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Abstract

analysis

Imbalance vibration is a typical failure mode of rotational machines and has significant negative effects on the effi-
ciency, accuracy, and service life of equipment. To automatically reduce the imbalance vibration during the opera-
tional process, different types of active balancing actuators have been designed and widely applied in actual produc-
tion. However, the existing electromagnetic-ring active balancing actuator is designed based on an axial excitation
structure which can cause structural instability and has low electromagnetic driving efficiency. In this paper, a novel
radial excitation structure and the working principle of an electromagnetic-ring active balancing actuator with a
combined driving strategy are presented in detail. Then, based on a finite element model, the performance param-
eters of the actuator are analyzed, and reasonable design parameters are obtained. Self-locking torque measurements
and comparative static and dynamic experiments are performed to validate the self-locking torque and driving effi-
ciency of the actuator. The results indicate that this novel active balancing actuator has sufficient self-locking torque,
achieves normal step rotation at 2000 r/min, and reduces the driving voltage by 12.5%. The proposed novel balancing
actuator using radial excitation and a combination of permanent magnets and soft-iron blocks has improved electro-
magnetic efficiency and a more stable and compact structure.
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1 Introduction

Rotational machines, including turbine machinery [1,
2] and machine tools [3, 4], are extensively employed in
industrial production. Rotary machines have become
quite large, complex, and automated [5]. Imbalance
vibration, a typical failure mode of rotational machines,
is caused by imbalanced mass distribution and has a sig-
nificant negative effect on the efficiency, accuracy, and
service life of the equipment. Dynamic balancing tech-
nology includes process balancing [6], on-site balanc-
ing [7, 8], and active balancing [9-13]. Process dynamic
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balancing requires the use of a balancing machine, which
is time consuming, laborious, and cannot readily ensure
balance accuracy. On-site dynamic balancing can achieve
dynamic balancing during the actual working state of the
rotor and reduces the imbalance to a relatively low level,
but requires field operation. Active balancing actuators
[14], which are designed to automatically reduce imbal-
ance vibration during the operational process without
halting the machine or human intervention, are consid-
ered an effective solution to imbalance vibration in rotary
machines.

In the past few years, multiple types of active balancing
actuators have been developed. Based on the methods
of changing the mass distribution, balancing actuators
can be categorized as mechanical [15], liquid [16-18],
magnetic-bearing [19-22], and electromagnetic-ring
types [23-25]. The mechanical balancing actuator has
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been successfully applied owing to its convenience, but
its service life is restricted by mechanical wear. A liquid-
type balancing actuator provides a compensated mass by
pumping an oil-water mixture into several sector cavities,
but suffers from two flaws: It is difficult to eject the mix-
ture when the cavities are full, and the balance state is not
maintained after machine halting [26, 27]. Compared to
the above two kinds of actuators, electromagnetic-ring
balancing actuators, which use electromagnetic force to
drive the counterweight block for dynamic balancing,
have the advantages of small volume, rapid response,
high accuracy, and easy assembly. This type of balancing
actuator does not require a complex auxiliary system and
is easy to operate. Moreover, the control signal does not
need to be transmitted between the moving and static
parts, which means that the actuator completely avoids
the need for parts which can wear out, such as electric
brushes [28, 29]. Therefore, the active balancing actuator
has a long equipment life. However, the moving and static
parts of traditional electromagnetic-ring balancing actua-
tors need to be installed separately. The gap between the
rotating and non-rotating parts should be less than 0.5
mm, which makes the installation difficult. Integrative
electromagnetic-ring balancing actuators solve these
problems to a certain degree [30]. For example, the gap
between the moving and static parts does not require
adjustment during installation. Nevertheless, because of
the axial excitation structure, the counterweight disc may
be drawn to the other component of the actuator, which
causes severe disruptions to the balancing process. Thus,
an electromagnetic-ring balancing actuator that adopts a
radial excitation structure is proposed in this paper. This
novel type actuator effectively avoids the deflection and
friction associated with the counterweight disc and has
significantly improved efficiency and stability.

The principle of the balancing and radial excita-
tion, and the basic structure of the novel actuator are
described in Section 2. The parameters of the actuator,
such as the self-lock and the driving torques, are analyzed
by electromagnetic simulations, and the advantages of
the new actuator are explained in Section 3. The static
and dynamic experiments to validate the operating per-
formance of the actuator are described in Section 4.

