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ABSTRACT Modern rotating machines, which are represented by high-end grinding machines, have developed
toward high precision, intelligence, and high durability in recent years. As the core components of grinding machine
spindles, grinding wheels greatly affect the vibration level during operation. The unbalance vibration self-recovery
regulation (UVSRR) system is proposed to suppress the vibration of grinding wheels during workpiece processing,
eliminating or minimizing the imbalance. First, technical principles and the system composition are introduced. Second,
the balancing actuator in the UVSRR system is analyzed in detail. The advanced nature of the improved structure is
presented through structure introduction and advantage analysis. The performance of the balancing actuator is mutually
verified by the theoretical calculation of torque and software simulation. Results show that the self-locking torque
satisfies the actual demand, and the driving torque is increased by 1.73 times compared with the traditional structure.
Finally, the engineering application value of the UVSRR system is verified by laboratory performance comparison and
actual factory application. The balancing speed and effect of the UVSRR system are better than those of an international
mainstream product and, the quality of the workpieces machined in the factory improved by 40%.

KEYWORDS UVSRR system, radial electromagnetic type, vibration suppression, performance simulation,
engineering application

undesirable consequences, such as breaks in operation for
maintenance, safety hazards, and economic losses [8,9].

1 Introduction

High precision, intelligence, and high durability are the
development direction of modern rotating machines, and
the vibration suppression requirements of rotating
machines are continuously increasing [1-4]. The vibra-
tion caused by spindle imbalance is one of the major
faults of rotating machines and often the first problem to
be investigated in engineering practice [5—7]. In the case
of high-end grinding machines, grinding wheels are
dynamically balanced before operation. However, factors
such as the uneven abrasion of grinding wheels during the
working process can lead to unevenness of the grinding
wheel. Uneveness of the grinding wheel can lead to
excessive spindle vibration, equipment shaking, and
reduced operating accuracy. Severe cases can lead to
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Factors such as the uneven abrasion of grinding wheels
are normal phenomena that cannot be avoided when
machining workpieces. Therefore, the unbalance vibra-
tion self-recovery regulation (UVSRR) of grinding
machine spindles should be performed in real time during
operation [10,11].

The principle of UVSRR was first proposed by the
academic leader of the authors’ team (Jinji GAO) at the
“International Conference on Intelligent Maintenance
2003 [12]. In this principle, machines are provided with
the self-recovery functions of humans to achieve the self-
suppression of abnormal conditions during operation
[13]. With the progress of modern science and technology
and the improvement of intelligence levels, the concept of
self-recovery has been recognized in domestic and
foreign aviation, aerospace, petrochemical, and other
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fields [14]. The University of Illinois proposed a self-
recovery rubber-toughened epoxy adhesive that can be
cured at high temperatures to increase the autonomous
repair capability of spacecraft structures [15]. In 2015,
Casavola et al. [16] enhanced the automatic regulation
capabilities of aerospace control systems after faults by
combining fault diagnosis and fault-tolerant control. Li
et al. [17] of Northeastern University (China) proposed
abnormal operating conditions identification technology
and a self-recovery regulation method for electric melt
magnesium furnaces. Chen et al. [18] proposed a self-
recovery regulation method for complex faults in
helicopters on the basis of quantum control technologies
and adaptive compensators. The authors and their team
have been devoted to studying self-recovery regulation
and control technology for high-end modern rotating
machines in recent years. They have achieved
developments in grinding wheels vibration self-recovery
regulation, compressor shaft displacement faults self-
recovery regulation, and turbine unit destabilization faults
self-recovery regulation [19-21].

UVSRR, also known as online active balancing method
[22,23], refers to the adjustment of the internal mass
distribution of the balancing actuator to complete the
unbalance correction of spindles without stopping rota-
ting machines. As final execution devices, actuators have
various forms, such as mechanical [24-26], hydraulic
[27-29], and electromagnetic types [30-32]. Among
them, electromagnetic online active balancing actuators, a
new variety of online active balancing actuators, domi-
nate in rapid action, high precision, and high durability.
They have gradually become the main study direction in
the field of online active balancing in domestic and
foreign research. The related products mainly come from
the United States, Germany, Italy, and other associated
countries [33-35]. Zhejiang University, Xi’an Jiaotong
University, and other universities in China have made
outstanding achievements in this field [30,36,37].
However, the structures of balancing actuators studied at
home and abroad are all axial electromagnetic types,
which have practical problems, such as a small balance
capacity and insufficient reliability. These actuators are
not conducive to engineering application and promotion.
Since 2009, the authors’ team has conducted continuous
improvement research on this problem and innovatively
proposed the radial electromagnetic structure of balancing
actuators. The structure was granted Chinese and
American invention patents and has been applied in
engineering practice, achieving practical application in
many enterprises [38].

