OO (1 1)
A5|y=—oo =0
And Dirichlet and Neumann interface condition:
dAr _ dAxy
=—
1 dfflkx_ 1Y dAws . k=1,2,34
pi dy k1 dy
Y=Tio:TicsTigsTim
(12)

In (12), r;, is the inner radius of the outer yoke layer, r;. is the
inner radius of the conductor layer, r;, is the inner radius of
the air gap layer, and r;, is the inner radius of the permanent
magnet layer.

Appendix B shows the detailed form of the boundary
conditions.
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E. EDDY CURRENT LOSS AND TORQUE

Because of the presence of slip during governor operation, the
induced eddy current magnetic field created by the induced
eddy current in the conductor layer interacts with the per-
manent magnet magnetic field to transfer force from the
active end to the driven end, resulting in torque transmission.
The magnetic field’s work is equal to the conductor layer’s
heat loss power Py, which comprises end loss Pg and slip
loss P,,:

Ploss=P§+Pn (13)
In the conductor layer, the eddy current density is:
dA,
Jr = —0Av—= 14
1= —0cAv I (14)

n
The slip loss in the corresponding conductor layer when
the magnet disk is entirely covered by the conductor barrel is
computed from the eddy current density, as P,:

P, = i—’” // ‘Jzz)dxdy (15)

Layer 2

If the end loss Ps is ignored, the torque 7" delivered by the
governor can be approximated as follows:

Py
T=— 16
A (16)
In (16), Aw denotes the angular velocity difference between
the conductor barrel and magnet disk, Aw = % = %,

and n,, denotes the slip speed between the conductor barrel
and magnet disk.

F. EQUIVALENT CONDUCTIVITY

The calculation method for the equivalent conductivity of
the coupling part of the conductor layer was described using
Section-B and Section-C of the barrel section as examples.
Fig. 9 shows the circumferential plane of the connecting por-
tion. The eddy current path is depicted in green, whereas the
permanent magnets and their impacted areas are depicted in
blue (N-pole) and red (S-pole), respectively. Because the end
loss is ignored in (16), the end resistance is 0. Fig. 10 shows
the corresponding circuit on the eddy current channel. The
equivalent conductivity of the coupling portion is computed
using an equivalent circuit.

In Fig. 9, « represents the ratio of the coupling part of the
Section-B with the permanent magnets to the axial length
of the permanent magnet; L, represents the width of the
eddy current spillover in the conductor layer (Fig. 9), and
L, = yLy.

R;1, Ry, R;3, and R4 in Fig. 10 correspond to the resis-
tances of Section-B and Section-C in the vortex circuit in
Fig. 9.

According to the definition of conductivity of a conductor
o = 1%, the conductor resistance is computed using the
following formula:

L

R=— (17
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FIGURE 10. Equivalent circuit of conductor layer.

In (17), L is the length of the vortex flow through the conduc-
tor and S is the cross-sectional area of the vortex flow through
the conductor.

Write the expression for each equivalent resistance in
Fig. 10:

L
R = 2Ly
0251
1-— L
RzZ _ ( 052) m
03512
(18)
(1 —a) Ly
RZ3 = <«
0383
_ oL,
74 = UZSz4

Given that the spillover width L, is substantially smaller
than that of the permanent magnet, the effective cross-
sectional area of the eddy current flowing through each resis-
tor is considered to be the same:

SE =81 =82=83=84=Ly xhe (19)

In (19), h. is the conductor layer thickness (Fig. 6) and S;
is the area of the through-flow section corresponding to R;;
i=1-4).
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The entire equivalent circuit resistance Rg can be com-
puted using the series equation of resistance, as follows:

Rg = Rzl + Rz2 + RzS + Rz4

_ Ly 4 (I —a2) Ly, (I —az) Ly as Ly,
028;1 03822 03873 02824
_ 2Ln (1 — o) 05 + x203] (20)
0203SE

Ignoring the equivalent current in the x-direction of the
equivalent current and the length of its inflection point, the
total equivalent current path length Lg is:

Lp =2L, 2n

According to the definition of conductivity, the equiva-
lent conductivity o of the conductor layer in the coupling
section is obtained when the permanent magnet crosses the
conductors in Section-B and Section-C by means of the
simultaneous (18)-(21):

Lg 02073

- (22)
ReSg (1 —ap) o2 + ap03

The equivalent conductivity of the entire conductor barrel
region along the axial direction was calculated using the
method described above:

o1, 0=<z<Ly
0102

(1 —apor +aj0z’
0203

LpSZ<LB+L;

(1 —ap) o2 + 03’

Lp+L,<z<Lp+Lc+Ly;
0304

(1 —a3) o3 + 304’
Lp+Lc+L, <z<Lp+Lc+Lp—Ly
o4, Lp+Lc+Lp—Ly<z=<Lp+Lc+Lp+L,.

