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Dynamic and Thermal Investigations of the Forward
Dry-Friction Whirl/Whip of a Vertical Rotor-AMB System
during Touchdowns

Zilin Li 1, Mindong Lyu 2, Guojun Yang 3, Jingjing Zhao 3, Yuming Wang 1 and Zixi Wang 1,*

1 State Key Laboratory of Tribology, Tsinghua University, Beijing 100084, China
2 Institute of Magnetic Levitation and Electromagnetic Propulsion, China Aerospace Science & Industry Corp.,

Beijing 100143, China
3 Institute of Nuclear and New Energy Technology, Tsinghua University, Beijing 100084, China
* Correspondence: zxwang@tsinghua.edu.cn; Tel.: +86-13521026173

Abstract: When an active magnetic bearing (AMB) rotor drops, it impacts the touchdown bearing
(TDB) and produces friction on its surface. The vertical AMB rotor has no stable support in the radial
direction, and the rotor exhibits a violent whirl motion in the gap of the TDB. In this study, a complete
dynamic and thermal model of the AMB-rotor-TDB system was established, and the complete drop
process was simulated. When the rotor dropped, it obtained stable support after several bounces on
the thrust surface of the TDB inner ring in the axial direction. In the radial direction, the rotor entered
whirl motion after the initial collisions. There is a natural whirl frequency so that the drop forward
whirl is divided into the dry-friction whirl and whip states. The contact force and heat generation of
the TDB were monitored in the simulation and had different performancs in the two states. Both the
initial collisions and the stabilized whirl motions were studied to evaluate the reliability of the TDB.
Finally, a series of drop tests were performed, and the experimental results were in good agreement
with the simulation.

Keywords: active magnetic bearing; touchdown bearing; rotor dynamics; dry-friction whirl/whip

1. Introduction

When an active magnetic bearing (AMB) rotor drops to touchdown bearing (TDB),
the rotor cannot get stable support. Therefore, the TDB will be subject to violent collisions,
friction, and heat generation, which can cause failure and damage to the TDB in severe
cases [1]. Although the drop dynamic response at the initial stage is highly complex, the
international standard ISO14839-4 [2] characterizes the rotor drop dynamic response to
evaluate the impact and friction forces on the TDB to determine its reliability. Lyu [3,4]
proposed a drop trajectory identification method based on the instantaneous frequency
transient response. The online condition monitoring implemented in the system was mainly
used for vibration suppression and rotor re-suspension [5]. Some external means, such as
the installation of squeeze film dampers between the TDB and the bearing support in a
study by Kang [6], can also effectively suppress the transient rotor drop vibration response.

Ishii [7] performed early research on the transient response of the AMB–rotor drop
process and established an analytical model of the Jeffcott rotor and TDB to study the
influence of nonlinear contact on the transient vibration of the bearing. Kärkkäinen [8]
established a flexible rotor model based on Timoshenko theory and a TDB model based on
a detailed ball bearing model. The Hunt–Crossley contact model [9], which evaluates the
collision between the rotor and the TDB, was also widely used in subsequent drop studies.
Studies have shown that the dynamic response of rotor drop is affected by many factors,
such as the stiffness damping coefficient [10], friction coefficient [11], rotor unbalance [12],
and rotor installation misalignment [13]. In addition to the drop dynamic responses of the
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rotor and the TDB, the heat generation and temperature rise of the TDB are other important
monitoring parameters when studying the reliability of the system. The maximum contact
force generally occurs in the initial impact of the drop, and the temperature increases
continuously with the friction torque as the drop decelerates. Gupta [14] established a
dynamic, thermal-coupled model of rolling bearings. The heat in the bearing is mainly
caused by internal frictional resistance; note that hybrid ceramic ball bearings generate
less heat than steel ball bearings. For the drop process, the friction between the rotor and
the inner ring contact surface also needs to be considered in the thermal model. Sun [15]
established an effective thermal model of the drop process, including a one-dimensional
radial heat transfer grid, and found that the thermal growth at the rotor–TDB interface is
the highest, indicating that the contact friction heating power between the rotor and the
TDB is higher than that in the TDB.

Most of the above studies and models are based on horizontally oriented rotors,
but there are some vertically oriented rotors in industrial applications [16,17]. There is
no difference between the two rotor types in the control level of AMB. However, in a
drop study, the direction of gravity greatly affected the dynamic response. Hawkins [18]
conducted a drop test of a vertical rotor, and it took 2.7 h for the rotor to decelerate from
36,000 r/min to a complete stop with an unassisted spin down from its full speed. Since
the rotor is radially unconstrained, friction in the thrust surface brings more constant wear
and heating. Although Zhao [19] modeled and simulated the drop dynamics and thermal
behaviors of the vertical rotor, the frictional heat generation of the contact surface in the
thrust surface was not considered in the model.

In addition, some of our experiments (Figure 1) show that TDB damage does not occur
at the drop moment; instead, the TDB is damaged by the exposure to high temperatures
during the drop period. Therefore, it is necessary to monitor the entire drop process,
especially regarding temperature and stress evaluations. At present, the research in the
field mainly focuses on the contact force and temperature changes in the drop transient
response, and there are few accurate simulation studies on the full drop process. In this
paper, the corresponding thermal model is established based on Wilkes’s research [20,21]
on the dynamic response of the vertical rotor dry-friction whirl/dry-friction whip. The
whole drop process is simulated and analyzed, particularly the thermal growth difference
between the rolling friction of the rotor–TDB dry-friction whirl and the sliding friction of
the rotor–TDB dry-friction whip. The simulation results are verified by experiments.

 

Figure 1. Burn and wear scars on the sleeve after severe TDB failure.

2. Modeling

2.1. Friction between the Rotor and TDB

The types of contact in the system need to be defined before establishing a dynamic
model. There are three types of contact between the rotor and TDB: axial surface contact,
radial line contact, and internal bearing contact. The frictional forces for all three types of
contact are calculated by the Coulomb friction model. For the first two forms of contact,

2



Actuators 2022, 11, 291

the Hunt–Crossley collision contact model [9] is used, which can accurately describe the
collision contact force and puncture depth [22]:

Fr(t) = Kxβ(t)
(

1 +
3
2

λ
.
x(t)
)

when x(t) > 0 (1)

The contact stiffness is given by the Hertz contact model:

K =
4

3
(

1−v2
1
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+

1−v2
2

E2

)( r1r2

r1 + r2

) 1
2

(2)

Among the first two contact types, the collision friction calculation for the axial contact
surface is more complicated (Figure 2). To calculate the collision friction on the entire
surface, the relative motion state of the rotor and inner ring of the TDB must be solved.
First, the friction for the contact point A is calculated as follows:
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Then, the friction force and friction torque are calculated by integrating the whole
surface as follows:
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Figure 2. Contact model of the rotor and TDB inner ring.

2.2. Dynamics of the Vertical Rotor–TDB System

TDBs can be described by some classical models of rolling bearings [23]. Since it is
difficult to design a lubrication system, the TDB is usually in the state of no lubrication or
grease lubrication, so the most important thing that needs clarification is the friction torque
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inside the bearing, which is directly related to the energy loss and temperature rise of the
TDB. A high bearing temperature can lead to lubricant deterioration, wear increase, and
even bearing damage.

The internal friction torque of the bearing is calculated by Palmgren’s empirical
formula [24]:

Mb = M0 + M1 (7)

M0 =

⎧⎨⎩160 × 10−7 f0d3
m, v

.
θb ≤ 2000

f0

(
v

.
θb

) 2
3 d3

m × 10−7, v
.

θb > 2000
(8)

M1 = f1P1dm (9)

where M0 represents the friction torque related to the bearing type, the bearing rotational
speed, and the lubricant properties, N·mm. M1 represents the friction and wear related to
elastic hysteresis and local differential sliding, N·mm.

In addition, there is a spin friction torque that affects the heat generation of the bearing
at high speeds, which is calculated for the inner and outer ring and each rolling body as
follows:

Msi =
3
8

μiFiaiLi(k) ; Mso =
3
8

μoFoaoLo(k) (10)

Mij =
db

z·di
M ; Moj =

db
z·do

M (11)

By considering the vertical magnetic bearing rotor as the modeling object, the rigid
rotor dynamics model is established in Figure 3. According to the Lagrange equation, the
dynamic equation of the rotor falling in three directions is established as follows:⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
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2
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..
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Figure 3. Contact model of the rotor and TDB inner ring.

The dynamic equation of the TDB inner ring can be written as follows:

Mb
..
x = Fc (13)
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where Mb = [mb mb Jb] and x = [xb yb θb]
T , which are the mass and displacement matrices

of the TDB inner ring, respectively. Fc represents the contact force and friction matrix on
the TDB inner ring, and it is defined as follows:

Fc =

⎡⎣(Fr − Fa,i) cos α + (Ft + Fa,j) sin α − Fnb cos αb + (M/rs) sin αb
(Fr − Fa,i) sin α − (Ft + Fa,j) cos α − Fnb sin αb − (M/rs) cos αb

−Ftri − Mb + Ma

⎤⎦ (14)

2.3. Thermal Model of the Rotor–TDB System

During rotor drop, heat is generated by the frictional forces between the rotor and the
TDB inner ring and by the frictional torque inside the TDB. This heat causes a temperature
rise in the bearing, which in turn changes the bearing dynamics and performance. Therefore,
the thermal characterization of the drop is also a crucial aspect of the rotor–TDB system
reliability assessment.

The heat generation mainly comes from the contact friction defined in the previous
section on dynamics. The node heat exchanges comprise the heat conduction and convec-
tion of each component and the air, respectively. The temperature node model and the heat
transfer grid model are established as shown in Figure 4. The heat transfer capability of
each part is determined by the contact thermal resistance. The contact thermal resistance of
each part is calculated as follows:

 
(a) (b) 

Figure 4. Thermal model of the rotor–TDB system: (a) Temperature node model; (b) Heat transfer
grid model.

Rolling element:

Rb =
2z

kbπdb
; Rbh =

z
hbπd2

b
(15)

TDB inner ring:

Rbi =
z

hiπdbiWb
; Rir =

ln(dbi/ds)

2kiπWb
; Ria =

2Wb

kiπ(d2
bi − d2

s )
; Rira =

2

kiπ
√
(dai − ds)

2 + W2
b

(16)

TDB outer ring:

Rbo =
z

hoπdboWb
; Ro =

ln(do/dbo)

2koπWb
(17)
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Rotor:
Rsr =

1
ksπWb

; Rsa =
2

ksπdai
; Rs0 =

4Ls

ksπd2
s
+

4
hsπd2

s
(18)

TDB support:

Rh =
ln(dh/do)

2khπW
; Rh0 =

1
hhπdhW

(19)

Assuming that the heat flux is uniformly distributed radially, the heat transfer mesh
of the system can be established, and the temperature of each node can be solved with a
first-order differential equation:

mCpΔT = ΔQ (20)

Overall, the calculation process can be summarized by Figure 5. The axial dynamic
response, radial dynamic response, and thermal response of the system are calculated in
sequence. Among them, the spatial position relationship of the rotor and the TDB causes
the axial and radial dynamics to influence each other. The temperature change caused
by the dynamics also affects the dynamic response because of the viscosity–temperature
characteristics of the lubricant.

Figure 5. Contact model of the rotor and TDB inner ring.