To address the unbalanced vibration problem of high-
end grinding machine spindles, a radial electromagnetic
type UVSRR system is proposed in this paper. In Section
2, the principle of the UVSRR method and the
composition of the UVSRR system are introduced. In
Section 3, the structure and the driving principle are

presented, and the analysis of the performance calculation
and the simulation of the radial electromagnetic type
online active balancing actuator is discussed. In Section
4, the performance of the balancing actuator and the
UVSRR system are verified on a grinding machine test
bench and in the practical application on a high-end
grinding machine. Finally, the conclusions and the future
research direction are presented in Section 5.

2 Radial electromagnetic type UVSRR
system

2.1 Principle of the UVSRR method

The UVSRR method can eliminate or minimize vibration
in real time during the operation of equipment by
applying the fault self-recovery principle. On the basis of
“molecular targeting therapy” in contemporary medical
science, the UVSRR method can diagnose and predict the
cause and condition of faults in real time, determine the
target, and apply self-recovery force to change the rotor
mass distribution to suppress the vibration fault through
intelligent decision-making.

The mainstream control method commonly used in
automatic balancing systems at present is the optimiza-
tion-seeking method. The optimization-seeking process
requires phase optimization and then amplitude optimiza-
tion until the vibration amplitude of the equipment is
reduced to below the set value. By contrast, the control
command of the UVSRR method has a clear directional
and quantitative value, like target shooting, and the
control speed is high. This method effectively avoids the
occurrence of misalignment and overshoot, and the
vibration amplitude monotonically decreases during the
control process.

The vibration differential equation of the spindle
system can be written as Eq. (1):

M3+ (C + wG)X + Kx = Fcos(wt + ¢), (1
where M is the mass matrix, C is the damping matrix, G
is the gyroscopic matrix, K is the stiffness matrix, @ is the
angular velocity, ¢ is time, ¢ is the initial phase, x is the
vibration parameter of amplitude and phase, and ¥ is the
second derivative of amplitude with respect to time and
the acceleration of the spindle system. The unbalanced
fault force on the spindle system is Fy, so the vibration
amplitude of the spindle system can be written as Eq. (2):

F,

VK - Mw?) +(C + 0G) o>

For the UVSRR method, an online active balancing
actuator that rotates simultaneously with a spindle must
be pre-installed. If the mass matrix of the balancing
actuator is m and the resultant self-recovery force is Fi,
then the vibration differential equation of the spindle
system can be rewritten as Eq. (3):

X

2




Xin PAN et al. Radial electromagnetic type unbalance vibration self-recovery regulation system 3

(M +m)i +(C+wG)¥+ Kx =(F,— F,)cos(wt+¢). (3)

When the balancing actuator of the UVSRR system
adjusts the mass distribution by adjusting the phase
distribution of the counterweight discs with a definite
target, self-recovery force F); can gradually offset the
system’s own unbalance fault force F,. The vibration
amplitude of the spindle system decreases to a permis-
sible range when the two forces are nearly equivalent in
size and opposite in direction.

2.2 Composition of the UVSRR system

The UVSRR system mainly consists of a control device, a
power device, a balancing actuator, sensors, and other
accessories.

The working principle of the UVSRR system is shown
in Fig. 1. A vibration acceleration sensor, a photoelectric
speed sensor, and hall sensors are used to measure the
vibration and speed signals of the spindle and the phase
signals of two counterweight discs. Then, the above
signals are used as input to the data acquisition module
simultaneously of the control device. The data acquisition
module performs real-time signal processing. After
receiving the vibration parameters of the spindle system,
the control device quickly locates the initial vibration
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amplitude of the spindle system using the UVSRR
method. Then, a control command is formed to instruct
the balancing actuator. According to the control com-
mand, the power device will generate a corresponding
electrical signal, which will cause a magnetic field inside
the balancing actuator and drive the counterweight discs
of the balancing actuator through electromagnetic force.
The counterweight discs rotate step by step toward the
target position, generating a vector that can gradually
offset the initial vibration of the spindle system for the
amplitude to progressively decrease. When both counter-
weight discs reach the target position, the compensation
vector generated by the counterweight blocks is
approximately equal in size and opposite in direction to
the initial unbalance vector of the spindle system. The
vibration amplitude reaches a lower level, and the
UVSRR process ends.