2 Principle of the Radial Excitation Actuator

2.1 Balancing Principle

The core components of the actuator are two symmetri-
cal counterweight discs, as shown in Figure 1(a). Each disc
provides a semi-circular counterweight block to form an
eccentric mass U. Because the two blocks A and B have
the same shape and material, the eccentric masses U, and
Up are equal, and the total compensation mass U is zero
when these two blocks are oriented in opposite directions.
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Figure 1 Basic principle of the actuator: a Core components; b
Schematic diagram.

When the actuator is activated to balance the initial imbal-
ance mass U, of the rotor, the two discs start to rotate in
a stepwise manner under the action of an electromagnetic
force, thereby changing the included angle between the
masses U, and Ujp Based on the parallelogram rule, the
total compensation mass U increases gradually as the
included angle decreases. When the blocks are oriented in
the same direction and the included angle is zero, the total
mass U reaches its maximal value, which is the sum of U/,
and Uj. The initial imbalance mass U/, of the rotor can be
balanced from 0 to the maximal value of U by adjusting
the angles ¢ and ¢,.

The residual imbalance mass Uy, of the rotor is given by

Ij[R = lj[() — Ij[c. (1)

The compensation mass is determined by the included
angle ¢, that is,

Ij[c = i[A + Ij[B = 2U4p cos L@, (2)
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where U, is the eccentric mass of each disc.

Because the counterweight discs rotate in a stepwise
manner during operation, the compensation mass can be
written as

Uc = 2Uxp cos(90 — jAQ) L ¢, (3)

where A¢ is the angle step size and j is the step of the
compensation mass. The compensation mass when U,z
is 5000 g-mm and ¢ varies from 0° to 90° with a step size
of 7.5° is shown in Figure 2.

2.2 Radial Excitation Principle

The radial excitation structure, including the counter-
weight disc and inner/outer excitation ring, is the core
component of the actuator, as shown in Figure 3. A con-
vex ring that extends into the gap between the teeth of
the inner and outer excitation rings is positioned on the
circumference of the counterweight disc. The teeth of
the inner excitation rings, the permanent magnets/soft-
iron blocks, and the teeth of the outer excitation rings are
arranged radially from the inside out. The magnetic field
passes through the permanent magnets/soft-iron blocks
along the radial direction, and only radial electromag-
netic forces are generated between the excitation rings
and the counterweight disc. Therefore, this excitation is
called radial excitation.

2.2.1 Design of the Magnetic Circuit

To drive the stepwise rotation of the counterweight discs
using an electromagnetic force, a closed magnetic circuit
is required for each disc to generate the electromagnetic
field. Because of the axisymmetric structure of the pro-
posed actuator, only one-quarter of the structure is taken
for the magnetic circuit analysis in Figure 4. The center
stator, coil cases, and inner/outer excitation rings are all
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Figure 2 Variation of the compensation mass with the included
angle.
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Figure 3 Radial excitation structure: a Counterweight disc; b Inner/
outer excitation ring.

made of a magnetic conductive material, such as electri-
cal pure iron DT4E, and all of them constitute the closed
magnetic circuit.

When the balancing actuator is activated, the coil creates
a magnetic field, which magnetizes the coil case. The mag-
netic induction lines pass through the air gap 81 between
the coil case and excitation rings. Then, the magnetic field
magnetizes the inner and outer excitation rings through
the air gap 82, and north and south poles are formed on the
iron teeth of the inner and outer excitation rings, respec-
tively. According to the “like-wise repulsion, opposite-
between attraction” principle of magnetic poles, the iron
teeth in both excitation rings interact with the permanent
magnets and soft-iron blocks mounted on the counter-
weight discs and drive the counterweight discs to rotate in
steps relative to the excitation rings. Ultimately, the mag-
netic induction line is transferred back to the coil case
through the air gap 83, the center rotator, and the air gap 64
to close the magnetic circuit.