3. Rotor Touchdown Experiments

To verify the validity of the model, an AMB–rotor–TDB system experimental bench
with a rigid rotor is built, which is capable of horizontal and vertical arrangements and
is suitable for various research needs. The mechanical structure is modularized, relying
on four optical axes to ensure coaxial positioning accuracy. It mainly consists of the
rotor, high-speed asynchronous motor, radial AMB, axial AMB, and TDBs (see Figure 6).
Two sets of TDBs support the rotor; each set of TDB uses a pair of angular contact ball
bearings with face-to-face preloaded. The upper TDB bears both axial and radial loads,
while the lower TDB only bears radial loads. The axial and radial clearances between
the rotor and the TDB are both 0.2 mm. The electrical control section mainly consists of
eddy current displacement sensors, a photoelectric speed sensor, analog filter, controller,
and power amplifier. The monitoring part consists of a CAN (Controller Area Network)
communication card, acquisition card, thermal imager, and host computer, which can
record and display key information, such as the rotor trajectory, rotational speed, control
current, and PID control parameters. At present, this system has achieved a maximum
speed of 36,000 r/min in suspension tests. The relevant parameters of the experimental
bench are shown in Table 1.
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Figure 6. AMB–rotor–TDB drop test bench: 1—TDBs, 2—eddy current sensors, 3—radial AMBs,
4—axial AMB, 5—rotor.

Table 1. Parameters of the AMB–rotor–TDB system.

Parameters Value

Rotor mass 2.5 kg
Rotor length 293 mm

Rotor moment of inertia 8957.32 × 10−6 kg·m2

Imbalance eccentricity 1.5 × 10−5 m
Radial magnetic bearings distance 155 mm

Two TDBs’ distance 253 mm
Radial AMB clearance 0.3 mm
Axial AMB clearance 0.4 mm

TDB clearance 0.2 mm
Contact friction coefficient 0.12

Motor power 4 kW
Bias current 2 A

Radial AMB current stiffness 81.268 N/A
Radial AMB displacement stiffness −5.864 × 105 N/m

Axial AMB current stiffness 50.26 N/A
Axial AMB displacement stiffness −2.720 × 105 N/m

Maximum speed 36,000 r/min

The test protocol is as follows: start the AMB to levitate the rotor when the rotor is
stationary; use the motor to accelerate the rotor to the set speed; turn off the motor and
AMB simultaneously to let the rotor drop freely without applying additional braking force;
use the eddy current sensor and photoelectric speed sensor to monitor the rotor trajectory
and rotational speed; and use the thermal imager to monitor the temperature change of
TDB.

4. Result and Discussion

4.1. Simulation Results

A drop simulation model was performed using the method described in Section 2.
The parameters of the experimental bench were substituted into the simulation model
calculations. Three cases of rotor drop speed—5000, 10,000, and 20,000 r/min—were used
for analysis. The drop trajectory, rotational speed, contact force, and temperature variation
were solved for each drop case. The simulations not only focused on the dynamic and
thermal responses of the rotor and TDB at the beginning of the drop but also on the entire
drop process as the rotor decelerated to its stop.

7
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The simulation results of the rotor dropping to the TDB at 5000 r/min are shown in
Figure 7. From the drop trajectory in Figure 7a,b, the rotor initially experienced several
collisions before achieving axial stable support. Radially, it entered stable whirl motion, of
which the direction was obtained from the rotor speed in Figure 7c,d. Figure 7c,d displays
the rotor speed, TDB inner ring speed, and rotor whirl motion. The inner ring accelerated to
a speed equal to the rotor soon after the drop, while the whirl speed was initially negative
(backward whirl) and then gradually became a forward whirl. Then, the whirl speed
increased to the same speed as the rotor, and the two synchronously decelerated to zero
velocity. From the force diagram in Figure 7e,f, the maximum contact force occurred in the
first few collisions. The maximum axial contact force was 542 N, and the radial maximum
contact force was 322 N. According to the temperature change in Figure 7g,h, the most
obvious heat generation was in the rolling elements with the fastest heat dissipation. The
highest temperature, which was 2.4 ◦C higher than the ambient temperature, appeared
within the first 3 s of the drop.

   
(a) (b) (c) (d) 

   
(e) (f) (g) (h) 

Figure 7. Numerical simulation results of the rotor touchdown at 5000 r/min: (a) Axial displacement,
(b) Radial trajectory, (c) Rotor speed change in the first 0.5 s, (d) Rotor speed change for the whole
process, (e) Axial contact force of the TDB, (f) Radial contact force of the TDB, (g) Temperature change
in the first 0.5 s, (h) Temperature change for the whole process.

The results of increasing the drop speed to 10,000 r/min are shown in Figure 8. The
difference of the drop trajectory in Figure 8a,b was not obvious. The most obvious change
was in the whirl speed in Figure 8c,d, where the whirl speed could not reach the rotor
speed after acceleration; however, the sub-synchronous forward whirl occurred at a fixed
speed range (4480–8000 r/min with an average of 6240 r/min) until the rotor decelerated
to the whirl speed, and then the rotor and TDB inner ring transitioned to a synchronous
whirl and then decelerated to zero velocity. The contact force and temperature rise of the
rotor significantly increased as there was an increase in both factors during the transition
from sub-synchronous whirl to synchronous whirl. The radial maximum contact force was
716 N. The maximum temperature rise of the rolling element was 9.2 ◦C.

8
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(a) (b) (c) (d) 

   
(e) (f) (g) (h) 

Figure 8. Numerical simulation results of the rotor touchdown at 10,000 r/min: (a) Axial displacement,
(b) Radial trajectory, (c) Rotor speed change in the first 0.5 s, (d) Rotor speed change for the whole
process, (e) Radial contact force of the TDB in first 0.5 s, (f) Radial contact force of the TDB for the whole
process, (g) Temperature change in first 0.5 s, (h) Temperature change for the whole process.

The speed was further increased to 20,000 rpm, and the simulation results are shown
in Figure 9. The change in whirl speed showed that the whirl speed remained at 6240 r/min
and did not increase with increasing rotor speed, unlike when the speed was 10,000 rpm.
In addition, the contact force and heat generation level at the beginning of the drop further
increased as the rotor speed increased. The radial maximum contact force was 1155 N.
The maximum temperature rise of the rolling element was 10.5 ◦C. After entering the
stable forward whirl motion, the contact force and heat generation did not change much
compared to the lower speed, where the contact force was approximately 200 N.

   
(a) (b) (c) (d) 

   
(e) (f) (g) (h) 

Figure 9. Numerical simulation results of the rotor touchdown at 5000 r/min: (a) Axial displacement,
(b) Radial trajectory, (c) Rotor speed change in the first 0.5 s, (d) Rotor speed change for the whole
process, (e) Radial contact force of the TDB in the first 0.5 s, (f) Radial contact force of the TDB for the
whole process, (g) Temperature change in the first 0.5 s, (h) Temperature change for the whole process.

9



Actuators 2022, 11, 291

4.2. Model Analysis

The axial ring surface and tangential contact friction drive the rotor to whirl. The whirl
direction depends on the direction of the friction force Ft. In the early stages of the drop,
the inner ring is stationary or operating at a low speed, and the Ft direction is opposite to
the rotor rotation direction, so the rotor exhibits a backward whirl. After the axial surface
causes the inner ring to accelerate, the inner ring will maintain the same speed as the rotor.
The total friction direction is the same as the rotor rotation direction, so the rotor will begin
to forward whirl after stabilization.

Although the initial collision process is unpredictable, the stable forward whirl state
had a certain regularity, which is consistent with the dry-friction whirl and dry-friction
whip states expressed by Wilkes [20,21]. These states are defined as follows.

1. Dry-friction whirl (Dry whirl): the rotor rolls on the surface of the stator without
slipping, and the precession frequency is governed by the radius-to-clearance ratio at
the contact location;

2. Dry-friction whip (Dry whip): the rotor slides continuously on the surface of the
stator, and the precession frequency is controlled by the combined natural frequency
of the rotor–stator system.

In the dry-friction whirl state, since the diameters of the rotor and the TDB inner ring
are approximately equal, the speeds of the rotor and inner ring are also approximately
equal. However, the natural whirl frequency under dry-friction whip is not equal to the
natural frequency of the rotor at stable-support [16], which is derived and analyzed below.

It is assumed that after entering a stable forward whirl state, the rotor performs whirl
motion with a fixed radius, and the model does not consider the change in the rotational
speed that occurs over a short time. Therefore, Equation (12) is simplified and expressed in
polar coordinates as follows:

mr

[
ρ0

..
αieiα + ρ0

.
α

2eiα + e0Ω2eiΩt
]
= Kρ0eiα +

(
μKρ0 + Fa,j

)
ieiα (21)

Equation (21) is a second-order differential equation for the angular displacement, so
there is a special solution of this equation—the natural whirl frequency. In addition, there
is a time-dependent imbalance parameter e0Ω2eiΩt, which explains why the simulated
natural whirl frequency is not a fixed value but fluctuates within a certain range.

According to the above analysis, the stable whirl speed at each speed level was solved
by simulation, and the variation spectrum of whirl speed with the initial drop speed is
shown in Figure 10. The switching between the two states of dry-friction whirl and dry-
friction whip was distinguished by an obvious critical speed, which was jointly determined
by the natural whirl frequency and its fluctuation range.

The two stable forward whirl states were also different in force and heat generation.
The dry-friction whirl occurred at a lower speed than the dry-friction whip; therefore,
the dry-friction whirl had a lower collision contact force at the beginning of the drop.
After entering the dry-friction whip state, the contact force did not continue to rise with
increasing drop speed. In the dry-friction whirl state, the rotor rotated synchronously with
the TDB inner ring, and there was almost no sliding friction between them. Therefore,
the overall heat generation was low, mainly from the internal heat of the bearing. After
entering the dry-friction whip state, the sliding friction between the rotor and the inner
ring of the TDB became the dominant factor in the heat generation of TDB, so the heat
generation was significantly increased compared that of the dry-friction whirl state. With
the energy release and deceleration of the rotor, the high-speed rotor also changed from the
dry-friction whip state to the dry-friction whirl state when it decelerated to zero velocity.
The force and temperature simulation of the entire process helped to accurately assess the
reliability of the TDB.
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Figure 10. Whirl speed variation spectrum with initial touchdown speed.

4.3. Experimental Verification

After arrangement of the experimental table vertically, a series of drop tests were
conducted by setting the rotational speed to 5000 rpm and 20,000 rpm, and the results
were obtained, as shown in Figures 11–13. Figure 11 shows the rotor drop trajectory and
temperature measured in the experiment, and similar results were obtained at different
speed settings.

  

 

 
(a) (b) (c) 

Figure 11. Experimentally measured rotor drop process: (a) Axial displacement, (b) Radial trajectory,
and (c) Temperature change (The circle shows the position of TDB).

 
(a) (b) 

Figure 12. Rotor speed and whirl speed measured in the 5000 r/min drop test: (a) First second, (b)
Whole process.
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(a) (b) 

Figure 13. Rotor speed and whirl speed measured in the 20,000 r/min drop test: (a) First second,
(b) Whole process.

At a 5000 r/min drop in Figure 12, the rotor quickly entered a full-rub whirl state.
Compared to the simulation results, the rotor experienced a longer period of backward
whirl and entered a forward dry-friction whirl state, then decelerated to zero velocity
synchronously as in the simulation. At a 20,000 r/min drop in Figure 13, the rotor moved
more quickly from the backward whirl into the forward whirl than at the 5000 r/min
drop. Then, the rotor remained at a whirl speed of 6174 r/min, resulting in a dry-friction
whip state. After the speed was greatly reduced, the whirl speed also gradually decreased
synchronously with the rotor, changing from dry-friction whip to dry-friction whirl. The
maximum temperature of the rolling body measured by the thermal imaging camera was
1.5 ◦C at 5000 r/min and 9.5 ◦C at 20,000 r/min above the ambient temperature, which were
slightly lower than the simulation results, 2.4 ◦C at 5000 r/min and 10.5 ◦C at 20,000 r/min.

Based on a comparison of the simulation and experimental results from Figures 7, 9
and 11–13, the results are in good agreement, especially the occurrence of each state in
the whole rotor drop process, which was accurately predicted. In addition, comparing the
deceleration of the rotor in Figure 14 proved the computational validity of the simulation
model throughout the whole drop process, indicating that the simulation model could
accurately evaluate the process of drop energy conversion, which basically met the research
needs to study the contact force and heat generation.