3 Radial electromagnetic type online
active balancing actuator

3.1 Structure and driving principle of the balancing
actuator

The radial electromagnetic type of online active balancing
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actuator mainly consists of a rotating part and a stationary
part, and the structure is symmetrical. The rotating part
rotates with the spindle system, while the stationary part
is fixed and does not rotate. Bearings are installed
between the rotating and stationary parts to ensure
relative rotation.

The rotating part of the balancing actuator includes an
aluminum shell, two outer excitation rings, two inner
excitation rings, two counterweight discs with counter-
weight blocks, and corresponding fasteners. The “radial
electromagnetic type” in the name of the balancing
actuator means that the counterweight disc adds a convex
ring structure to the outer circumference of the traditional
disc and installs magnets and soft irons in the convex
ring, as shown in Fig. 2(e). The convex ring is installed in
the gap between the two excitation rings. Thus, the inner
excitation ring teeth, the magnets and soft irons, and the
outer excitation ring teeth are arranged in the radial
direction in the balancing actuator. The magnetic
induction lines generated in the structure after excitation
are arranged in the radial direction, which is why the
excitation structure used in the balancing actuator is
called a “radial electromagnetic” structure.

The stationary part of the balancing actuator includes a
central stator, two excitation bobbins, two coils, an aerial
plug holder, and corresponding fasteners. The coils are
installed in the excitation bobbins and are led from the
axial direction on both sides. The coil near the connection
flange side is passed to the other side through the central

-
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stator through hole, and the coils on both sides converge
and are connected to the aerial plug. The aerial plug
holder integrates the hall sensor and coil conductors.

The balancing actuator is fixed to the end of the
connection flange through the aluminum shell. The other
end of the connection flange is set to the end of the
spindle system so that the balancing actuator can rotate
together with the spindle. The stationary part is immov-
able and receives an electrical signal from the power
device, which is fed with an alternating voltage. And the
coils generate alternating magnetic fields to drive the
counterweight discs to compensation position by electro-
magnetic force, as shown in Fig. 3. The counterweight
blocks on the counterweight discs generate a compen-
sating vector to correct the imbalance.

The counterweight discs are symmetrically embedded
with magnets and soft irons, with adjacent magnets of
opposite polarity at the same end. The magnetic attraction
force between the magnets and the excitation rings
ensures that the counterweight discs are self-locking state.
When a magnetic field is applied, electromagnetic force
can drive the movement of the counterweight discs. The
soft irons increase the driving torque without affecting the
self-locking torque to drive the counterweight discs with
high efficiency. Taking one of the counterweight discs as
an example, when no power is applied, the counterweight
disc relies on the magnetic attraction force to maintain the
self-locking state, as shown in Fig. 3(a). After applying a
pulse driving voltage, the coil is energized to produce a
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Fig. 2 Structure of the balancing actuator: (a) overall structure, (b) cross-sectional view, (c) rotating part, (d) stationary part, and

(e) counterweight disc.
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Fig. 3 Drive principle of counterweight discs: (a) self-locking position, (b) middle position, (c) next self-locking position, (d) next

middle position, and (e) following self-locking position.

magnetic field. The coil magnetizes the excitation rings
made of soft irons, and the magnetized poles are shown in
Fig. 3(a). According to the principle of the same poles
repelling and opposite poles attracting, as shown by the
arrow in Fig. 3(b), the counterweight disc is subjected an
electromagnetic force and starts to move to the left
toward the position shown in Fig. 3(b). At this time, the
coil is disconnected, and the magnetic field disappears.
Then, the counterweight disc relies on inertia and its
speed to reach the next stable self-locking position. If the
counterweight disc must continue to rotate in the same
direction, then an opposite pulse driving voltage must be
applied to generate an opposing magnetic field because
the magnet’s polarity in the same position changes
compared to that earlier, as shown in Figs. 3(c)-3(e). The
power device repeatedly applies forward and reverse
pulse drive voltages, which enable the counterweight disc
to continuously overstep until it reaches the target
position.

3.2 Advantages of the “radial electromagnetic” structure

Figure 4 shows the comparison of the “radial electromag-
netic” and “axial electromagnetic” structures, with the
“axial electromagnetic” structure on the left and the
“radial electromagnetic” structure on the right in each
part. The improvement points of the “radial electromag-
netic” structure are as follows:

1) The structural dimensions between the excitation
components are different. The “radial electromagnetic”
structure is a nested structure, so the corresponding
components have gradually decreased outer diameters.
By contrast, the “axial electromagnetic” structure is a
parallel structure, and the corresponding components
have the same outer diameters, as shown in Fig. 4(a).