Outer Excitaion Ring

Actuator Case 51 Counterweight Disc

{ Permanent Magnet

|
Bl

__Counterweight Block

Coil Case

Coil Inner Excitaion Ring

__Rotatory-ring Bearing

Center Stator,

~__Connecting Bearings

Figure 4 Magnetic circuit diagram.
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2.2.2 Self-locking of the Counterweight Disc by Permanent
Magnets

The excitation can be performed in the actuator only when
the unbalanced vibration of the rotor exceeds the stand-
ard and the self-locking condition without external excita-
tion is satisfied. This ensures that the rotation between the
counterweight discs and the rotating part is synchronized
without a change in the mass distribution when the actua-
tor accelerates, decelerates, and rotates constantly.

As shown in Figure 5(a), when the counterweight disc
is in the self-locking condition, each adjacent pair of per-
manent magnets corresponds to a tooth on the inner and
outer excitation rings, and the mating area of each magnet
is approximately half of its own area. Therefore, the self-
locking force between each pair of permanent magnets
and the inner and outer rings is equivalent to the attraction
force between a permanent magnet and a soft-iron block.
When the ratio of the air gap 62 to the permanent magnet
radius Rg is within 1.0, that is, 62/Rg§1.0, the attraction
force F, is given by

1
Fg = 20 AgBy, (4)
where A, is the effective pole area of the magnet, B, is the
magnetic density produced by the magnet at the air gap,
and 4, is the magnetic conductivity at the air gap and is
equal to a constant.
The magnetic density B, can be written as

B, )

By=—|1- == (5)
2 \/3 +R?

where B, is the remanence intensity of the magnet.
Denoting the number of permanent magnets as K and

the installation radius of the magnets as R, the total self-

locking torque of the counterweight disc is given by

excitation ring

(M

counterweight disc

(b)

Figure 5 Analysis diagram of the self-locking condition: a Axial view;

b Force analysis.
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The specific parameters of the permanent magnets in
the actuator are listed in Table 1. The self-locking torque
when the air gap 82 is varied from 0.2 mm to 2.0 mm is
shown in Figure 6. Based on the analysis results, the fol-
lowing conclusions can be drawn: (1) the self-locking
torque decreases rapidly with increasing air gap 82, and
(2) the self-locking torque is proportional to the number
of magnets. Therefore, the number of magnets needed to
obtain a given self-locking torque can be greatly reduced
if the air gap 02 is decreased. For example, if the required
self-locking torque is 500 mN-m, twelve magnets are
needed with an air gap of 1.6 mm, whereas only four
magnets are needed with an air gap of 0.3 mm.

2.2.3 Principle of Driving by Magnets and Soft-Iron Blocks

The air gap 82 is greatly reduced is an actuator with
radial excitation. It is therefore no longer necessary to
install as many magnets on the convex ring of the coun-
terweight disc. A soft-iron block can be placed in the

Table 1 Parameters of the permanent magnets

Parameter Value
Magnetic conductivity i, (H/m) 4x 1077
Permanent magnet type N35
Remanence intensity B, (T) 1.2
Magnet radius Rg (mm) 3
Effective pole area A, (mm?) 283
Installation radius of the magnets R (mm) 54.75

Air gap 62 (mm) 0.2-2.0
Number of permanent magnets K 4/8/12

2000 1

1500

1000 A

5004

Self-locking Torque (mN-m)

0 i T — -
0.0 0.5 1.0 1.5 2.0

Air Gap 82 (mm)
Figure 6 Theoretical self-locking torque.
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remaining circumferential space to provide the driving
force and improve the driving ability of the actuator.

The force acting on a conducting material in a mag-
netic field can be expressed as

Fp=xpV-H (7)

o
where x, p, and V are the magnetization coefficient, den-
sity, and volume of the material, respectively, while H
and dH/dx are the intensity and gradient of the magnetic
field, respectively.

The magnets and soft-iron blocks on the counter-
weight disc experience the same magnetic field and
have the same material volume. There is a very small
difference between the respective densities of 7.45 g/
cm?® and 7.8 g/cm?® in the two materials. Accordingly,
the driving force during the working process is deter-
mined mainly by the magnetic coefficients of the two
materials. To compare the magnetic difference between
the two materials, an experiment was performed. The
results show that in the same magnetic field, the force
from a magnet with a given volume is approximately
three times that of a soft-iron block with the same
volume. Therefore, if only 8 magnets are needed for
the counterweight disc to meet the self-locking force
requirements and the number of soft-iron blocks is 3
times the number of magnets, i.e., 24, the driving force
of the counterweight disc can be doubled, as shown in
Figure 7.