Figure 14. Comparison of rotor speed changes between simulation and experiment.
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5. Conclusions

When a vertical rotor drops on the TDB, after several bounces in the axial direction,
the rotor obtains a stable support. The friction of the contact surface drives the TDB inner
ring to accelerate to the same rotational speed as the rotor. In the radial direction, the rotor
enters whirl motion after the initial collisions. The whirl direction depends on the direction
of friction, so the system first enters the backward whirl state and then stabilizes in the
forward whirl state. There is a natural whirl frequency (rotational speed) and a critical
speed, so the drop forward whirl is divided into the dry-friction whirl and whip states; the
former occurs at low speeds, and the latter occurs at high speeds.

The dry-friction whip has a higher TDB contact force and temperature rise than the
dry-friction whirl, which is due to the rotor speed and friction state. The contact force at the
beginning of the drop increases with the drop speed. The contact force of the dry-friction
whirl also increases with the drop speed, and the contact force of the dry-friction whip is
not affected by the drop speed. Nonetheless, the significant temperature rise caused by
sliding friction in dry-friction whip exposes the TDB to potential wear failure.

The above conclusions are drawn through the simulation of the dynamic and thermal
coupled model. Compared with models in other studies, this model can simulate the
whole process of drop and deceleration. A five-degree-of-freedom AMB–rotor–TDB system
experimental bench was established, and a series of drop tests were performed. The drop
speed was set to 5000 r/min and 20,000 r/min, and the results showed that the model and
the experiment were in good agreement when considering the drop trajectory, rotation
speed, and temperature rise, especially for the simulation of the rotor deceleration process,
which had good repeatability.
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Nomenclature

a contact ellipse long semiaxis
db, di, do diameter of ball, inner ring, outer ring
dm = (db + di)/2
E modulus of elasticity
f0 surface friction media parameter
Fa,z, Fa, Pa, contact force, frictional force, pressure on the axial end surface
Fr, Ft radial impact force and tangential frictional force between rotor and TDB inner ring
hb,a, hb,r axial and radial clearance of rotor and TDB
H heat generation
k conduction thermal conductivity coefficient
K contact stiffness
L(k) the second kind of completely elliptic integrals
mr, Jr, e rotor mass, inertia, and unbalance
Ma friction torque on the axial end surface
Mb friction torque of TDB
r radius of curvature in the Hertz model
R thermal resistance
R1, R2 inner and outer radius of TDB inner ring
T temperature
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v Poisson’s ratio
→

vA,rb, r, ϕ relative sliding velocity, radius, and phase angle at point A
z number of balls

β
the nonlinear exponent determined from material
and geometric properties of the local region of the contacting bodies

λ contact coefficient of Hunt-Crossley model, valued 0.08-0.32 s/m
θb, θr rotational angle of TDB inner ring and rotor
μa, μr axial and radial friction coefficient between rotor and TDB inner ring
ρ, α polar coordinate representation of rotor center
Subscripts
a axial direction
b ball
h housing
i Inner race
o outer race
r radial direction
s rotor
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Abstract: The harmonic response caused by unbalanced excitation vibration for the high-speed
rotating machinery will reduce the control accuracy and stability of the maglev high-speed motor,
and limit the increase of its speed. When the active magnetic bearing is used to solve the unbalanced
vibration, it will increase additional electromagnetic force and energy consumption, sometimes
leading to the saturation of the power amplifier, and will transfer to the bearing foundation, causing
the foundation to vibrate. In this paper, we analyzed periodic unbalance excitation force and the
principle of rotor unbalanced vibration suppression, and the unbalance vibration model of the maglev
rotor is derived. The Least-Mean-Square (LMS) algorithm is introduced into the PID control, an
unbalance vibration control strategy based on real-time filtering compensation of rotor displacement
signal is proposed, the vibration is eliminated by filtering the synchronous frequency and harmonic
signal of the input of the PID control. The experimental results show that the proposed method
can improve the maglev rotor’s rotation accuracy, reduce the magnetic bearing’s maximum control
current, and decrease the vibration of the supporting foundation.

Keywords: unbalanced vibration; LMS; maglev motor; vibration control; foundation vibration

1. Introduction

The motor is the power source of industrial equipment and plays an important role
in the whole industrial field. Maglev high-speed motors are characterized by high speed,
no transmission, and small inertia. Compared with traditional motors, high-speed motors
have higher power density, smaller volume, smaller noise, faster dynamic response, and so
on. With the wide application of maglev technology in the field of bearings and trains [1–3],
researchers have made many attempts to apply maglev technology to high-speed motors.
But, there is a certain imbalance in the rotor due to material, machining accuracy, and
working deformation. The unbalanced force caused by the unbalance rotor causes the
unbalanced vibration of the rotor, which not only affects the operation accuracy of the
rotor, but also reduces the reliability of the system. At present, the unbalanced vibration
compensation for maglev rotors can be divided into two categories according to their
compensation methods. One is the minimum displacement compensation [4]. That is,
based on the displacement of the rotor, an inverse electromagnetic force is applied to rotate
it around the geometric center. The other is the minimum force compensation, which is to
make the rotor rotate around its inertia axis to minimize the inertia force of the rotor. The
minimum displacement compensation can effectively reduce the unbalanced displacement
of the rotor, but the amplitude and phase of the compensation signal are usually calculated
more complexly. The principle of minimum force compensation is to eliminate the control
of unbalanced vibration and make it rotate freely around the inertial axis, which can
effectively reduce the vibration force and improve the rotation accuracy [5].
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R. Herzog et al. used the generalized narrow band notch filter to control the unbal-
anced vibration of the maglev rotor and used the sensitivity matrix at a certain speed
to calculate the notch filter parameters at that speed [6]. K. Y. Lum et al. proposed to
compensate for the rotor’s unbalance vibration in the whole speed range by the unbalance
parameters identified at a certain speed [7]. J. Setiawan et al. used bias current excitation
to identify unbalanced forces, allowing the rotor to rotate around a geometric axis with
high precision [8]. A. Matras et al. applied the adaptive disturbance rejection method to
the maglev rotor system and achieved an obvious control effect at a constant frequency [9].
Chiacchiarini et al. applied an iterative learning algorithm to imbalance compensation,
compared the effects of using a forgetting factor and non-causal low-pass filter, and found
that the latter is better [10]. F. Betschon et al. obtained the rotor unbalance parameters
by gaining scheduling adaptive control, and carried out automatic balance [11]. Zheng
Shiqiang et al. combined the feedforward control strategy with the adaptive notch filter to
compensate for the displacement stiffness force component and the current stiffness force
component in the unbalanced vibration force, respectively, to achieve automatic balance
control [12]. K. Nonami et al. proposed an unbalanced vibration control method based
on an attempt-adjustment method [13]. A. Rundell [14] and A. Mohamed et al. [15] used
sliding mode control and the Q-parameterization method to realize automatic balance
control, respectively. Han et al. designed a sliding mode variable structure disturbance
observer to compensate for the unbalanced disturbance force and torque at the synchronous
frequency [16]. Zhang Yue et al. proposed an adaptive odd repetitive control that does
not need the speed sensors to suppress the active magnetic bearing odd harmonic cur-
rents [17,18].

The above literature proposes some solutions for the unbalanced vibration suppression
of the maglev rotor. Although some results have been achieved, there are problems such
as complex algorithms, slow convergence, the need for an accurate model of the control
object, and poor compensation effect. LMS algorithm is an adaptive filtering algorithm,
which is widely used in the field of signal filtering because of its simple structure and
fast convergence speed [19,20]. According to the principle of minimum inertia force
compensation, the key is to eliminate the controller’s control of unbalanced vibration and
to achieve the purpose of rotor rotation around the inertial spindle. In this regard, this
paper uses the LMS algorithm to filter the unbalanced signal and its harmonics at the input
end of the PID controller in real-time. It can reduce the amplitude of the control current of
the magnetic bearing coil, reduce its constraint on the rotor inertia force, and reduce the
vibration transmitted from the rotor to the base. The unbalanced vibration suppression
of the maglev rotor is realized and better compensation effect and convergence speed are
obtained.

2. Mechanism of Rotor Unbalance of Maglev Motor

Take the rotor centroid section and establish a coordinate system as shown in Figure 1,
with the stator center O as the origin. The coordinate axes are two mutually perpendicular
electromagnetic force directions x and y, and the stator coordinate system xOy is established.
Taking the rotation center Or of the rotor as the origin, the rotor coordinate system x′O′y′
is established. When the rotor coordinate system is in the initial state, the coordinate axis
direction is consistent with the stator coordinate system. The rotor coordinate system takes
the rotor rotation center Or as the origin, and the speed is the rotor speed ω as the rotor
rotates synchronously. OcOg = e1 is the centroid distance. OrOg = e is the distance from
the rotation axis to the center of mass. Assuming that the rotor section is a standard circle,
the coordinates xc, yc of the centroid Oc(xc, yc) in the stator coordinate system are expressed
as the displacement deviation of the rotor in the x-axis direction and the y-axis direction,
respectively.
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(a) (b) (c) 

Figure 1. Three cases of rotor unbalance. (a) When the rotor rotation center is between the centroid
centroids; (b) Rotor rotation center at the centroid; (c) When rotor rotation center is in the center of
mass.

Due to the relatively small support stiffness of the magnetic bearing, when the rotor
rotates at high speed, it will rotate around an axis between the geometric center Oc and
the centroid Og. Because the inertia spindle does not coincide with the rotation shaft, the
rotor will produce force vibration [21]. Since the geometric center of the rotor does not
coincide with the rotation center, the rotor will produce radial whirl and radial unbalanced
displacement vibration [21].

When the rotor rotates around the rotation center and is between the centroid and the
centroid, as shown in Figure 1a, the differential equation of motion of the centroid in the x
direction is:

m
..
xc = fu + Fx (1)

Thereinto, m is the rotor mass, fu is the unbalanced excitation force generated by the
eccentricity of the rotor, and Fx is the electromagnetic force generated by the magnetic
bearing to control the rotor displacement. There is:

m
..
xc = meω2 sin ωt + kii + kxxc (2)

Thereinto, ki and kx are the current stiffness and displacement stiffness of the magnetic
bearing. And i is the control current.

It can be seen that the resultant force of the rotor is the resultant force of the inertial
force and the electromagnetic force of the magnetic bearing. Because the magnetic bearing
control is the displacement deviation control, that is, the rotor inertial force is constrained by
the dynamic electromagnetic force, the rotor rotates around its geometric center and xc → 0
realizes active control of the rotor. To make the rotor rotate around its geometric center, the
minimum displacement unbalance control is realized, that is xc = 0 in Equation (2). At this
time, the rotor rotation center and the centroid weight are merged at the stator centroid O,
as shown in Figure 1b. It can be seen from the figure that at this time e = e1, the unbalanced
force reaches the maximum value. From Equation (2), the unbalanced force is completely
offset by the kii term.

When the rotor rotates at high speed, due to the existence of mass eccentricity of the
rotor, to make the rotor rotate around its geometric center and reduce xc, the inertia force fu
of the rotor increases. To meet the requirements of formula (2), the periodic control current
i must increase, and the electromagnetic force generated by the periodic control current
will be transmitted to the supporting foundation so that the foundation will vibrate. At
the same time, when the rotor rotates, the magnetic bearing base is subject to periodic
excitation interference, reducing the stability of the system [22].
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When the rotor rotates at high speed, because the unbalanced force of the rotor points
to the centroid of the rotor, the inertial force makes the rotor rotate automatically close
to its centroid, which is the self-centering effect [23]. The displacement deviation control
of the magnetic bearing forces the rotor to rotate around its geometric center as much as
possible. If the control of the magnetic bearing on the unbalanced vibration is eliminated
in some way, the rotor will automatically rotate around its center of inertia. Minimizing
both the inertial force and the electromagnetic force, i.e., the minimum inertial force control.
As shown in Figure 1c. At this time, the rotor centroid coincides with the rotation center,
that is e = 0, the unbalanced inertia force fu = 0, and the rotor displacement vibration
amplitude A = e1. The rotor has only unbalanced displacement, but no unbalanced force.
The minimum inertia force control is realized.