2) The shapes of the counterweight discs are different.
On one hand, the counterweight disc in the “radial
electromagnetic” structure adds a convex ring structure to

the outer circumference of the traditional disc, and
magnets and soft irons are installed in the convex ring.
On the other hand, the “axial electromagnetic” structure is
a traditional disc, as shown in Fig. 4(c).

3) The number and distribution of magnets and soft
irons on the counterweight discs are different. The “radial
electromagnetic” structure adopts the high efficiency
driving technology of combined magnets and soft irons.
The soft irons can provide the driving torque for
balancing the actuator without affecting the self-locking
torque, improving the driving efficiency. By contrast, the
“axial electromagnetic” structure must be driven by full
magnets to meet the working requirements due to the
large air gap between its excitation components.

The advantages brought by these improvement points
are as follows. (1) The magnetic field transfer direction is
changed, as shown by the yellow arrows in Fig. 4(b). The
force direction is changed from axial to radial, which
increases the stability of the balancing actuator. In the
traditional “axial electromagnetic” structure, counter-
weight discs are subjected to axial electromagnetic force.
Furthermore, when an external magnetic field is applied,
the excitation components may falter or even collide in
the axial direction under the influence of the magnetic
attraction and electromagnetic forces, significantly affec-
ting the stability of the balancing actuator. If the air gap
between the excitation components increases to avoid
touching and friction, the magnetic permeability and the
driving efficiency will be reduced. However, the “radial
electromagnetic” structure changes the direction of the
magnetic attraction and electromagnetic forces on the
counterweight discs from axial to radial through the
nested installation of the excitation components. And the
axial center is fixed, so the excitation components cannot
be radially tampered, improving the operation stability.
(2) The air gap between the excitation components is
greatly reduced, the efficiency of magnetic field transmis-
sion is improved, and the self-locking torque and the
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Fig. 4 Advantages analysis of the “radial electromagnetic” structure: (a) excitation components, (b) directions of magnetic field transfer,
(c) models of different counterweight discs, and (d) arrangements of magnets and soft irons.

driving efficiency are enhanced. Given the change in
excitation method, the stability of the excitation compo-
nents is improved, and the air gap between them can be
exponentially reduced. The magnetic attraction force
between the excitation components increases, so the self-
locking torque increases. More importantly, fewer
magnets are needed to meet the required self-locking
torque. Soft irons are installed symmetrically along the
circumference in the remaining holes of the counter-
weight disc, providing additional driving torque while
ensuring a uniform radial force on the counterweight disc
to ensure structural stability. The high efficiency driving
technology of combined magnets and soft irons increases
the drive torque further and improves the drive efficiency
without affecting the self-locking torque.

3.3 Analysis of self-locking performance

The radial electromagnetic type online active balancing
actuator is selected as the final execution device of the
UVSRR system, and its performance directly affects the
control level of the UVSRR system. In turn, the control
level of the UVSRR system determines the vibration level
of high-end grinding machine spindles. The counter-
weight discs rely on the magnetic attraction force to
maintain stable self-locking at each balancing position.
Theoretical calculations and software simulations of the
self-locking torque are performed to verify its reliability.

3.3.1 Calculation of self-locking torque
When the ratio of air gap J, between the excitation
components to the radius of the magnet R, does not
exceed 1, the attraction force between the magnets (Fy)
can be calculated by Eq. (4):
1 2

F g = 2_/10AgB @ (4)
where uo denotes the magnetic permeability of air, 4, is
the effective magnetic pole area, and B, is the magnetic
induction intensity generated by the magnets. Magnetic
density B, can be expressed as Eq. (5):

B, 5
B,=—|1-——— (5)

2l Jeer

where B, is the remaining magnetic strength of the
magnets. Thus, total self-locking force F and total self-
locking torque T can be expressed as Egs. (6) and (7):

2

K 5
FzKﬂzg—%Kl———i— , (6)
Ho JE+R

2
K P
T,=FR=—RA,B|1 - —= (7)
81t

&+ R
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where K is the number of magnets, and R is the mounting
radius of the magnets. The specific values of the
parameters and the results are shown in Tables 1 and 2,
respectively.