During self-locking, only the magnets can be used to
produce self-locking torques; the soft-iron blocks do not
contribute. When the coil is powered by a power supply,
the two excitation rings are magnetized immediately. As
shown in Figure 7(a), the electromagnetic force gener-
ated between the magnets and excitation rings drives the
counterweight disc to rotate in steps relative to the rotor.
The electromagnetic force between the soft-iron blocks
and excitation rings cannot drive the counterweight disc
in the start-up position, but when the counterweight disc
deviates from its initial position, the soft-iron blocks start
to drive the counterweight disc in the same direction as
the magnets.

When the coil current is cut off at the middle of each
step as shown in Figure 7(b), the electromagnetic field
generated by the coil disappears instantaneously, and the
driving torque provided by the permanent magnets and
soft-iron blocks decreases quickly to 0. The inertia of the
counterweight disc and the self-locking torque causes the
counterweight disc to continue to pass through the mid-
dle position of each step and slow down gradually. Ulti-
mately, as shown in Figure 7(c), the counterweight disc
reaches the stop position and returns to the self-locking
condition again.
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Figure 7 Working process of the actuator: a Start-up position; b
Middle position; ¢ Stop position.

2.2.4 Comparison with Traditional Excitation

Compared with the traditional axial excitation struc-
ture, the radial excitation structure has two obvious dif-
ferences, namely, the radial excitation direction and the
driving principle of the permanent magnets and the soft-
iron blocks, as shown in Figure 8. The novel structure
has the following advantages: (1) The counterweight disc
no longer bears an axial force, which essentially avoids
the problems of deflection and friction with the excita-
tion rings and increases the stability and reliability of
the device during operation. (2) The air gap between the
counterweight disc and excitation rings is narrowed, and
the self-locking torque can be obtained with fewer mag-
nets. (3) In addition to magnets, soft iron blocks are used
to provide the driving torque, which can greatly improve
the driving efficiency of the actuator and reduce the driv-
ing voltage demand.

2.3 Basic Structure

The basic structure model of the actuator based on the
principles of balancing and radial excitation is shown
in Figure 9. The part that rotates synchronously with
the rotor includes the actuator case, two inner exci-
tation rings, two outer excitation rings, two coun-
terweight discs, and a pair of rotatory-ring bearings,
which are distributed symmetrically inside the actuator
case. Specifically, the inner excitation rings are fixed to
both sides of the center partition of the actuator case
with bolts, and the outer excitation rings are installed
on the inner surface of the actuator case. There are
several iron teeth machined on the outer circle of the
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(a) (b)
Figure 8 Structural comparison: a Traditional axial excitation; b
Novel radial excitation.

inner excitation ring and the inner circle of the outer
excitation ring, and there is a one-to-one correspond-
ence of the teeth in the radial direction. Counterweight
discs with counterweight blocks are connected to the
inner excitation rings by rotatory-ring bearings. The
magnetic circuit of the rotating part was discussed in
Section 2.2.

The non-rotating part comprises a center stator, two
coils with coil cases, a stationary-ring shell, and an
aviation connector frame. The center stator, which is a
symmetrical stepped shaft, is machined with a through
hole in its radial direction to position the wires of two
coils. A pair of coils is installed inside each coil case.
Additionally, two through holes are placed at the bot-
tom of each coil case to lead the coil wire out. A sta-
tionary-ring shell is installed outside of each coil case,
and an aviation connector frame is installed under the
stationary-ring shell to prevent the stationary part from
rotating during operation and to collect all the wires of
the actuator.

During operation, the rotating part corrects the imbal-
ance by compensating the mass, while the non-rotating
part receives electric pulses from the power supply. The
rotating and non-rotating parts are connected by a pair
of connecting bearings, which guarantees the long-term
operation of the balancing actuator.
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3 Optimized Design

The key parameters of the actuator are listed in Table 2.
The parameters to be optimized and their value ranges
are indicated in bold. The Maxwell software was used to
analyze the electromagnetic characteristics of the actua-
tor. Through electromagnetic simulations, the magnetic
field and the magnetic induction lines of the actuator can
be observed, and the initial parameter analysis results
(such as the self-locking torque and the driving torque)
can be obtained. These results will inform the series of
balancing actuator performance experiments described
in Section 4.