(23)
In (23), a1, a2, and a3 of the following expression:
—L
alzl—zL p, L, <z<Lp+Lp;
m
- (LB + LP)
a=1-———,
Ly,
(24)

Lp+ L, <z<Lp+Lc+ Ly;

. z— (Lp+Lc+Ly)
_ ™

Lp+Lc+L,<z<Lp+Lc+Lp—Lp.

o3 =

)

G. THREE-DIMENSIONAL END EFFECT

As shown in Fig. 11, the induced eddy current exists in the
conductor as a closed loop; however, only the eddy current
flowing in the axial direction affects the torque of the gover-
nor. Therefore, (16) ignores the circumferential flow of eddy
current outside the engagement region of the permanent mag-
net and conductor layer, but the three-dimensional end effect
caused by its effect on the density of eddy current flowing in
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FIGURE 11. Eddy current path.

the axial direction cannot be ignored. Thus, end effect correc-
tion is needed for the above analytical results. Reference [21]
provided a correction factor that considers three-dimensional
end effects to improve the torque computation accuracy of the
model. Eddy current losses are apportioned throughout the
eddy-current circuit by altering the conductivity of the con-
ductors. The conductor layer conductivity difference at the
two ends of the magnet disk can be ignored for the segmented
barrel-type permanent magnet eddy current governor studied
in this paper and the equivalent conductor barrel conductivity
corresponding to the magnet disk is used to calculate the
correction factor, which is specified as:

pLmn
tanh ( K)

([’21‘7:”) [1 + tanh (”21‘7:”) tanh (y‘"rL—c”’)]

Equivalent conductivity & (z) replaces the conductivity o,
of the conductor layer. All of the preceding calculations result
in the following torque calculation formula for the barrel-type
permanent magnet eddy current governor:

szl_

(25)

T = K,T

= K6 (2) pmAwrLy / / ‘A%‘dxdy (26)
Layer2

H. SPEED REGULATION CHARACTERISTICS

OF GOVERNOR

When using the governor for a constant torque load, the
load constant C is maintained; that is, 7" = C. Combining
the variation of the equivalent conductivity with the magnet
disk displacement z and transforming (26), the relationship
between the output speed n,,; and the magnet disk displace-
ment z of the barrel-type permanent magnet eddy current
governor under a constant torque load can be determined as
follows:

30C

7K () pmr2Ly, [[ |A2] dxdy
Layer?2

27)

Nout = Nin

In (27), njy, is the input speed of the motor.
The governor is a constant torque transmission mechanism,
which means that the input torque M,,; equals the output
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FIGURE 12. Finite element analysis of transmission characteristics of
speed governor with different conductivity.

torque M;,, and the governor’s transmission efficiency is
computed as 7:

Pous _ Moy 2mrngy /60) _ Nour
Py, My, (27 i, /60) Nin

(28)

IV. VERIFICATION OF TORQUE CALCULATION MODEL BY
FINITE ELEMENT METHOD ANALYSIS

In order to verify the accuracy of the proposed theory
of permanent magnet eddy current speed regulation, the
three-dimensional finite element method (FEM) analysis was
carried out according to the specifications of barrel-type
permanent magnet eddy current governors given in Table 1
and Table 2.

The coupling model of cylinder-magnet disk with sin-
gle material was established, and conductor conductivity
of different layers was set up separately. Finite element
simulation was carried out. The generated scatter plot was
compared with the transmission characteristic curves gen-
erated by the transient torque calculation model established
by the separation variable method (SVM) under the same
conditions.