From the above analysis, it can be seen that reducing the periodic control current of the
magnetic bearing can make the rotor more inclined to its inertial axis rotation, effectively
reducing the electromagnetic force and its influence on the supporting foundation.

3. Unbalance Vibration Control of Maglev Motor Based on LMS

3.1. Unbalance Vibration Control Model of Maglev Motor Rotor

The schematic diagram of the maglev rotor control system with filter compensation
is shown in Figure 2. Thereinto, Fd(t) is the unbalanced force of the rotor, which causes
the rotor to produce an unbalanced displacement X(t). Because the actual position of the
rotor is inconsistent with the center position, the controller input will produce a periodic
deviation signal. The controller produces the corresponding control signal according to the
deviation signal. And the periodic electromagnetic force is transmitted to the base reversely,
which will also produce the periodic base vibration. From the above analysis, it can be seen
that to achieve the rotor unbalanced vibration suppression, the appropriate filter can be
selected to filter out the signal of the synchronous frequency as the speed at the input of the
controller. The LMS algorithm can effectively filter or extract the sine wave of the specified
frequency in the signal, so it is introduced into the rotor control.

W

e k

y k

2
d 0F t me tω ω θ+

X trefU t d k

Figure 2. Principle of unbalanced vibration suppression control algorithm for maglev rotor.

The rotor unbalanced displacement signal is sinusoidal in the form of the following:

d(t) = A sin(ω0t + ϕ) (3)

In the formula, A is the amplitude function of the rotor displacement signal concerning
time t, ω0 is the rotor rotation angle frequency, and ϕ is the displacement phase. Expand
Equation (3) as follows:

d(t) = A sin ϕ cos(ω0t) + A cos ϕ sin(ω0t) (4)

Let A sin ϕ = w1(t), A cos ϕ = w2(t), then:

d(t) = w1(t) cos(ω0t) + w2(t) sin(ω0t) (5)
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The discretizations of pair (5) are:

d(kT) = w1(kT) cos(ω0kT) + w2(kT) sin(ω0kT) (6)

Thereinto, k ∈ [0,+∞). T is the sampling period of the digital controller.
From the above analysis, the discrete LMS algorithm shown in Figure 3 can be con-

structed. In Figure 3, X =
[
sin(ω0kT) cos(ω0kT)

]T is defined as the input vector of the

algorithm and W(kT) =
[
w1(kT) w2(kT)

]T is the weight vector. d(kT) is the expected
signal, that is, the rotor displacement signal in the AMB system. y(kT) is the algorithm
following signal, that is, the signal obtained by real-time amplitude and phase tracking of
the signal with the synchronous frequency as the speed in the rotor displacement. e(kT) is
the algorithm error signal and ω0 is the filter angular frequency.

d kT

w kT

w kT

y kT

y kT

y kT

e kT

0kT

0kT

Figure 3. LMS adaptive filtering principle.

The principle of the LMS algorithm is to minimize the objective function by using
the gradient random descent method. The specific definition is that the weight vector is
updated in a given proportion along the negative direction of the gradient estimation of
the error performance surface during iteration. The objective function here is defined as:

δ(kT)
de f ine
= E

[
e2(kT)

]
(7)

Among them:

e(kT) = d(kT)− y(kT) = d(kT)− XT(kT)W(kT) (8)

y(kT) = y1(kT)w1(kT) + y2(kT)w2(kT) (9)

The joint (7) and (8) expansions are:

δ(kT) = E(d2(kT) + WT(kT)RW(kT)− 2HTW(kT)) (10)

where R
de f ine
= E

[
X(kT)XT(kT)

]
, H

de f ine
= E[X(kT)d(kT)]. R and H are autocorrelation

matrix and cross-correlation matrix functions, respectively. The gradient function of the
attainable objective in (10) is:

∇δ(kT)
de f ine
=

∂δ(kT)
∂W(kT)

= −2H + 2RW(kT) (11)

The R and H functions in (11) can be obtained only when the characteristics of the input
signal and the desired signal are fully estimated, which leads to an increase in the amount
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of calculation. The gradient of the objective function can be replaced by the gradient of the
mean square error of the ∇e2(kT) estimation, which is:

∇e2(kT) =
∂eT(kT)
∂W(kT)

= −2e(kT)X(kT) (12)

The iterative update formula of the weight vector can be obtained from Equation (12):

W((k + 1)T) = W(kT)− μ

2
∇e2(kT) = W(kT) + μe(kT)X(kT) (13)

In Equation (13), μ is the iteration step length, which satisfies the following condition:

0 < μ <
1

λmax
(14)

where λmax is the maximum eigenvalue of R in Equation (14). In practical applications, μ
should be as small as possible to meet the requirements of high precision, but too small μ
will lead to slow convergence.

From Equations (6), (9) and (13) and Reference [24], the closed-loop transfer function
from e(kT) to y(kT) is:

G(z) =
e(z)
d(z)

=
z2 − 2 cos(2π f0Ts)z + 1

z2 + (μ − 2) cos(2π f0Ts)z + (1 − μ)
(15)

3.2. LMS Filtering Performance Analysis

The amplitude-frequency characteristics, phase-frequency characteristics, and sig-
nal extraction effect of Formula (15) are simulated and studied. The sampling period
Ts = 0.00005 s, the filtering frequency f0 = 100 Hz, and the step size μ = 0.003 are selected.
The transfer function Bode diagram is shown in Figure 4.

Figure 4. Standard LMS algorithm closed-loop transfer function bode diagram.

According to Figure 4, the output response of the closed-loop transfer function of the
LMS algorithm is −40.3 dB at the filtering frequency of 100 Hz, and the LMS algorithm can
filter the signal at 100 Hz.
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The maglev rotor is set to stably rotate at 6000 r/min. According to the above filter
parameter setting, the rotor displacement signal and LMS real-time extraction signal are
obtained as shown in Figure 5.

t
Figure 5. LMS algorithm real-time extraction effect.

4. Experimental Verification

4.1. Experimental Installation

To verify the effectiveness of the algorithm in this paper, an experimental platform
of maglev high-speed motor is built, and the rotor online unbalanced compensation ex-
periment is carried out. The experimental platform is shown in Figure 6. The mechanical
structure of the experimental platform includes a motor, a rotor, left and right magnetic
bearings, a counterweight plate, and so on. The rotor is driven by the right-end motor, and
the left and right magnetic bearings support the rotor. The electronic control part of the
platform is mainly composed of a dSPACE1007 controller, power amplifier, eddy current
displacement sensor, acceleration sensor, data acquisition instrument, and so on. There
are two eddy current displacement sensors placed at 90 degrees near the left and right
magnetic bearings, which can collect four displacement signals of the rotor. The signal
is input into the controller for analysis, and the control voltage is obtained. The control
voltage is amplified by the power amplifier to the control current to supply the magnetic
bearing to realize the active control of the rotor. At the same time, two acceleration sensors
are installed on the supporting base to detect the vibration transmitted by the magnetic
bearing to the supporting foundation.

 

Figure 6. Experimental platform.
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4.2. Experimental Result

Firstly, the digital PID control algorithm is used to control the stable suspension of
the rotor. The controller control period is Ts = 0.00004 s, and then the LMS algorithm is
added to suppress the unbalanced vibration. Figure 7 shows the displacement and current
diagram in the x direction of the left end when the rotor is statically suspended. The motor
speed is set to 6000 r/min. The real-time displacement of the rotor is measured by the eddy
current displacement sensor, and the output current of the controller is collected. Figure 8
shows the changes in rotor displacement and current when the LMS algorithm is used to
compensate. The comparison of the time domain and frequency domain before and after
LMS compensation is shown in Figures 9 and 10.

t  

i
t

(a) (b) 

Figure 7. Rotor static suspension displacement and control current. (a) displacement diagram;
(b) current graph.

t  

i

t
(a) (b) 

Figure 8. LMS compensation process. (a) displacement diagram; (b) current graph.

It can be seen from Figures 9 and 10 that before compensation, due to the unbalanced
vibration of the rotor, to compensate for the vibration, the controller outputs the control
current in real-time. From the spectrum diagram, it can be seen that the main frequency
components in the rotor displacement and the magnetic bearing control current are in
synchronous frequency with the speed. That is, the main factor affecting the rotor vibration
is unbalanced vibration, and the main component of the magnetic bearing control output is
also the unbalanced control current with the synchronous frequency. After compensation,
the co-frequency control current of the rotor is reduced by 92%, close to 0. And the
co-frequency vibration displacement of the rotor is reduced by 87%, reduced to 3 μm.
This is due to the reduction of the co-frequency control current, which makes the rotor
rotate closer to its inertial spindle. The unbalanced inertia force is reduced, and the rotor
amplitude is reduced. At this time, the rotor unbalance force is the smallest, but there is a
small unbalance displacement whose amplitude is close to the distance between the rotor
centroid and the centroid.
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Figure 9. The amplitude-frequency diagram of displacement and current before rotor LMS compensa-
tion. (a) Time domain spectrum of displacement; (b) Time domain spectrum of current; (c) Frequency
spectrum of displacement; (d) Frequency spectrum of current.
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Figure 10. The amplitude-frequency diagram of displacement and current after rotor LMS compensa-
tion. (a) Time domain spectrum of displacement; (b) Time domain spectrum of current; (c) Frequency
spectrum of displacement; (d) Frequency spectrum of current.

It can be seen from Figure 10 that the vibration and control current with the syn-
chronous frequency as rotational speed are reduced after LMS compensation, and the
main component of the vibration and control current is its frequency doubling component.
To better control the vibration of the maglev rotor and reduce unbalance components in
the control current of the magnetic bearing. In this paper, a harmonic control algorithm
based on LMS is proposed to compensate for the harmonic vibration while compensating
for the synchronous frequency vibration of the speed. In the control algorithm shown in
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Figure 2, based on compensating the fundamental frequency vibration of the rotor, the
main harmonic vibration component frequency (200 Hz here) is used as the input frequency.
The harmonic vibration is also filtered and compensated according to the control method
shown in Figure 2. The compensation result is shown in Figure 11. From Figure 11, it can
be seen that after further harmonic compensation, the harmonic vibration amplitude of
the rotor does not change much, the harmonic control current is reduced by 64% and the
amplitude of the synchronous frequency of the speed and its harmonic components in the
current spectrum is reduced close to 0. There is only a maximum peak of 0.36 A at 0 Hz,
which is a constant current provided by the magnetic bearing to overcome the rotor gravity
and keep the rotor in a stable suspension state.
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t

(a) (b) 
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i

f 
(c) (d) 

Figure 11. The amplitude-frequency diagram of displacement and current after rotor LMS harmonic
compensation. (a) Time domain spectrum of displacement; (b) Time domain spectrum of current;
(c) Frequency spectrum of displacement; (d) Frequency spectrum of current.

The data with a time of 1 s were randomly taken, and the peak-to-peak mean was
obtained. The results are shown in Table 1. Compared with the uncompensated, the
peak-to-peak average value of the rotor displacement vibration is reduced by 67.4% and
the peak-to-peak average value of the control current is reduced by 31% after using the
fundamental frequency and harmonic vibration control algorithm based on LMS in this
paper. Compared with the displacement and control current in static suspension, they only
increased by 32.6% and 6.5%, respectively.

Table 1. Rotor Displacement and Current Peak-Peak Mean Value.