3.1 Self-locking Torque

As stated above, the actuator usually operates in the self-
locking condition. The self-locking torque generated by
the magnets and excitation rings ensures the synchro-
nous rotation of counterweight discs when no actuator
step rotation is required for the actuator. Therefore, to
ensure that the magnetic force can provide sufficient self-
locking torque for the counterweight disc, the magnetic
force of the structure in the non-excitation state should
be analyzed through simulation.

A 3D model of the actuator was created with Solid-
Works and then imported into Maxwell, as shown in Fig-
ure 10(a). Because of the symmetry of the actuator, only
half of the structure was imported, and irrelevant parts
such as the actuator case, counterweight blocks, coils,
coil cases, and ball bearings were removed. Then, a finite
element model of the actuator was established, as shown
in Figure 10(b). The material properties of each part of
the actuator were set as shown in Table 3. The magnet-
izing direction of each magnet was along the radial direc-
tion of the counterweight disc, and the magnetizing
directions of adjacent magnets were opposite to each
other.

An area with a padding percentage of 200% was created
outside the model as the calculation area. Considering
that the magnetizing direction of the permanent magnets
changed constantly during the rotation of the counter-
weight disc, the magnetizing direction of each permanent
magnet was set as a variable. The alternative of setting
the rotation angle of the counterweight disc around the
actuator axis as a variable would complicate the analysis
process. Using the principle of relative motion, the coun-
terweight disc was considered as the reference, and the
rotation angle of the inner-outer excitation rings around
the axis was set to the variable x,. The same results were
obtained when this greatly simplified analysis process
was implemented. Considering the interval between the
adjacent magnets and soft-iron blocks of approximately
7.5°, the value of variable x; was set to 0—15°, and the step
length was set to 0.5°.
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Counterweight Discs

Aviation Connector Frame
Figure 9 Actuator structure: a Overall model; b Rotating part; ¢ Non-rotating part; d Detailed structure.

Table 2 Key parameters of the actuator

Item Design Parameters Value Range

Balancing ability Density of the counterweight block 8.5 g/cm?
Geometry of the counterweight

block
Balancing accuracy Teeth of the excitation ring 24
Step angle 75°
Self-locking torque  Air gap 62 0-1.5mm
Number of magnets 4,6,8,10,12

Shape of magnets
Material of magnets

Driving torque Air gap 81 0-1mm
Air gap 62
Number of soft-iron blocks 0,8,16,24
Shape of soft-iron blocks Figure 10 Self-locking simulation: a 3D model; b Finite element
Material of soft-iron blocks model; ¢ Axial section; d Circumferential section.

The axial torque on the counterweight produced by  with the maximum number of passes set to 20, the per-
the disc magnets and soft-iron blocks was taken as the  centage error set to 1%, and the refinement per pass
executive parameter. The analysis setup was created set to 30%. The calculation was completed using the
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Table 3 Material properties of the actuator

Item

Material properties

Counterweight disc
Inner excitation ring
Outer excitation ring
Soft-iron blocks

Permanent magnets

Aluminum
Soft iron-DT4C
Soft iron-DT4C
Soft iron-DT4C
N35

“Validate check” and “Analyze all” processes, and the
distribution of the magnetic induction lines and mag-
netic field intensity in the entire structure obtained are
shown in Figure 10(c). To visualize the magnetic field
distribution between the permanent magnets and the
iron teeth of the excitation rings, a section was cre-
ated at the magnets along the radial direction of the
actuator. The magnetic field of the section between
the magnets and the mating parts are displayed using
a magnetic field distribution cloud map, as shown in
Figure 10(d).

The variation of the calculated self-locking torque
with the rotation angle of the counterweight disc was
calculated. Three conclusions can be drawn from the
results:

1) The self-locking torque varies periodically every 7.5°,
which is the interval between the adjacent magnets
or soft-iron blocks on the counterweight disc, as
shown in Figure 11(a). During the step rotation of the
counterweight disc, the self-locking torque reaches
its maximum value at 1/4 and 3/4 step. The front
and back half steps have opposite torque directions
in which the self-locking torque of the front half step
prevents the stepwise motion of the counterweight
disc and the self-locking torque of the back half step
drives the step of the counterweight disc. When the
permanent magnet material is N35, the air gap 82 is
0.6 mm, and the number of permanent magnets is
12, the maximum value of the self-locking torque is
approximately 728.5 mN-m.