The balancing actuator requires the counterweight discs
to maintain self-locking and follow the synchronous
rotation of the rotating part when no power signal is
received. If the counterweight discs cannot maintain self-
locking, the phase constantly changes. This phenomenon
will cause great unevenness, preventing the counter-
weight discs from moving accurately to reduce the
vibration of the grinding machine spindles. The accuracy
of the self-locking torque value is obtained through
calculation. To determine whether this value can meet the
actual self-locking requirement, the minimum self-
locking torque for the balancing actuator operation is
analyzed and calculated to verify the self-locking
performance. The minimum self-locking torque (7gm)
required for the balancing actuator can be determined by
Eq. (8):

T,,=Ks(Ja+mgR, +m,gR,), (8)
where Ky is the safety factor, J is the rotational inertia of
the counterweight discs and its accessories, @ is the
spindle starting acceleration, g is the gravitational
acceleration, and m;, my, Ry, and R, are the mass and the
center of gravity of the counterweight blocks. The
specific values of the parameters are shown in Table 3.
The required minimum self-locking torque for a safety
factor of 2 is compared with the actual minimum self-
locking torque for a safety factor of 1. A safety factor of 2
ensures that the counterweight disc maintains self-locking
in the event of an accident, such as a bump, and prevents
the counterweight disc from rotating in a disorderly
manner that would cause additional imbalance in the

Table 1 Parameters related to design self-locking torque

Parameter Value
Magnet material NdFe35
Air gap &, 0.5 mm
Magnet radius R, 3 mm
Magnetic permeability of free space ug 4z x 1077 H/m
Effective magnetic pole area 4, 12.85 mm?
Remaining magnetic strength B, 1.09T
Magnet number K 12
Magnet mounting radius R 52.25 mm

Table 2 Calculation results of design self-locking torque

Result Value
Single magnet self-locking force Fy 1.258 N
Magnetic induction intensity B, 0496 T
Total self-locking force F 15.09N
Total self-locking torque 7T 788.4 mN'm

Table 3 Parameters related to minimum self-locking torque

Value
Safety factor Kyt 2

8.08 x 105 g-mm?

Parameter

Rotational inertia of the counterweight discs
and its accessories J

Rotor starting acceleration & 52.4 rad/s?
Mass of internal counterweight block m; 855¢g
Center of gravity of internal counterweight block R, 23.56 mm
Mass of external counterweight block m; 65.7¢g
Center of gravity of external counterweight block R, 24 mm

entire system. Taking the safety factor of 2 as an example
and using the relevant data of the actuator for calculation,
the minimum self-locking torque value (7gy,) for the
stable operation of the actuator is 155 mN-m. The
designed self-locking torque exceeds this value and meets
the functional requirements.

3.3.2 Simulation of self-locking torque

The designed self-locking torque was calculated to be
7884 mN-m. The electromagnetic analysis software
Ansys Maxwell is used in self-locking torque simulations
to verify the correctness of the designed self-locking
torque value.

The actuator model and the simulation results are
shown in Fig. 5. The parameters are set as follows. The
soft iron material, such as the inner and outer excitation
rings, is DT4C. The magnetic material is NdFe35, with
remaining magnetic strength B, = 1.09 T, and magnetic
coercivity H, = 890 kA/m. Non-magnetic materials, such
as air and aluminum, have a relative permeability of u =
1.0, and bearing steel has a relative permeability of u =
200. The simulation parameters of the materials are set
similarly as the actual materials. The counterweight disc
rotates from the initial balancing position to the following
balancing position, and the moment applied to the
counterweight disc during the rotation is analyzed.

The orange curve in Fig. 6 shows the self-locking
torque curve simulated for an air gap of 0.5 mm between
the excitation components, with the maximum torque of
772 and =797 mN-m. The error is within 3% compared
with the designed self-locking torque value of
788.4 mN-m, so the conclusion is reliable. Figure 5(c)
shows the magnetic induction lines at the initial self-
locking state, and the magnets and the excitation rings are
enough to form a self-closing circuit to complete the self-
locking. Figure 5(d) shows the magnetic induction lines
after rotating by 3.75°. The magnets rotate to the middle
of the excitation ring teeth and are simultaneously
subjected to the left and right magnetic attraction force
and cancel out, so the torque is 0. The second half of the
torque analysis is the same as the first half. The calculated
values’ correctness is verified through software simula-
tion, and the self-locking law is derived.
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Fig. 5 Simulation model and animations of self-locking torque: (a) electromagnetic simulation model of balancing actuator,
(b) electromagnetic simulation model of excitation components, (c) self-locking simulation result one, and (d) self-locking simulation

result two.