Peak-Peak Mean Value

Displacement (μm) Current (A)

static levitation 9.32 0.46
100 Hz rotation, no compensation 38.77 0.71

100 Hz rotation, after compensation 12.63 0.49

Through the acceleration sensor installed on the base, and we measured acceleration
signals of rotor static suspension before and after LMS control. Figure 12 shows the base
acceleration spectrum when the rotor is statically suspended. Figure 13 shows the base
acceleration spectrum of the before and after LMS compensation.
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f 
Figure 12. Base acceleration spectrum of the rotor in static suspension.

f  f 
(a) (b) 

Figure 13. Base acceleration spectrum before and after rotor LMS compensation. (a) Compensation
for acceleration spectrum of the front base; (b) Acceleration spectrum of the base after compensation.

From Figure 12, it can be seen that when the rotor is statically suspended, the base
mainly has a vibration of about 400 Hz, which is the working frequency of the magnetic
bearing. The frequency is mainly determined by the control parameters and the output
characteristics of the hardware equipment such as the power amplifier, which does not
belong to the research scope of this paper. The following mainly studies the base vibration
caused by rotor imbalance.

It can be seen from Figure 13a that before LMS compensation, the maximum peak of
the base acceleration signal is located at the synchronous frequency of 100 Hz. Since the
magnetic bearing has no mechanical contact with the rotor, the base vibration is mainly
generated by the control reaction force of the magnetic bearing to the rotor, which is the
control electromagnetic force generated by the active suppression of the rotor unbalanced
vibration by the magnetic bearing. Figure 13b is the base acceleration signal after LMS
compensation. After the LMS algorithm compensation in this paper, the co-frequency
vibration amplitude of the base speed is attenuated by 80.4%. Figure 14 shows the time-
frequency spectrum of the base acceleration. It can be seen that before the compensation, the
base acceleration has an obvious 100 Hz co-frequency component. When the compensation
starts, the frequency component decreases rapidly and maintains a low vibration level.
When the compensation stops, the 100 Hz component of the base acceleration is restored to
the vibration level before compensation.

f 

 t  
Figure 14. Time-frequency spectrum of base acceleration.
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5. Conclusions

The unbalance vibration suppression of maglev high-speed motor based on the Least-
Mean-Square is investigated in this paper. The Least-Mean-Square control method is
adopted to actively control the vibrations caused by the unbalanced excitation vibration.
The numerical simulation and experimental research are carried out. From the present
investigations, the following key observations can be obtained:

(1) The LMS algorithm can effectively filter out the sine wave with a specified frequency
in the signal, which is introduced into the unbalance compensation process of the
maglev rotor to realize the unbalance vibration suppression of the maglev rotor.

(2) Using the LMS algorithm control in this paper, after filtering the unbalanced signal of
the synchronous frequency of 100 Hz, the synchronous frequency displacement of the
maglev rotor and the synchronous frequency control current of the magnetic bearing
is reduced by 87% and 92%, respectively. Further filtering the harmonic signal of
the maglev rotor can effectively reduce the harmonic control current of the magnetic
bearing. Further reduction of unbalanced control of rotors by magnetic bearings to
better realize the unbalanced vibration control of the rotor.

(3) The final compensation results show that the peak-to-peak mean value of rotor dis-
placement decreases by 67.4% and the peak-to-peak mean value of control current
decreases by 31% after using the LMS-based fundamental frequency and harmonic
vibration control algorithm. Compared with the displacement and control current in
static suspension, they only increase by 32.6% and 6.5%, respectively. At the same
time, the vibration amplitude of the synchronous frequency with the base speed is
attenuated by 80.4%.

The experimental results show that the algorithm can realize the rotor’s unbalanced vi-
bration control, make the rotor rotate around its inertial axis, reduce the rotor’s unbalanced
displacement vibration and forced vibration, reduce the control current of the magnetic
bearing, reduce the power consumption of the control system, and decrease the vibration
of the magnetic bearing to the supporting foundation.
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Abstract: Aiming at the efficiency and precision in micro electrical discharge machining (micro-EDM)
is affected because the interpole voltage is unstable in conventional micro-EDM. This paper describes a
five-degrees-of-freedom (5-DOF) controlled, wide-bandwidth, and high-precision magnetic levitation
actuator. The conventional micro-EDM can install the actuator to maintain a stable interpole voltage
between the electrode and workpiece to realize the high-speed micro-EDM. In this paper, the structure
of the magnetic levitation actuator is designed, and the magnetic field characteristics are analyzed. On
this basis, an integrator and regulator are used along with a controller with local current feedback to
eliminate steady-state errors, stabilize the control system, and improve the bandwidth and positioning
accuracy of the magnetic levitation actuator, and the dynamic performance of the actuator is evaluated.
The experimental results show that the developed actuator has excellent positioning performance
with micron-level positioning accuracy to meet the demand for the real-time, rapid, and accurate
adjustment of the interpole gap during micro-EDM.

Keywords: micro-EDM; magnetic levitation actuator; magnetic field characteristics; dynamic
characteristics

1. Introduction

A micro-EDM uses the high temperature generated by pulse discharge to melt and
vaporize the material; there is no direct contact between the electrode and the workpiece
during the processing, and there is no macro-cutting force in the process [1–4]. Compared
with conventional machining methods, micro-EDM technology has the advantage of not
being limited to the requirements of workpiece material hardness and strength and can
machine any conductive material [5–7]. It is widely used in processing difficult materials
such as those with high hardness, high toughness, high brittleness, and any conductive
materials, as well as those with micro-holes and complex shapes. Overall, it has become a
required processing method at this stage and is widely used in mold manufacturing [8–10].
However, conventional micro-EDM has low productivity [11]. When processing occurs
in the case of broken or short circuits, the inter-pole gap of the micro-EDM needs to be
adjusted quickly, and the conventional EDM machine tool adopts the motor and ball screw
drive mode and–due to the large inertia of the mechanical transmission system–cannot
ensure the ideal interpole gap in time, affecting the speed of micro-EDM and thereby
limiting the efficiency and accuracy of conventional micro-EDM [12,13]. Therefore, it is
necessary to improve micro-EDM’s response speed and positioning accuracy to achieve a
stable discharge gap and interpole voltage.

Magnetic levitation technology has the advantages of high precision, fast response,
and no pollution, which provides better technical solutions for several industries, such as
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magnetic levitation actuators, magnetic levitation bearings, precision positioning, magnetic
levitation trains, and so on [14–16]. Serguei Maximov et al. [17] applied Lagrange’s equation
to the analysis of a magnetic levitation system and experimentally determined the required
equilibrium height of the levitated object; this method can be effectively implemented in a
magnetic levitation system. Mundher H. A. [18] Yaseen utilized a microcontroller for the
real-time control of Simulink functions to achieve stable control of magnetic levitation; the
stability of the magnetic levitation plane was examined using phase lead compensation and
linear quadratic regulator controllers. The results show that the control system with the
linear quadratic regulator controller provides the same stability performance as the phase
lead compensation controller. Chuan Zhao et al. [19] designed a magnetic levitation system
that uses a zero-power control method, and the results show that the system levitates well
and uses constant air gap control to achieve higher safety when changing the levitation
mass. Kirill Poletkin [20] investigated the static pull-in of a tilt drive in a hybrid levitation
micro-actuator and nonlinear modeling of the calculation of the mutual inductance and
the action force between two circular filaments and experimentally verified the accuracy of
the developed model, predicting the pull-in parameters of the hybrid levitation actuator
with the developed analytical tool. Dongjue HE et al. [21] designed a magnetic levitation
lens driving actuator, which is applied in laser processing; the actuator drives the lens to
achieve real-time positioning of the laser beam focus point with good control performance
and positioning accuracy. Tong Zheng et al. [22] designed a sizing optimization method
to determine the magnetic levitation actuator for a rotary table and validated the effec-
tiveness and accuracy of the method using simulation followed by experiments. Hirohisa
Kato et al. [23] designed and fabricated a centrifugal pump using bearingless electrodes and
permanent magnetic bearings to levitate and rotate the rotor in extremely low-temperature
environments. Iwanori Murakami et al. [24] designed a superconducting magnetic bear-
ing that combines a superconducting magnetic levitation system with a repulsive mag-
netic levitation system, which has a strong axial levitation force and can overcome reso-
nance. The driving flywheel can reach 10,000 rpm by experimental verification. António J.
Arsénio et al. [25] studied the optimization of the three-dimensional shape of the hori-
zontal axis radial levitation bearing to find the optimal spacing between the Permanent
magnet rings in the rotor and also between the high-temperature superconductor blocks in
the stator. The guiding force is maximized while maintaining the minimum suspension
force for a given size. Timo Hopf et al. [26] combined a control strategy with a flywheel
system by studying an external rotor flywheel suspended by an active magnetic bearing,
which improved the operating range and produced higher efficiency and a more stable
power supply. Haiyue Zhu et al. [27] designed a magnetic levitation parallel actuated
dual-stage motion system for the precision positioning of six axes, and the design improved
the system’s dynamic characteristics in terms of reduced stage size and weight. Duan
Ji An et al. [28] and Zhou Haibo et al. [29] proposed a magnetically levitated platform
and combined it with a decoupled controller capable of precision motion with the ability
of a comprehensive stroke. Ahn Dahoon et al. [30] designed a dual-servo mechanism,
first applied to a magnetic levitation stage system, that can simultaneously achieve high
precision and a long stroke with an accuracy of up to 10 nm. The platform is suitable for
high-precision manufacturing processes. Feng Sun et al. [31] designed a 3-DOF permanent
magnetic levitation platform with a dual closed-loop controller for stable levitation and
motion control, and experimental results showed that the system achieved stable levitation
and motion control of the platform with high positioning accuracy.

The magnetic levitation motion system–with the advantage of non-contact motion,
where the motion target is provided by the magnetic force and both levitation and thrust
forces can be generated by the same actuator in the magnetic levitation motion system–uses
active control to achieve high positioning accuracy with good dynamic performance [32].
Magnetic levitation actuators can eliminate the mechanical connection between the actuator
and the moving parts by remote forces, effectively overcoming frictional forces, leading
to improved operability and reduced energy consumption [33]. To improve the electrode
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positioning response speed and efficiency during micro-EDM and to meet the requirements
of high-speed, high-precision, and fine EDM, a magnetic levitation actuator with five
degrees of freedom, a wide bandwidth, high accuracy, and large stroke electrode positioning
has been developed by combining the magnetic levitation actuator with a micro-EDM
machine tool. The actuator is compact and can be connected to the conventional micro-
EDM machine tool for micro-EDM. During the machining process, when there is a broken
or short circuit between the workpiece and the electrode, the magnetic levitation actuator
replaces the spindle of the micro-EDM machine tool and drives the electrode to quickly
adjust the interpole gap with radial and axial strokes of several millimeters so that the
interpole voltage is always kept within the smooth machining voltage, realizing the rapid
adjustment of abnormal discharge.

In this paper, a 5-DOF, wide-bandwidth, high-precision, large-stroke magnetic lev-
itation actuator is introduced, and the magnetic field characteristics of this actuator are
analyzed. Based on this, a local current feedback loop is used to improve the bandwidth
and positioning accuracy of the magnetic levitation actuator. Finally, the characterization
experiments show that the actuator has good dynamic performance and can meet the needs
of micro-EDM.