Curves 1, 2, and 3 in Fig. 12 correspond to conductor
layer conductivities of 58 x 10 S/m, 9 x 10° S/m, and
2 x 10° S/m respectively. The torque computed by the
theoretical model in this study and the simulation results
of the finite element approach largely match in the region
of speed difference of 0-1000 rpm. The maximum torque
inaccuracy is less than 5% in the speed difference range
of 1000-1500 rpm. The source of the error is primarily the
parameter setting of the finite element model and the trans-
formation of the aforementioned transient torque calculation
model from a 3D cylindrical model to a 2D linear model.
Given that this error is within the allowable range of engineer-
ing design, the separation variable method used in this study
can be used for the analysis of the governor transmission
characteristics.
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TABLE 1. Structural characteristics of governor.

Symbol Definition Values
7, inner radius of the inner magnetic yoke 171 mm
” inner radius of the outer magnetic yoke 213 mm
h thickness of inner yoke 15 mm
h, Thickness of permanent magnets 15 mm
h thickness of air gap 2 mm

k4
h, thickness of conductor layer 10 mm
h, thickness of outer yoke 15 mm
L, axial length of conductor barrel section A 65 mm
L, axial length of conductor barrel section B 60 mm
L. axial length of conductor barrel section C 60 mm
L, axial length of conductor barrel section D 65 mm
L, axial length of permanent magnets 60 mm
a duty cycle of permanent magnets 0.8
p polar number 16
n,, input speed 1500 rpm
TABLE 2. Material properties.

Symbol Definition Values
i permeability of vacuum 4nx107 Tm/A
m relative permeability of outer yoke iron 1

layer and permanent magnet pole spacer

material (stainless steel)

, relative permeability of the conductor 1
layer

1 Relative permeability of the air layer 1
1y Relative permeability of the permanent 1.0997785406

magnet layer (NdFeB35)
H Coercivity of permanent magnet layer ~8.9%10° A/m

(NdFeB35)

1 Relative permeability of the inner yoke 1200

iron layer (1008 steel)

V. ANALYSIS AND DISCUSSION

A. EFFECT OF CHANGE IN CONDUCTIVITY ON
TRANSMISSION CHARACTERISTICS OF GOVERNOR

The effect of change in conductivity on transmission charac-
teristics of governor was analyzed. Based on the parameters
in Table 1 and Table 2, the coupling model of conductor barrel
of single material-magnet disk is designed. The conductivity
of conductor barrel is set from 0-58 x 10° S/m, and the
numerical simulation is carried out by (26). The results of
several characteristic curves are shown in Fig. 13.

In the field of engineering design, 1/2.5 of the overturn-
ing point torque Tm,x is generally taken as the rated load
torque T,. Therefore, the load values were taken as Tmax
(756 N - m), 1.2T, (363 N - m), T, (302 N - m), and 0.57,
(151 N - m), and their load lines are drawn in Fig. 13.

As shown in Fig. 13, as the conductivity changes, the
governor’s transmission characteristics are characterized by
the following properties:
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FIGURE 13. Effect of conductivity change on transmission characteristics
of governor.

1) The overturning point torque of the transmission char-
acteristic of the governor does not change with the
conductivity and is a fixed value.

2) With the decrease of conductivity, the transmission
characteristic curve changes from hard to soft.

3) After full startup, the blocking point torque (speed
difference is 1500 rpm) of the governor decreases with
increasing conductivity.

It can be concluded that conductivity regulation can
achieve:

1) Maximum starting torque (2.57,) can be achieved by
utilizing the overturning point of the transmission char-
acteristics to achieve heavy load starting.

2) Achieving speed regulation start and operation of load,
the theoretically achievable speed regulation range
0 ~ ne (n, is the rated speed) is much larger than that
of the permanent magnet speed regulator with air gap
regulation.

3) Unloading overload protection is realized, and the drive
torque after unloading is only approximately 0.5 T,
which effectively protects the transmission system and
reduces the heating power of the governor.

The changes in the governor’s output speed
Nour = Nin — Ny corresponding to the varying conductivities
atload Tmax, 1.27,, T,, and 0.57, are plotted in Fig. 14. It can
be seen that when the conductivity increases, so does the
output speed, but the lifting speed decreases, indicating that
the connection between the output speed and conductivity is
nonlinear.