The green curve in Fig. 6 shows the self-locking torque
simulated for an air gap of 1.0 mm between the excitation
components, with the maximum torque of 291 and
—275 mN-m. This air gap is the gap between the
excitation components of most balancing actuators with a
traditional “axial electromagnetic” structure. Compared
with the two excitation structures, the shape and size of
the teeth of the excitation rings and the magnets on the
counterweight discs are the same. Only the transmission
direction of the magnetic induction lines and the air gap
between the excitation components are different, so the
1.0 mm gap can accurately simulate the axial excitation
structure. The maximum self-locking torque of the “radial
electromagnetic” structure is 2.65 times higher than that
of the “axial electromagnetic” structure because the
“radial electromagnetic” structure can meet the minimal
air gap between the excitation components, which
enhances the magnetic attraction force and increases the
self-locking torque. In addition, the increased magnetic
attraction force also positively affects the driving torque,
as discussed in the following sections.

3.4  Analysis of drive performance

The electromagnetic analysis software Maxwell is used to
analyze the driving torque performance, and the
parameter settings are the same as those in the self-
locking torque analysis. The simulation explores the
phase of an individual magnet in continuous stepwise
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Fig. 6 Simulation results of self-locking torque.

movement and the torque on the counterweight discs. The
counterweight disc is continuously moved stepwise by
applying pulse voltages to the balancing actuator. The
applied pulse voltage is shown in Fig. 7(a) and the mag-
net rotation angle is shown in Fig. 7(b). The animation of
the individual magnet’s stepwise movement on the
counterweight disc is shown in Fig. 8.

Current is applied to the left coil, and the model
permeability and the magnetic induction intensity distribu-
tion are observed. Figure 9 shows the simulation results
analyzed by the electromagnetic analysis software
Maxwell. Figure 9(a) shows the simulation model’s
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Fig. 8 Continuous stepping animations of counterweight disc: (a) starting position (0°), (b) middle position (3.75°), (c) self-locking
position (7.5°), (d) next middle position (11.25°), and (e) next self-locking position (15°).

magnetic induction lines of the radial electromagnetic
structure, which are closed enough along the magnetic
circuit to form a complete circuit. An enlarged view of
the simulation results of the magnetic induction lines at
the two air gaps is shown in Fig. 9(a). The results are
shown in the orange box in Fig. 9(a). The magnetic
induction lines at the two air gaps are coherent and shows
good permeability, with only a very small leakage part.
Figure 9(b) shows the simulation model of the axial
electromagnetic structure and the trend of the magnetic
induction lines. The simulation model is identical to the
actual actuator, and the gap between the excitation
components is 1 mm, whereas the gap between the
excitation components of the radial excitation structure is
0.5 mm.

Figure 9(c) shows how the driving torque varies with

the number of soft irons on the counterweight discs. The
driving torque increases from 2.56 to 6.62 N-m with the
increase of the number of soft irons from 0 to 24, the
driving torque by 2.58 times and dramatically improves
the driving performance. Figure 9(d) shows the driving
torque variation curves of the “radial electromagnetic
structure” and “axial electromagnetic structure” during
the stepping process of counterweight discs. With the
radial electromagnetic structure, the gap between the
excitation components is greatly reduced, resulting in an
increase in drive torque from 3.83 to 6.62 N-m. The drive
torque of the balancing actuator is increased by 1.73
times, and drive performance is proven. The drive
performance simulation further verifies the feasibility of
the balancing actuator and provides theoretical support
for physical performance verification.
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Fig. 9 Simulation results of drive performance: trend of magnetic induction lines of (a) the radial electromagnetic structure and (b) the
axial electromagnetic structure, (c) variation of driving torque with the number of soft irons, and (d) drive torque curve with rotating

angle.

4 Performance verification and application
of UVSRR system

4.1 Performance verification of the balancing actuator and
UVSRR system

A high-end grinding machine self-recovery regulation test
bench was built to verify the performance of the radial
electromagnetic type UVSRR system and designed with
reference to a universal cylindrical grinding machine. The
test bench consisted of a three-phase asynchronous motor,
a spindle case, a grinding wheel, a frequency converter, a
radial electromagnetic type online active balancing
actuator, a control device, a power device, and sensors.
The balancing actuator rotated simultaneously with the
grinding wheel through the connection flange. After
receiving the command, the balancing actuator drove the
counterweight discs to change their mass distribution to
achieve the purpose of compensation mass. The UVSRR
system controller was used to monitor the amplitude and
phase of the vibration and send action commands to the
balancing actuator. The power supply box supplied power
to the balancing actuator coils. The UVSRR system
controller and the power supply box were connected to

the balancing actuator through an aviation plug, as shown
in Fig. 10.