2. 5-DOF Controlled Magnetic Levitation Actuator

2.1. The Structure of Magnetic Levitation Actuator

Figure 1 shows the structure diagram of the proposed 5-DOF controlled magnetic
levitation actuator. It is commonly used in magnetic levitation electromagnets of electro-
magnets consisting of iron-core and noncore electromagnets (air-core coil). Compared
with the air-core coil, the iron-core electromagnet has less magnetic leakage so that it can
produce a larger electromagnetic force. However, the electromagnetic force is proportional
to the square of the coil current and inversely proportional to the square of the gap, so it
is highly nonlinear and difficult to control. Compared with the iron-core electromagnet,
the air-core coil has more magnetic leakage and weaker electromagnetic force, but it is
proportional to the coil current, easy to control, and can achieve a large stroke. Therefore,
the actuator is mainly composed of two permanent magnet rings on the spindle and eight
sets of air-core coils on the stator that are symmetric with the center of gravity of the spindle
and with two adjacent air-core coils connected in tandem as a group. Soft iron rings are
caught between two permanent magnetic rings placed opposite each other–a structure
that concentrates magnetic flux. Four displacement sensors are installed in each of the X
and Y directions, and one sensor in the Z direction; these sensors are used to measure the
displacement of the spindle.

Figure 1. The structure diagram of the 5-DOF controlled magnetic levitation actuator. (a) Actuator;
(b) Permanent magnets; (c) Air-core coils.
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2.2. The Principle of Magnetic Levitation Actuator

The 5-DOF motion of the spindle is controlled by the attractive or repulsive force
between the energized coil and the permanent magnet. For example, in Figure 2a, the
combined force generated by coil 1 and coil 2 is in the positive direction of the X-axis, and
the combined force generated by coil 3 and coil 4 is in the same direction as the combined
force of coils 1 and 2, so that the spindle is driven to move in the direction shown in
Figure 2a. In Figure 2b, the combined force generated by coil 1 and coil 2 is in the positive
direction of the X-axis, and the combined force generated by coil 3 and coil 4 is in the
opposite direction to the combined force of coils 1 and 2, so the spindle is driven to rotate in
the direction shown in Figure 2b. In Figure 2c, the combined force generated by coils 1 and
2 and coils 5 and 6 is in the negative Z-axis direction, and the combined force generated by
coils 3 and 7 and coils 4 and 8 is in the same direction as the combined force of coils 1, 2, 3,
and 4, so the driving spindle moves in the direction shown in Figure 2c.

  
(a) (b) (c) 

Figure 2. Principle of spindle motion control. (a) X direction; (b) Φ direction; (c) Z direction.

2.3. Mathematical Model of 5-DOF Magnetic Levitation Actuator

The equations of motion in the Z, X, and θ directions of the spindle are shown in
Equations (1)–(3). The equations of motion in the Y and Φ directions are the same as those
in the X and θ directions, so they are omitted.

m
..
z + c

.
z + kzz = FZ (1)

m
..
x + c

.
x + kxx = Fx (2)

Jθ

..
θ + c

.
θ + kθθ = Fθ (3)

where m is the mass of the spindle; J is the rotational inertia in the θ direction; c is the
damping coefficient; z is the distance traveled in the Z direction; x is the distance traveled
in the X direction; θ is the angle of rotation back in the θ direction; kz is the air gap stiffness
in the Z direction; kx is the air gap stiffness in the X direction; kθ is the air gap stiffness in
the θ direction; Fz is the electromagnetic force in the Z direction; Fx is the electromagnetic
force in the X direction; Mθ is the torque generated in the θ direction; l is the distance from
the center of the kinematic to the force point. Meanwhile, the forces generated between
the coil and the permanent magnet in the Z and X directions are Fz and Fx, and the torque
generated in the θ direction is also Mθ .

FZ = F1 + F2 + F5 + F6 − F3 − F4 − F7 − F8 (4)

Fx = F1 − F2 + F3 − F4 (5)

Mθ = (F1 − F2 − F3 + F4)·l (6)
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In addition, the electromagnetic force between the coil and the permanent magnet is

fi = kiik (7)

where ki is the current stiffness factor of the coil and ik is the drive current supplied to each
coil set. In addition, in this actuator, the control currents of the eight groups of coils for
controlling vertical motion in the Z direction are the same and set to iz, the control currents
of the four sets of coils for controlling horizontal motion in the X direction are the same and
set to ix, and the control currents of the four sets of coils for controlling rotational motion in
the θ direction are the same and set to iθ . The spindle’s equations of motion in the Z, X, and
θ directions are

m
..
z + c

.
z + kzz = kiiz (8)

m
..
x + c

.
x + kxx = kiix (9)

Jθ

..
θ + c

.
θ + kθθ = lkiiθ (10)

The design principle of the magnetic levitation actuator is that the coil cuts the mag-
netic induction line, so a counter-electromotive force is generated when the coil is energized.
According to Kirchhoff’s second law, the dynamic voltage balance of this magnetic levita-
tion actuator can be obtained.

U = UL + UR + E = L
di
dt

+ Ri + kv
.
z (11)

where U is the total electric potential; UL is the inductor voltage drop; kv is the reverse
electric potential coefficient; UR is the resistance voltage drop; E is the reverse electric
potential; L is the coil inductance; R is the coil resistance. The electrical and mechanical
models are coupled, and the Rasch transform can sort out the transfer function of the
magnetic levitation actuator.

Uz(s) = Ls
ms2Δz + csΔz + kzΔz

ki
+ R

ms2Δz + csΔz + kzΔz
ki

+ kvsΔz (12)

Ux(s) = Ls
ms2Δx + csΔx + kxΔx

ki
+ R

ms2Δx + csΔx + kxΔx
ki

+ kvsΔx (13)

Uθ(s) = Ls
ms2Δθ + csΔθ + kθΔθ

lki
+ R

ms2Δθ + csΔθ + kθΔθ

lki
+ kvsΔθ (14)

2.4. Experimental Magnetic Levitation Actuator

Figure 3 shows a physical view of the magnetic levitation actuator and its spindle. The
actuator has a mass of 8 kg, a height of 190 mm, and a width of 134 mm. The hollow coil
is made of copper with a wire diameter of 0.7 mm, and the number of turns per coil is
670. The mass of the spindle is 0.8 kg, with a height of 148 mm and a diameter of 45 mm.
Through the experiment, the current stiffness of the magnetic levitation actuator is obtained,
and the recommended value of the safe ampacity of the copper wire is 5~8 A/mm2, the
cross-sectional area of the copper wire with a diameter of 0.7 mm is 0.38 mm2, and the safe
ampacity is within 3.08 A. From Equation (7) in Section 2.3, it can be obtained that the load
of the magnetic levitation actuator is 12.93 N. To improve the accuracy of the displacement
sensor displacement detection, the detection material of both sides and the upper end of the
spindle is made of stainless steel (SUS304). Considering the remanent magnetism, coercivity,
maximum magnetic energy product, and economy, the permanent magnet ring is made
of NdFeB–the third-generation permanent magnet material. The spindle displacement in
the direction of five degrees of freedom is measured by five eddy current displacement
sensors (PU-09, AEC Corp., Dallas, TX, USA), and the actuator is measured by a digital
signal processor (DSP; DS1103 PPC Controller Board, dSPACE Corp., Paderborn, Germany)
with a sampling rate of 10 kHz.

46



Actuators 2022, 11, 361

Figure 3. Experimental magnetic levitation actuator and its spindle.

3. Magnetic Field Characteristic Analysis

The most important factor affecting the electromagnetic force in the magnetic levitation
actuator is the air-gap magnetic induction intensity. In the actuator designed in this paper,
the permanent magnet on the spindle is a circular permanent magnet. The surface current
analysis method in calculating the air gap magnetic field is mainly applied to the calculation
of the air gap magnetic field of the permanent magnet with a regular shape, so the surface
current method is selected in this paper to calculate the air gap magnetic field. Figure 4
shows an axially magnetized cylindrical permanent magnet; the equivalent current model
of the permanent magnet can be regarded as the external space magnetic field of the
permanent magnet generated by the current of bound surface current on the side surface of
the permanent magnet.

Figure 4. Cylindrical permanent magnet.

First, the current density of the bound surface is obtained. Secondly, after obtaining
the magnetic induction intensity at any point P outside the cylinder based on a cylindrical
permanent magnet that has been uniformly magnetized to saturation along the same
direction, the magnetic induction intensity generated by the electric current loop can be
obtained. Finally, the space magnetic induction intensity of the cylindrical permanent
magnet can be obtained.

The magnetic induction intensity on the X component is expressed as:

Bx =
Br

4π

∫ h

0

∫ 2π

0

r0(z − z0) cos θ

K
dθdz0 (15)
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The magnetic induction intensity on the Y component is expressed as:

By =
Br

4π

∫ h

0

∫ 2π

0

r0(z − z0) sin θ

K
dθdz0 (16)

The magnetic induction intensity on the Z component is expressed as:

Bz =
Br

4π

∫ h

0

∫ 2π

0

r2
0 − r0(x cos θ + y sin θ)

K
dθdz0 (17)

Among them:

K =
[
(x − r0 cos θ)2 + (y − r0 sin θ)2 + (z − z0)

2
] 3

2 (18)

where Br is the residual magnetization intensity of the permanent magnet.
According to the superposition principle, an axially magnetized magnetic ring can

be used as an axially magnetized cylinder inside placed a reverse magnetized cylinder, as
shown in Figure 5.

Figure 5. Magnetic ring equivalent diagram.

Based on Equation (15) and the magnetic field superposition principle, the magnetic
induction intensity on the X component of the space P point around the axially magnetized
magnetic ring can be expressed as:

Bx =
Br

4π

∫ 2h

0

∫ 2π

0

(
r2(z − z0) cos θ

K2
− r1(z − z0) cos θ

K1

)
dθdz0 (19)

The magnetic induction intensity on the Y component is expressed as:

By =
Br

4π

∫ 2h

0

∫ 2π

0

(
r2(z − z0) sin θ

K2
− r1(z − z0) sin θ

K1

)
dθdz0 (20)

The magnetic induction intensity on the Z component is expressed as:

Bz =
Br

4π

∫ 2h

0

∫ 2π

0

(
r2

2 − r2(x cos θ + y sin θ)

K2
− r2

1 − r1(x cos θ + y sin θ)

K1

)
dθdz0 (21)

Among them:

K1 =
[
(x − r1 cos θ)2 + (y − r1 sin θ)2 + (z − z0)

2
] 3

2 (22)

K2 =
[
(x − r2 cos θ)2 + (y − r2 sin θ)2 + (z − z0)

2
] 3

2 (23)
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Two magnetic rings placed relative to each other are combined to form the spindle of
the magnetic levitation actuator designed in this paper, as shown in Figure 6.

Figure 6. Magnetic array magnetic field model.

Similarly, according to the superposition principle of the magnetic field, the magnetic
induction intensity on the X component of P (x, y, z) can be expressed as:

Bx =
Br

2π

⎧⎨⎩
∫ − c

2
− c

2−h

∫ 2π
0

[
r2(z−z0) cos θ

K2
− r1(z−z0) cos θ

K1

]
dθdz0

+
∫ c

2+h
c
2

∫ 2π
0

[
r2(z−z0) cos θ

K2
− r1(z−z0) cos θ

K1

]
dθdz0

⎫⎬⎭ (24)

The magnetic induction intensity on the Y component is expressed as:

By =
Br

2π

⎧⎨⎩
∫ − c

2
− c

2−h

∫ 2π
0

[
r2(z−z0) sin θ

K2
− r1(z−z0) sin θ

K1

]
dθdz0

+
∫ c

2+h
c
2

∫ 2π
0

[
r2(z−z0) sin θ

K2
− r1(z−z0) sin θ

K1

]
dθdz0

⎫⎬⎭ (25)

The magnetic induction intensity on the Z component is expressed as:

Bz =
Br

2π

⎧⎪⎪⎨⎪⎪⎩
∫ − c

2
− c

2−h

∫ 2π
0

[
r2

2−r2(x cos θ+y sin θ)
K2

− r2
11
−r1(x cos θ+y sin θ)

K1

]
dθdz0

+
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2+h
c
2

∫ 2π
0

[
r2

2−r2(x cos θ+y sin θ)
K2

− r2
11
−r1(x cos θ+y sin θ)

K1

]
dθdz0

⎫⎪⎪⎬⎪⎪⎭ (26)

The magnetic induction intensity in the radial direction of the spindle of the magnetic
levitation actuator was simulated and analyzed using the finite element simulation software
Ansoft. The magnetic induction intensity of the middle part of the spindle of the magnetic
levitation actuator was measured, and the simulation model was established as shown in Figure 7.
The distance range of magnetic induction intensity was within 22.5 mm~44.5 mm—that is, the
maximum horizontal distance from the outer diameter of the permanent magnet to the coil.
Data were collected every 0.5 mm distance, and a total of 45 groups of data were collected.
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Figure 7. Actuator simulation model diagram.