B. ANALYSIS OF VARIATION RULE OF

EQUIVALENT CONDUCTIVITY

It is necessary to investigate the influence law on the equiv-
alent conductivity when different conductivity materials are
set in the conductor barrel segments to design the speed reg-
ulation characteristics of the permanent magnet eddy current
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FIGURE 15. Comparison between analytical and FE computation of three
equivalent conductivity variation rules.

governor with the segmented conductor barrel proposed in
this study. The conductivity of Section-A in Fig. 5 is that of
no load, whereas the conductivity of Section-D is that of pure
copper. To alter the speed regulation characteristics, only the
conductivities of Section-B and Section-C can be modified
freely. To reflect the speed change law of the rated torque,
the conductivity of Section-B was configured to correspond
to the conductivity value o, when the governor blocking point
torque was T,. Fig. 14 shows that the link between speed
and conductivity change is faster than slower. Therefore, the
conductivity setting follows the following principle:

04 — 03 > 03 — 02 (29)

To confirm (29), the axial length of the permanent magnet
L, = 60 mm, o1 = 0.5 x 10® S/m, 04 = 58 x 10° S/m, the
conductivity value of the Section-B was set to the conduc-
tivity corresponding to the starting torque 7, that is, op =
1.372 x 10° S/m, and the conductivity value of the Section-C
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was set to the following three cases and verified by finite
element simulation (Fig. 15):

1) INCREMENTAL RATE FIRST SMALL THEN

LARGE PRINCIPLE

The increase rate of equivalent conductivity of conductor
barrel with the displacement of magnet disk is small first and
then large. Taking o3 = 107 S/m, we obtain:

(03 —0p = 8.628) < (04 — 03 = 48)

2) INCREMENTAL RATE CONSTANCY PRINCIPLE

Conductor barrel conductivity increases at a constant rate
with the displacement of the magnet disk. Take 03 = % =
29.686 x 10% S/m, we obtain:

(03 — 0y = 28.314) = (04 — 03 = 28.314)

3) INCREMENTAL RATE FIRST LARGE THEN

SMALL PRINCIPLE

The increase rate of equivalent conductivity of conductor
barrel with the displacement of magnet disk is large first and
then small. Taking o3 = 49.372 x 10° S/m, we obtain:

(03 — 0 = 48) > (04 — 03 = 8.628)

Fig. 15 shows the distance from the no-load section to the
left of the magnet disk. Zero cross-coordinates indicate that
the magnet disc is in the no-load section, 62.5 mm indicates
that the magnet disk is in Section-B, 122.5 mm indicates that
itis in Section-C and 185 mm indicates that it is in Section-D.
The ordinates represent the equivalent conductivity.

Fig. 15 shows that:

1) Curve-1 in the conductor barrel in Section-C is

smoother than curve-2 and curve-3;

2) The three curves show a gentle change between

Section-B and Section-C (62.5-122.5 mm), while
a sharp change between Section-C and Section-D
(122.5-185 mm), especially curve-1;

3) The theoretical analysis results are in good agreement

with the finite element analysis results.

According to the variation rule of speed-conductivity
curves in Fig. 14, the gradient of conductivity-displacement
curve should be slow-first-then-fast in order to obtain approx-
imate linear speed-regulating characteristics. From this anal-
ysis, it can be seen that the setting of conductor barrel Section-
C with conductivity close to curve-1 will make the governor
have better speed regulation performance.

C. SPEED REGULATION CHARACTERISTICS OF

CONSTANT TORQUE LOAD

Based on these findings, the conductivity of conductor barrel
Section-C was set to 107 S/m, and the rated load torque T,
was set at 1/2.5 of the overturning point torque Tax. The
transmission characteristics of the magnet disk as it moves
from right to left are calculated using (26) (Fig. 16), and
the speed values when the load is T,, 1.27T,, and 0.5T, are
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FIGURE 16. Speed regulation characteristics of governor (n,,; — z) and
transmission efficiency of governor.

FIGURE 17. Eddy current density vector of conductor layer.

derived from (27), that is, the change of output speed during
the whole process from startup to stable operation of the gov-
ernor. Fig. 16 shows the z-n,,; curve. The speed governor was
simulated and analyzed. The eddy current density vector and
eddy current distribution of the conductor layer at different
locations is shown in Fig. 17 and Fig. 18.