2) The maximum value of the self-locking torque in
each step increases with the reduction of the air gap
02, as shown in Figure 11(b). This trend is essentially
the same as that in Figure 6 in Section 2.2. The error
increases with the size of the air gap mainly because
of magnetic flux leakage, magnet size error, and the
force angle.

3) The greater the number of permanent magnets, the
larger is the self-locking torque. The maximum value
of this torque is proportional to the number of per-
manent magnets on the counterweight disc, which is
confirmed by both Equation 6 and Figure 11(c).
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Figure 11 Simulation results for variation of self-locking torque with:
a Rotating angle; b Air gap; ¢ Number of magnets.

3.2 Driving Torque
The step rotation of the counterweight disc is mainly
affected by the driving torque. Consequently, in this sec-
tion, the variations in the electromagnetic force between
the inner-outer excitation rings and the permanent mag-
nets after excitation are analyzed through simulations.
As shown in Figure 12, a half structure of the actuator
was imported into Maxwell for finite element analysis.
The half structure included the inner-outer excitation
rings, counterweight disc, center stator, coils, and coil
cases. The material of the coil case was set to DT4C, that
of the coil to copper, and the material properties of the
remaining parts were similar to those in the self-locking
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Figure 12 Driving simulation: a Finite element model; b Current
loading surface; ¢ Circumferential section; d Axial section.

torque analysis model. The excitation current loading
surface was created in the radial direction of the coil,
and the direction of the excitation current was as shown
in Figure 12(b). According to the principle of relative
motion, the counterweight disc was set as the refer-
ence, and the rotation angle of the inner-outer excitation
rings around the axis was set as the variable x,. Consid-
ering that the variation period of the driving torque is
approximately 15°, the value range of the variable x, was
set to 0-20° with a step size of 0.5°. The axial torque on
the counterweight disc was again taken as the executive
parameter. The analysis setup was created with the fol-
lowing settings: the maximum number of passes was set
to 20, the percentage error was set to 1%, and the refine-
ment per pass was set to 30%. After the model was con-
firmed, “Validate check” and “Analyze all” were clicked
on to calculate the global finite element model of the
actuator. Sections along the radius and axis of the actua-
tor were created to obtain the cloud maps of the mag-
netic field shown in Figure 12(c) and (d).

When the radial excitation mode is applied, the driv-
ing torque can remain unchanged or even increase with
increasing magnetic force, and the self-locking torque
can be compensated at the same time. To confirm this,
the contribution of different numbers of soft-iron blocks
to the driving torque was analyzed after replacing the
magnets with soft-iron blocks on the counterweight disc.
The specific manner in which the number of soft-iron
blocks on the counterweight disc was changed is shown
in Figure 13 (the grey blocks are the soft-iron blocks).

The air gap 81 was set to 0.5 mm and the number of
soft-iron blocks on the counterweight disc set to 0, 8,
16, and 24 to analyze the variation of the actual driving

(d)
Figure 13 Contribution of soft-iron blocks: a 0 soft-iron blocks; b 8
soft-iron blocks; € 16 soft-iron blocks; d 24 soft-iron blocks.

torque with the number of soft-iron blocks. The results
are shown in Figure 14(a). The driving torque of the actu-
ator increases with the number of soft-iron blocks on the
counterweight disc. This proves that the iron can effec-
tively provide the torque for the disc.

The air gap 81 between the rotating and non-rotating
parts was varied with the number of soft-iron blocks
on the counterweight disc set to 24, and the resulting
actual driving torque was analyzed. The results obtained
are shown in Figure 14(b). As the air gap 01 gradually
increases, the driving torque of the actuator decreases.
To obtain the greatest possible torque, the gap 61 should
be minimized.