To understand the magnetic field distribution of the spindle of the magnetic levitation
actuator more accurately and to verify the simulation results’ reliability and whether the
spindle’s magnetic induction intensity meets this paper’s experimental requirements, a
relevant experimental analysis was carried out. An experimental device for magnetic
induction intensity was designed, as shown in Figure 8. The device is mainly composed of
a Gauss meter (TD8600-E, measuring range 0–2 T, measuring error 0.5%), height gauge,
micro platform, and magnetic suspension actuator spindle. The measurement range of
magnetic induction intensity is consistent with the simulation analysis.

Figure 8. Test platform of magnetic induction strength.

The theoretical calculation, simulation, and experiment are analyzed simultaneously.
Figure 9 shows the comparison results between the theoretical calculation, simulation,
and experiment of the magnetic induction intensity of the actuator. It can be seen that the
curves of theory, simulation, and experiment decrease with the increase in displacement. In
addition, the simulation result is larger than the experimental result because the permanent
magnet ring has low magnetization and certain magnetic leakage phenomena in the experi-
ment. The results show that the theoretical model of the magnetic induction intensity of the
actuator spindle is feasible, and the magnetization intensity of the permanent magnet ring
can also meet the experimental requirements. The magnetic flux and induction intensity
will be increased by adding a magnetic ring to the spindle.
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Figure 9. Comparison of simulation and experimental results.

4. 5-DOF Magnetic Levitation Actuator Controller Design and Positioning
Performance

4.1. Actuator Motion Control System

Figure 10 shows the designed 5-DOF controllable magnetic levitation actuator con-
troller. An integral compensator is used to eliminate the steady-state error of the control
system, and a regulator is used to stabilize the control system. The gain of the integrator is
set to δ, a1 and a0 are the denominator parameters of the regulator, and b2, b1, and b0 are
the numerator parameters of the regulator.

Figure 10. Controller Designed.

In addition, a current feedback loop containing a PI controller was used to improve
the response of the current in the coil, as shown in Figure 11. To simplify the controller, the
transfer function from the target value of the coil current to the actual current flowing into
the coil is approximated as a first-order delay system. The approximate time constant for the
first-order delay system is denoted as Tdz, and the controller design for the other directions
is the same as for the Z-direction. Table 1 shows the model parameters, and Table 2 shows
the control parameters of the actuator, which were determined by experimental results and
numerical simulations.

Figure 11. Current feedback.
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Table 1. Model parameters.

Variable Name X (Y) Z θ (Φ) Direction Unit

mass of the spindle m 0.80 kg
coil inductance L 35.4 mH
coil resistance R 2.6 Ω

torque l 25 mm
rotational inertia Jθ 2 kg·m2

first-order delay system time constants Td 3.9 × 10−3 /
current stiffness ki 4.2 N·A−1

air gap stiffness in the X direction kx 367.57 N·m−1

air gap stiffness in the Z direction kz 170.7 N·m−1

air gap stiffness in the θ direction kθ 9.19 N·rad−1

damping coefficient c 1 N·s·m−1

Table 2. Control parameters.

X (Y) Z θ (Φ) Direction Controller

δx 256.45
δz 256.50
δθ 3.07 × 104

a0x 3.07 × 105

a0z 1.49 × 105

a0θ 4.53 × 105

a1x 873.31
a1z 1.93 × 103

a1θ 819.73
b0x 1.30 × 108

b0z 6.78 × 109

b0θ 1.79 × 106

b1x 3.52 × 106

b1z 8.50 × 107

b1θ 3.09 × 104

b2x 4.01 × 104

b2z 2.16 × 105

b2θ 93.14
αx 35
αz 35
αθ 35
εx 2565
εz 2565
εθ 2565

4.2. Composition of the Experimental System

Overall, 16 coils are used in groups of two, so eight linear amplifiers are used to amplify
the coil currents, and eight current sensors are used to measure the coil currents. These
amplifiers and current sensors were integrated into the amplifier box. Figure 12 shows the
structure of the experimental system. The magnetic levitation is controlled by a DSP board
(ds1103, dSPACE Corp.) with a sampling frequency of 10 kHz. The analog signal obtained
by the displacement sensor is collected into the DSP board through the A/D converter
(16 bit, ±10 V) for operational processing. The control signal after the operation is amplified
by a linear amplifier through the D/A converter (16 bit, ±10 V) and applied to the magnetic
levitation actuator. The designed controller was applied to the developed actuator, and the
experimental results and numerical simulation parameters in Tables 1 and 2 were used to
perform the dynamic characterization experiments of the magnetic levitation actuator.
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Figure 12. Structure of the experimental system.

4.3. Performance Test

First, a 10 μm step signal was applied to the input reference points in the X, Y, and
Z directions, respectively, to measure the response. Then, 1 μrad step signal was applied
to the Φ direction and theta direction, respectively, measuring the response, as shown in
Figure 13. To avoid the collision between the electrode and workpiece in the process of
micro-EDM, the overshoot of the electrode should be set to zero. Therefore, we will adjust
the controller parameters in the future to improve the step response of the actuator.

Figure 13. Structure of the experimental system. (a) Step response in the X direction; (b) Step response
in the Y direction; (c) Step response in the Z direction; (d) Step response in the Φ direction; (e) Step
response in the θ direction.
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Second, the positioning resolution is measured in the X, Y, and Z directions, as well as
in the Φ and θ directions. As shown in Figure 14, the experimental results show that the
positioning resolution of the X, Y, and Z axes was 1 μm, and the positioning resolution of
the Φ, θ direction is 25 μrad and 20 μrad, respectively. The results show that the actuator
has good stability, and that the actuator spindle can be maintained at the required position.

Figure 14. Positioning resolutions. (a) Positioning resolution in the X direction; (b) Positioning
resolution in the Y direction; (c) Positioning resolution in the Z direction; (d) Positioning resolution in
the Φ direction; (e) Positioning resolution in the θ direction.

Third, a sine wave with an amplitude of 2 mm and a frequency of 1 Hz was applied to
the X, Y, and Z axes, respectively, to measure the travel. Then, 70 mrad amplitude and a
frequency of 1 Hz sine wave was applied to the Φ, θ direction measure, respectively. The
experimental results are shown in Figure 15. It can be seen from the results that 4 mm of
travel was achieved in the X, Y, and Z axes, and a 70 mrad stroke was achieved in the Φ, θ
direction. Using the actuator’s function, the electrode can swing, the size of the machining
hole can be adjusted, and a complex shape-such as the ellipse-can be finely processed.

Fourth, the X, Y, and Z axis directions and to evaluate the frequency response of Φ, θ
directions. The frequency response was measured by a frequency response analyzer (FRA
5095, NF Corp., Yokohama, Japan), and the experimental results are shown in Figure 16.
Actuator X, Y, and Z direction of the bandwidth is 101 Hz, 101 Hz, and 51 Hz, respectively.
The bandwidth of Φ, θ direction was, respectively, 42 Hz, 45 Hz. Based on the above
experimental results, the performance evaluation results of the brake are shown in Table 3.

Finally, a multi-axis linkage control was performed. The target values in the X and Y
directions were set as sine and cosine waves with frequencies of 0.5 Hz and amplitudes
of 0.5, 1.0, and 1.5 mm, respectively. This linkage control caused the spindle to move in a
circular manner. The motion trajectory is shown in Figure 17.
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Figure 15. Positioning resolutions. (a) The stroke in the X direction; (b) The stroke in the Y direction;
(c) The stroke in the Z direction; (d) The stroke in the Φ direction; (e) The stroke in the θ direction.

Figure 16. Frequency responses. (a) The bandwidth in the X direction; (b) The bandwidth in the
Y direction; (c) The bandwidth in the Z direction; (d) The bandwidth in the Φ direction; (e) The
bandwidth in the θ direction.
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Table 3. Performance evaluation results table.

Response Time Stroke
Positioning
Resolution

Bandwidth

X direction 6.7 ms 4 mm 1 μm 101 Hz
Y direction 6.8 ms 4 mm 1 μm 101 Hz
Z direction 26.3 ms 4 mm 1 μm 51 Hz
Φ direction 39.9 ms 70 mrad 25 μrad 42 Hz
θ direction 16.2 ms 70 mrad 20 μrad 45 Hz

Figure 17. Spindle circular motion.

5. Conclusions

In this paper, a wide-band, high-precision, and large-stroke 5-DOF magnetic levi-
tation actuator is proposed and manufactured, which can be installed in a conventional
micro-EDM machine tool. The magnetic field model of the magnetic levitation drive was
established, the magnetic field simulation analysis of the magnetic levitation drive was
carried out, the related experiments were carried out by building an experimental device,
and the magnetic field characteristics of the magnetic levitation drive were analyzed. The
controller of the actuator was also designed and evaluated for its response speed, posi-
tioning accuracy, motion range, frequency band width, and multi-axis linkage control
effect. The developed magnetic levitation actuator has millisecond response speed in all
five degrees of freedom; the motion range is up to 4 mm in the translational direction
and 70 mrad in the rotational direction; the positioning resolution is up to 1 μm in the
translational direction and 25 μrad in the rotational direction; the frequency bandwidth of
the actuator is 101 Hz in the radial direction, 51 Hz in the axial direction, and about 40 Hz
in the rotational direction. The experimental results show that the developed actuator can
achieve a fast response and stable suspension, which can meet the demand for real-time,
fast, and accurate adjustment of the interpole gap during micro-EDM processing, thus
maintaining the stability of the interpole voltage. It improves the discharge probability of
microelectronic processing, thus increasing the processing efficiency.
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Abstract: The advantages of the proposed dual-mode magnetic suspension are it having a high
level of safety and a compact structure compared with the previous studies. However, the structure
parameters can affect the energy harvesting of the suspension system. Therefore, this paper aims
to analyze the energy-harvesting characteristics of the proposed dual-mode magnetic suspension.
Firstly, the structure and working principle of the proposed suspension are introduced. Then, the
influences of the various parameters for the actuator on the energy regeneration characteristics
are analyzed by the finite element method, such as the magnetic ring, the fixed plug thickness,
the heat dissipation, and the air gap, and the actuator parameters are defined by the orthogonal
analysis method. Furthermore, the numerical results of the energy harvesting are calculated. Finally,
the vibration experimental setup is manufactured, and the simulation analysis is verified by the
experiment. The results demonstrate that the excitation amplitude is 3.1 mm, the frequency is 18 Hz,
and the maximum induced EMF is 8.8 V. Additionally, compared with passive suspension, the energy
harvesting of the proposed suspension has been verified in the laboratory, which lays the foundation
for the design and analysis of the dual-mode magnetic suspension in a real vehicle.

Keywords: vehicle suspension; energy-harvesting characteristics; orthogonal analysis; experimen-
tal verification

1. Introduction

In energy-harvesting suspension, a set of energy regeneration devices is used to
replace the traditional damper to alleviate the impact of the road surface and recover
the vibration energy of the suspension caused by the road surface excitation during the
running of the vehicle. In order to recover and reuse this part of the energy, various forms
of energy-harvesting suspensions have been proposed. Since the end of the 1970s, scholars
began to theoretically calculate and analyze the feasibility of vibration energy regeneration
for vehicle suspension. The current energy-harvesting suspension types mainly include
mechanical energy-harvesting suspension [1,2], electro-hydraulic energy harvester [3,4]
and electromagnetic energy-harvesting suspension [5,6]. In the energy-harvesting system,
the harvested energy from the suspension vibration is transformed into electrical energy
to power the electronic equipment, which is a self-powered technology [7,8], and the
generated reaction force from the harvester can reduce the vibration of the system.