The reliability of the balancing actuator was verified by
the UVSRR program. The program’s interface is shown
in Fig. 11. After starting the grinder, the balancing
actuator rotated simultaneously with the grinding wheel
without applying any action. The phase of the A and B
counterweight discs was detected and observed to
determine whether their phase could be kept stable to
verify their self-locking performance, and the experimen-
tal result is shown in Fig. 12(a). Then, the UVSRR
program drove the A and B counterweight discs to rotate
360°, respectively, and was observed to determine
whether a mistuning or over-tuning phenomenon
occurred. The experimental result is shown in Fig. 12(b).
Two experiments verified the stability and reliability of
the balancing actuator.

Test weights of different masses were installed at
different angles of the grinding wheel to simulate any
angle and size of vibration that may occur during
operation to verify the performance of the UVSRR
system. The test weights of 14.8, 25.1, 35.2, and 64.5 g
were individually and repeatedly installed at eight
arbitrary positions on the grinding wheel in the range of
0° to 360°, and the vibration induced by the test weights



Xin PAN et al. Radial electromagnetic type unbalance vibration self-recovery regulation system 11

Fig. 10 High-end grinding machine self-recovery regulation test bench.

Unbalance vibration self-recovery regulation program
Counterweight plate positioning vector drawing
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Fig. 11 Unbalance vibration self-recovery regulation program.

was suppressed by the UVSRR system. The experimental
results are shown in Fig. 13. The UVSRR system
described in this paper can suppress the vibration of
grinding wheels of any size and direction to less than 1
um if the vibration does not exceed the balancing
capacity of the balancing actuator. This feature ensures

360

e Counterweight plate A
{~#—Counterweight plate B

300 +

240

180 +

Phase/(® )

120 +

60+

O i s | | | s s |
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the standard grinding work of the grinding machine and
improves the machining accuracy.

The performance of the UVSRR system was further
verified by comparing it with that of an international
mainstream online active balancing product. The balan-
cing actuator of the UVSRR system has a comparable
balancing capacity, the same installation method, and a
comparable external dimension as an international
mainstream product. The only difference is in the internal
structure of the balancing actuator and the driving method
in the two systems. Thus, the appropriate specifications
are chosen to meet the test standard. The two systems
were installed separately on the high-end grinding
machine test bench for vibration suppression. The
vibration was excited by the test weights mounted on the
grinding wheel to simulate the unbalanced vibration of
the spindle. Moreover, the weight and mounting position
of the test weights were precisely the same to ensure that
the installed system was the only wvariable. The
experimental results are shown in Fig. 14.

After comparison, the following conclusions were

360 —
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Fig. 12 Movements of counterweight discs: (a) self-locking performance experiment and (b) drive performance experiment.
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Fig. 13 Experimental results of vibration suppression of the
high-end grinding machine self-recovery regulation test bench.

drawn. (1) The UVSRR system made the vibration
amplitude monotonically decrease when suppressing
vibration and consumed a short time, exhibiting superior-
ity over the international mainstream online active
balancing product. The international mainstream online
active balancing product was mis-tuned and over-tuned in
the process of vibration suppression, resulting in a sudden
increase in vibration amplitude many times, which is not
conducive to the safe and stable operation of the
equipment. The UVSRR system adopts the UVSRR

Other
—=— Balancin

Vibration/um

40s

oo

100 120 140

-

{] " | AL L L
20 40 60 80

Time/s
(c)

method, whose control command has clear direction and
quantity, allowing the quick location of the unevenness
and suppression of the vibration. (2) The final vibration
suppression effect of the UVSRR system is comparable to
that of the international mainstream online active
balancing product. Both systems could suppress the
vibration amplitude to less than 1 um, satisfying the
actual application requirements. Therefore, the UVSRR
system can quickly suppress vibration and decrease the
vibration amplitude monotonically. The proposed system’s
practicality is better than that of the international
mainstream online active balancing product and more
aligned with the actual application requirements.