As described above, the actual driving torque is the
vector sum of the theoretical driving torque and the self-
locking torque. The relationship between these three
torques when there are 24 soft-iron blocks on the coun-
terweight disc is analyzed. As shown in Figure 14(c), the
variational period of the driving torque is 7.5°. When the
coil is powered up, an electromagnetic torque is gener-
ated to drive the rotation of the counterweight disc. The
driving torque increases to a maximum and subsequently
decreases to zero rapidly at the 1/2 step position. If the
coil is not powered off in time, a reverse electromag-
netic driving torque will be generated. Therefore, before
the counterweight disc reaches the 1/2 step position, it
is necessary to cut off the excitation current and let the
disc pass through this position by inertia. Subsequently,
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Figure 14 Simulation results of driving torque: variation of torque
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the self-locking torque serves as the driving torque and
continues to drive the counterweight disc to complete
the rotation step.

4 Experiments

The prototypical actuator shown in Figure 15 was used
to perform the self-locking torque measurement and
the static/dynamic experiment of the actuator. The
total length of the actuator was 108 mm, the maximum
diameter was 130 mm, and the balancing ability of the
counterweight blocks was more than 12000 g-mm. The
counterweight disc can be configured with a maximum

disc, and the long scale was affixed to the counterweight
disc through horizontal holes. The weight was hung on
the side of the scale, and its position was adjusted until
the counterweight disc rotated. The scale reading of the
location of the weight was recorded and multiplied by
the weight to obtain the self-locking torque on one side.
Then, the weight was hung on the other side of the scale,
and the above procedures were repeated to obtain the
self-locking torque in the other direction. The actuator
case was rotated by one step to obtain the forward and
reverse self-locking torques in the next step. We repeated
the above procedures to obtain the forward and reverse
self-locking torques of the counterweight disc for a total
of 48 steps. The number of permanent magnets used in
the experiment was 12, and the experimental results are
shown in Figure 16(a). The self-locking torque changes
periodically with the rotating step and is mainly influ-
enced by the gravitational force acting on the counter-
weight. The maximum values on both sides are 0.79 N-m.
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To confirm the relationship between the self-locking
torque and the number of magnets, the number of per-
manent magnets on the counterweight disc was varied
between 4 to 12. The latter is the number used to measure
the average value of the self-locking torque in each group.
The experimental results are shown in Figure 16(b). Simi-
lar to the simulation results in Figure 11(c), the self-lock-
ing torque of the actuator increases with the number of
permanent magnets from approximately 0.2 N-m to 0.8
N-m. This result verifies the effectiveness of the actuator
self-locking function.

4.2 Static Experiments

To verify the effectiveness of the driving torque, the
minimum driving voltage required for the step rotation
of the actuator under static conditions was measured.
This voltage can also be considered as the minimum coil
excitation voltage required for the counterweight disc
to complete a full-circle step rotation. The experimental
setup is shown in Figure 17. Each step was marked with
a different color on the outer circle of the counterweight
disc so that the step rotation state of the counterweight
disc could be observed by an endoscope placed through
the through hole in the actuator case. A DC power sup-
ply was connected to a controller equipped with a timing

—_ 0.90 ;—-— A side clockwise
E Le- A side counter clockwise|
z 0.854 [+ B side clockwise
o tv- B side counter clockwise
g
=
o0
(=]
£
Q
i
e
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Figure 16 Experimental results for variation of self-locking torque
with: a Rotating angle; and b Number of magnets.
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device to control the pulse width of the output voltage.
A reversing switch was also connected in series in the
circuit to change the direction of the output voltage and
apply positive and negative pulses to the coil to realize
the full-circle step rotation of the counterweight disc.

The following two conclusions are obtained from the
experimental results:

1) The minimum driving torque of the actuator was
measured using counterweight discs equipped with
0, 8, 16, and 24 soft-iron blocks. The experimen-
tal results are shown in Figure 18(a). A comparison
of the experimental and simulation results shows
that when the number of soft-iron blocks increases,
the driving torque of the actuator increases, and the
minimum driving voltage decreases correspondingly.
When the number of soft-iron blocks increases, the
minimum driving voltage decreases from approxi-
mately 84 V to 73.5 V. Compared to the case without
soft-iron blocks, the counterweight disc with 24 soft-
iron blocks reduces the minimum driving voltage
by 12.5%. This result verifies the effectiveness of the
radial excitation and the soft-iron blocks.