Fig. 16 shows that when the load was changed, the speed
regulation characteristics changed slightly. The length of the
part where the speed of the initial section was zero was the
difference. The displacement of the magnet disk required
to start the load increased as the constant-torque load value
increased. The larger the load, the longer the zero-speed inter-
val. This is due to the fact that the governor’s transmission
torque increases from no-load torque to load torque as the
magnet disk moves. After the governor is started, because
the change rate of conductivity appropriately compensates for
the nonlinearity of the speed change, the governor’s speed
regulation characteristic is approximately piecewise linear,
and the linear speed regulation characteristic is convenient
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FIGURE 18. Eddy current distribution of conductor layer.

for the control algorithm design. With the gradual start-up
of the governor, the equipment transfer efficiency gradually
increases from zero to maximum. As shown in Fig. 17 and
Fig. 18, (a), (b), (¢), and (d) correspond to the distribution of
eddy current in the conductor layer when the position of the
magnet disc is 0 mm, 62.5 mm, 122.5 mm, and 185 mm. It can
be seen from the diagram that the density of eddy current in
the conductor layer becomes higher and higher from no-load
starting to stable operation of the governor, and the power
transmitted by the governor also increases gradually, which
conforms to the theoretical results.

VI. CONCLUSION

1) The use of a permanent magnet eddy current governor
with conductivity adjustment was proposed. The four-
section combined conductor cylinder structure design
enables no-load beginning, speed regulating soft start-
ing, speed regulating for constant torque load, and
unloading overload prevention.

2) The conductivity of the conductor barrel changes its
transmission characteristics. When the conductivity
decreases, the overturning torque of the transmission
characteristics remains constant, the blocking point
drops, and the transmission characteristics change from
hard to soft.

3) The torque characteristic equation and equivalent con-
ductivity calculation formula, with the equivalent con-
ductivity as the parameter variable, were established
using the separation-of-variables approach. The numer-
ical analysis results of these formulas were mostly
consistent with the finite element analysis results.

4) The sectional structure can realize the gradual change
of conductivity of the conductor layer during the speed
regulation process. Except that the conductivity of
the starting section and the rated operation section
should be set in advance, the conductivity value of
the speed regulation section can be set as required to
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flexibly design the speed regulation characteristics of
the governor.

APPENDIX A
The basic equation of magnetic field is:

B = nomiHy + oMy (30)

The three-dimensional eddy current magnetic field of a
permanent magnet eddy current governor is a revolving field
that contains the following:

V X By = o (urV x Hy + V x M) 3

When the vector magnetic potential A is included,
B =V x A, implying that:

Vx(VxA)=po(uxgVxHy +V xMy)  (32)
The rotation formula of the vector field is:
V x (VxAp) =V (V-Ap) — VA, (33)

Substituting (33) and the Coulomb gauge V - A = 0 into
(32) yields the basic control equation of magnetic field stated
in terms of the vector magnetic potential A:

V2Ar = —po (e V x Hy +V x My) (34)

APPENDIX B
Because the analytical equations for the coefficients C; and
Dy, are complex and ordinarily difficult to state, this appendix
explains how to calculate these coefficients.

First, the Dirichlet boundary condition of (11) can be used
to introduce the fact that:

Ci =0
{D5=O (35)

Then write the Dirichlet and Neumann interface condition
for (12) specifically:

dAq dA,

el M) NV

dx dx Y 0

dA> dAj

—_— = — = 7

dx dx Y e

dAj _ dAy o

dx  dx Y= Tig

dAy dAs

e Al (N

d_x dx y m
1 dA; 1 dA>
it S’ IRV
R
1 dA> 1 dAj
e B
wdy s dy|)
1 dA; 1 dA4
—— = ——|y=ry
u3 dy s dy
1 dAs 1 dAs 6
ioe A i .
a4 dy us dy "
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The form of the solution of the magnetic field control
equation for each layer of (9) into (36) as follows:
Dle_mri” — Czekri,, + Dze—kria
Cze)”ri" + Dze_)”ri" = C3¢""c 4+ Dze™ M

iB
C3¢™is 4 Dye ™ = Cye™is 4 Dye ™is — —-
3 . m
C4emrim +D4e_mrim _ lBl — Csemrim
m

1
——Dime "o = — [Cz)\e)‘r"" - Dz)xe*)”r""]
"1 n2

i [Cz)\'ekric —Dz)xe_)‘ric] — i [C3memr,-c _DSme—mriC]
M2 M3

— [C3me™ i —Dyme ™" | = = [Came™" & —Dyme ™" |
13 144

1 . _ 1 _
_ [C4memr,m _ D4mefmr””] — _Csmemr,,,l
Ha Us

37)

The value of each coefficient can be determined by solving
the system of equations in (37).
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