4.2 Factory applications of UVSRR system

A universal cylindrical grinding machine in a factory was
used as the experimental object, and the radial electro-
magnetic type UVSRR system described in this paper
was installed for on-site self-recovery regulation tests and
the machining of workpieces. The grinding machine
speed is 1500 r/min. First, the grinding machine was used
to machine a workpiece without installing the proposed
system. A certain amount of unbalanced vibration was
observed due to the grinding wheel wear and other
reasons. The measured vibration amplitude at this time
was approximately 2 pm, which is consistent with the

"
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Fig. 14 Comparison of two systems: (a) unbalance vibration self-recovery regulation (UVSRR) system, (b) an international mainstream
product, vibration suppression curve of (c) UVSRR system and (d) the international mainstream product.
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actual production situation. Second, the grinding machine
was installed with the radial electromagnetic type
UVSRR system and completed the UVSRR progress. The
same type of workpiece was processed again to ensure
that the vibration amplitude of the grinding machine was
the only variable. Figure 15 shows the site photo of the
cylindrical grinding machine with the radial electromag-
netic type UVSRR system. Figure 16(d) shows the
vibration reduction curve of the UVSRR system. The
initial vibration amplitude of the grinding machine was
4.6 pum, and the vibration amplitude of the grinding
machine was reduced to approximately 0.4 um in 20 s

(c)

with the UVSRR system, and the amplitude reduction
ratio was as high as 91.3%.

On the basis of the universal cylindrical grinding
machine, several different workpieces were ground and
machined separately. After machining, the parameters of
the machined workpieces, such as size, roundness,
cylindricity, roughness, and shape error, were tested and
compared using a professional coordinate inspection
instrument, as shown in Table 4. The test results show
that vibration greatly influenced the roundness and shape
error of the machined workpieces. After the vibration
suppression by the UVSRR system, the surface quality of

Acceleration sensor

—e=— Other
—e— Balancing
£
24
=
2
E
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5 1001520 25 30 35 40 45 50 55 60 65 70
Time/s
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Fig. 16 Experimental results of machining workpieces: (a) processing site, (b) performance testing, (c) workpieces to be processed, and

(d) unbalance vibration self-recovery regulation process.
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Table 4 Comparison of surface quality of machined workpieces

Testing Normal working Install UVSRR Upgrade/
item condition/mm system/mm %
Roundness 1 0.0013 0.0011 15.4
Roundness 2 0.0016 0.0010 375
Roundness 3 0.0015 0.0009 40.0
Roundness 4 0.0015 0.0012 20.0
Cylindricity 0.0047 0.0025 44.7
Roughness 0.3013 x 1073 0.2588 x 1073 14.1
Shape error 2.4384 x 1073 1.9235 x 1073 21.1

the machined workpieces, such as roundness and shape
error, was improved by 20%—40%, and the surface
quality, such as roughness, was also enhanced to a certain
extent. The system achieved the purpose of extending the
life of the grinding machine spindle and improving the
operation accuracy.

5 Conclusions

This paper proposes a radial electromagnetic type
UVSRR system for high-end grinding machine spindles.
The value and technical importance of the UVSRR
method are first explained, which leads to the radial
electromagnetic type UVSRR system, whose working
principle and system composition are described. The
performance parameters of the balancing actuator, such as
self-locking and driving torque, were calculated and
simulated. A high-end grinding machine self-recovery
regulation test bench was built to verify the balancing
actuator’s physical performance. Finally, a factory’s
universal cylindrical grinding machine was used as the
experimental object to suppress the vibration of the
spindle, and the operating accuracy and the grinding
wheel life were improved. In future research, the structure
of the balancing actuator will be further optimized, and
the control method of the UVSRR system will be
improved to enhance the control efficiency to provide
theoretical reference and physical support for engineering
applications.

Nomenclature

Ag Effective magnetic pole area

B, Remaining magnetic strength of the magnets

B, Magnetic induction intensity generated by the magnets
C Damping matrix of the spindle system

F Total self-locking force

Fy Unbalance fault force on the spindle system

F, Self-recovery force

Fy Attraction force between the magnets

g Gravitational acceleration

G Gyroscopic matrix of the spindle system

H. Magnetic coercivity

J Rotational inertia of the counterweight discs and its accessories

K Number of magnets

K¢ Safety factor

K Stiffness matrix of the spindle system

my, mp Masses of the counterweight blocks 1 and 2, respectively

m Mass matrix of the balancing actuator

M Mass matrix of the spindle system

R Mounting radius of the magnets

R, R, Center of gravity of the counterweight blocks 1 and 2,
respectively

Ry Radius of the magnet

t Time

T, Total self-locking torque

Tim Minimum self-locking torque

x Vibration parameter of amplitude and phase of the spindle
system

X Acceleration of the spindle system

@ Spindle starting acceleration
Angular velocity of the spindle system

[} Initial phase of the spindle system

& Air gap

u Relative permeability

Ho Magnetic permeability of air
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