2) The air gap 61 was changed by installing gaskets
between the non-rotating and the rotating parts
while the numbers of magnets and soft-iron blocks
were fixed at 12 and 24 respectively and 82 was fixed
at 0.6 mm. The relationship between the minimum
driving voltage on both sides and the air gap 01 is
shown in Figure 18(b). A comparison of the experi-
mental results with the simulation results in Sec-
tion 3.2 shows that when the air gap 81 increases, the
actuator driving torque decreases, and the minimum
driving voltage increases correspondingly. When the
air gap 81 is increased by 0.2 mm, the driving voltage
of both sides needs to increase by approximately 2 V.

Pulse Controller

Endoscope

Power Supply

Balancing Actuator Reversing Switch

Figure 17 Static condition experimental setup.
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It is confirmed that the radial excitation is effective
under the static condition and that the air gap needs
to be minimized to improve the electromagnetic effi-
ciency of the actuator.

4.3 Dynamic Experiments

The actuator was installed at the end of the rotor of a
grinding machine through a flange connection. We tested
the step rotation of the actuator with the rotor rotating
and determined the minimum driving voltage of the actu-
ator at several rotation speeds. The experimental setup is
shown in Figure 19. The frequency converter controls the
rotating speed of the rotor to realize variable-speed rota-
tion of the actuator. The coil is connected to the power
supply, and the pulse width of the output pulse is con-
trolled by the controller. Because the endoscope cannot
be used to observe the step rotation state of the counter-
weight disc when the grinding machine is rotating, phase
sensors are required to monitor the phase of the counter-
weight disc. In this experiment, a reference magnet was
installed in the actuator case, two locating magnets A
and B were installed on the counterweight disc, and two
sets of Hall sensors were installed at the corresponding
positions of the non-rotating part to monitor the phase

signal of the Hall elements to obtain the instantane-
ous phase signals of the counterweight disc. The phase
change in the counterweight disc was recorded in a
phase-time chart on the front panel of the LabVIEW pro-
gram, as shown in Figure 20(a).

Positive and negative pulse excitations were applied to
the excitation coil. If the counterweight disc could rotate
smoothly, the phase would be continuously changed in
the same direction by 360° in a ladder shape. The results
in Figure 20(b) show that the actuator can achieve nor-
mal step rotation at the rotating speeds of 1000 r/min,
1500 r/min, and 2000 r/min.

If the counterweight disc failed to rotate continuously,
the outcome will be displayed as a reverse phase change.
Based on this method, the minimum driving voltage of
the counterweight disc at a given speed could be deter-
mined. In the experiment, a counterweight disc with 12
magnets and 24 soft-iron blocks was used. The coils on
both sides, A and B, were installed at the same time. The
experimental results are shown in Figure 21.

In the figure, the black and red curves correspond to
the variation of the minimum driving voltage of the A
and B counterweight discs with the rotating speed of
the rotor, respectively. Because of machining and instal-
lation errors, the values for Side A are approximately 2
V higher than that for Side B, and both sides exhibit
similar trends. The experimental results show that the
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minimum driving voltage of the actuator increases with
the rotating speed, and the driving voltage is less than
70 V when the rotating speed is less than 2000 r/min.

5 Conclusions
A novel active balancing actuator with radial excitation
was proposed in this paper.
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(1) The basic structure and working principle of the
actuator were introduced and two major features
were emphasized, namely, the radial excitation
structure and the combination of permanent mag-
nets and soft-iron blocks. Through comparison
with similar existing structures, the novel structure
was shown to effectively improve the electromag-
netic efficiency, stability, and compactness of the
actuator.

(2) The Maxwell software was used to simulate the
electromagnetic characteristics of the actuator. The
simulation results show that the self-locking torque
of the actuator increases with a reduction in the air
gap and that the actuator can achieve self-locking
with fewer magnets. The driving torque of the actu-
ator increases with the placement of additional soft-
iron blocks on the counterweight disc. This proves
that the iron can effectively provide the torque for
the disc.

(3) Self-locking torque measurements and static and
dynamic experiments were performed to verify
the effectiveness of the actuator. The experimental
results show that the novel actuator can achieve
normal step rotation at 2 000 r/min, and that the
driving voltage is reduced by 12.5% by adding 24
soft-iron blocks to the counterweight disc.
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