The energy-harvesting and active control technologies from the vehicle suspension
system have been widely investigated, and different energy-harvesting suspension struc-
tures have been proposed. Zhang et al. [9] proposed a ball screw-type energy regenerative
active suspension, and they established the mathematical model of the energy regenerative
actuator. Florean-Aquino et al. [10] investigated semi-active modern control for a quarter-
vehicle suspension with a magnetorheological damper. Yang et al. [11] designed a hybrid
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vehicle suspension system that can regenerate energy from vibrations, and they verified
its energy-harvesting performance. The structure of regenerative suspension combined
with the linear generator was considered by Kim et al. [12], and the maximum power and
the average power were 586.43 W, and 214.98 W, respectively. Arroyo et al. [13] designed
and tested a new electromagnetic generator, and the vibration energy harvesting process
with a nonlinear energy extraction circuit was optimized. Sapiński et al. [14,15] designed
an energy-harvesting linear MR damper that can harvest energy from the excitations, and
the performance of the energy-harvesting and damping processes were investigated and
analyzed. A compact stiffness controllable magnetorheological damper was proposed and
prototyped by Zhu et al. [16], which can achieve self-powered capacity. Firoozy et al. [17]
investigated quasiperiodic energy harvesting in a nonlinear vibration-based harvester. A
novel hydraulic energy-regenerative shock absorber was presented by Zou et al. [18], which
was applied to the vehicle suspension to generate electrical power. An electromagnetic
actuator that concurrently realizes two working functions of vibration suppression and
energy regeneration was proposed by Wei et al. [19]. Beltran-Carbajal et al. [20] introduced
an active vibration control approach from an online estimation perspective of unavail-
able feedback signals for a quarter-vehicle suspension system. According to the relevant
technologies of the maglev rotor [21,22], a magnetic energy-harvesting suspension was
presented by Zhou et al. [23], and the energy-harvesting and self-powered characteristics
of the suspension were investigated [24]. However, based on the above research, most
of the studied energy-harvesting devices have complex conversion mechanisms, which
convert the linear motion into the rotary motion, which can make the structure complex
and easy to wear down. Moreover, these energy-harvesting devices replace the damper of
the traditional passive suspension, which can decrease the driving safety of vehicles when
the energy-harvesting device fails, and the devices have the issues of a complex structure
and difficulty in maintaining them.

Based on these, this paper proposes a new dual-mode magnetic suspension with
energy harvesting and active control; it has the characteristics of a simple structure, it is
easy to control, a quick response time, and a high level of safety. The original passive
suspension structure is retained, and a new type of direct-driving actuator is designed
based on the principle of Lorentz force. The actuator can obtain linear motion without the
intermediate conversion mechanism, and it has a fast response speed, uniform thrust, and
it is easy to maintain. The content of this paper is organized as follows: Section 2 introduces
the structure and working principle of the dual-mode magnetic suspension. Section 3
analyzes the energy-harvesting characteristics for the dual-mode magnetic suspension. In
Section 4, the theoretical model of the induced electromotive force (EMF) is established,
and the simulation results of the induced EMF are analyzed. In Section 5, the experiments
are carried out to validate the energy-harvesting characteristics of the suspension system.
The conclusion is presented in Section 6.

2. Structure and Working Principle of the Dual-Mode Magnetic Suspension

2.1. Structure

The structure of the dual-mode magnetic suspension is shown in Figure 1. The dual-
mode magnetic suspension mainly consists of an actuator and a passive suspension assem-
bly. The actuator structure is designed based on the voice coil motor structure, and the
actuator includes two parts: a stator and a mover; the stator is mainly composed of the
fixed plug, the permanent magnet ring, the heat dissipation ring, the soft iron core, and the
outer casing. The mover part is mainly a regeneration energy coil. The actuator is installed
in the air gap between the spring and the damper rod. The stator is connected to the wheel
through the lower cover, and the mover is connected to the vehicle body through the upper
cover. The actuator, the damper, and the spring are ensured to have concentricity during
installation. The permanent magnet ring is formed by tiling-type permanent magnets, and
the magnetization mode of the magnet is radial magnetization. Therefore, the permanent
magnet ring, the air gap, the outer casing, and the soft iron core form the closed loop of
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the magnetic induction lines, as shown in Figure 2. A uniform parallel magnetic field
perpendicular to the axial direction of the damper is formed in the air gap between the soft
iron core and the outer casing. The permanent magnet ring and the heat dissipation ring
are alternately arranged, and the plug is used to fix the permanent magnet rings and the
heat dissipation rings.

Figure 1. Structure of the dual-mode magnetic suspension.

Figure 2. Magnetic circuit in the actuator stator.

2.2. Working Principle

As shown in Figure 3, when the body and the wheel move relative to each other, the
relative motion of the regeneration coil and the actuator stator is generated. According to
Faraday’s law of electromagnetic flux density, the coil can generate positive and negative
alternating induced EMFs when it is performing the cutting magnetic induction lines
motion. The rectifier circuit rectifies the induced EMF in a single direction. A filter filters
out the high-frequency components in the unidirectional EMF and outputs a smoother DC
EMF. After the filter process, the voltage stabilizing circuit is added, and the stable EMF
is input into the rechargeable battery to realize energy regeneration. In this process, the
induced current will generate the damping force that constantly blocks the relative motion
of the regeneration coil and the stator of the actuator, and the actuator is equivalent to
a damper.
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Figure 3. Working principle.

3. Analysis of the Effects of the Stator on the Energy-Harvesting Characteristics

3.1. Effects of the Stator Parameters on the Energy-Harvesting Characteristics

When the structure parameters of the mover are constant, the effects of the stator
parameters on the magnetic flux density B in the air gap of the actuator are analyzed by the
simulation software.

According to the magnetic flux density model of the stator, the main parameters that
affect the magnetic flux density B are the permanent magnet ring’s axial height h, the
permanent magnet ring’s radial thickness l, the fixed plug’s thickness d, the heat dissipation
ring’s thickness s, and the air gap g, as shown in Figure 4. Because many factors affect the
magnetic flux density, to turn the problem of multiple factors into multiple single-factor
problems, this paper uses the control variable method to analyze the effects of the stator
parameters on the magnetic flux density.

 
Figure 4. The inner structure of the actuator.

3.1.1. Effect of the Permanent Magnet Ring on the Energy Harvesting Characteristic

There are six permanent magnet rings in the actuator stator, and the magnetic flux
density is strongest near the permanent magnet ring, thus, they will produce six peaks.
Additionally, the material of the magnetic ring is neodymium iron boron. The investigated
range of the magnetic ring radial thickness is from 6 mm to 14 mm, and the increment is
2 mm. Meanwhile, the other conditions are unchanged. The effect of the magnetic ring
radial thickness on the magnetic flux density is shown in Figure 5.
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Figure 5. Effect of the magnetic ring radial thickness on the magnetic flux density.

According to the analysis above, the magnetic flux density trend of the five groups of
magnetic rings is the same. The permanent magnet ring radial thickness is proportional to
the magnetic flux density, and the magnetic flux density of the 14-mm-thick magnetic ring
is the largest. The simulation range of the magnetic ring axial height is 8–14 mm, as shown
in Figure 6.

Figure 6. Effect of the magnetic ring axial height on the magnetic flux density.

It can be seen from the figure that as the magnetic ring axial height increases, the
axial dimension of the actuator also changes with it. The thicker the magnetic ring is, the
greater the corresponding magnetic flux density is. The 14-mm-thick magnetic ring has
the maximum magnetic flux density in the air gap, while the 8-mm-thick magnetic ring
has the minimum magnetic flux density in the air gap; the magnetic flux density difference
between the two is 56 mT. Moreover, the volume is also the largest, and the axial height
reaches 100 mm. According to the analysis of the effect of the permanent magnet ring’s
axial height on the magnetic flux density, the larger the permanent magnet ring volume is,
the stronger the magnetic flux density in the air gap is. Furthermore, the position of the
magnetic ring in the stator is changed due to the change of the magnetic ring’s axial height,
thus, the phase of the curve is changed.

3.1.2. Effect of the Fixed Plug’s Thickness on the Energy-Harvesting Characteristic

The fixed plug’s thickness simulation range is 6–14 mm, and the value interval is
2 mm. The effect of the fixed plug’s thickness on the magnetic flux density is shown in
Figure 7.
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Figure 7. Effect of the fixed plug’s thickness on the magnetic flux density.

The fixed plug’s thickness is the thickness of the outer casing of the actuator stator,
and the fixed plug is an essential part of the design of the actuator. The fixed plug is mainly
responsible for the fixation of the permanent magnet ring and heat dissipation ring. It can
be seen that when the wall thickness increases, there is no significant change in the magnetic
flux density in the air gap, the magnetic flux density of 14 mm is only 0.03% higher than
that of the 6 mm one. The outer magnetic fixed plug has more magnetic leakage when it is
thinner, which leads to the corresponding weakening of the air gap magnetic field.

3.1.3. Effect of the Heat Dissipation Ring’s Thickness on the Energy Harvesting Characteristic

During the movement of the vehicle, the suspension shock absorber generates a lot of
heat, and the heat dissipation ring is added between the magnetic rings to slow down the
demagnetization phenomenon generated due to the high temperatures. The range of the
heat dissipation ring’s thickness is 1–4 mm, and the value interval is 1 mm. The simulation
analysis is shown in Figure 8.

Figure 8. Effect of the heat dissipation ring’s thickness on the magnetic flux density.

As can be seen from the analysis of the figure, the heat dissipation ring thickness can
produce a more significant effect on the electromagnetic force. The relative magnetic flux
density and the magnetic flux density shelf space are increased with the decrease in the
height of the heat dissipation ring.

3.1.4. Effect of the Air Gap on the Energy Harvesting Characteristic

The air gap part of the actuator is the moving area of the mover coil, and the range of
the investigated air gap size is 8–12 mm, and the interval is 1 mm. The simulation results
are shown in Figure 9. It can be seen from the figure that the magnetic flux density shows a
decreasing trend with the increase in the air gap.
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Figure 9. Effect of the air gap on the magnetic flux intensity.

3.2. Orthogonal Analysis of the Stator Parameters
3.2.1. Orthogonal Design

The orthogonal analysis has the characteristics of “uniform dispersion, neat and
comparable”, and it can replace the multi-factor and multi-level test with a large workload
with fewer test times, which is highly efficient and economical [25,26]. Based on the
previous simulation results, this paper determines the four structural parameters of the
permanent magnet ring’s radial thickness, the permanent magnet ring’s axial height, the
heat dissipation ring’s thickness, and the air gap for the orthogonal experiment. The
parameter ranges are 8–14 mm, 8–14 mm, 1–4 mm, and 9–12 mm, respectively. These
parameters are identified in Figure 3. The orthogonal table is designed, as shown in Table 1.

Table 1. Orthogonal design table of level factors.

Level
Magnetic Ring Radial

Thickness (mm)
A

Magnetic Ring Axial
Height (mm)

B

Heat Dissipation
Ring Thickness (mm)

C

Air Gap (mm)
D

1 8 8 1 9
2 10 10 2 10
3 12 12 3 11
4 14 14 4 12

3.2.2. Orthogonal Analysis

The orthogonal test scheme and the simulation results of the magnetic flux density are
shown in Table 2.

The analysis results of the orthogonal test are shown in Table 3. Kjk (k = 1, 2, 3, and 4)
is the sum of the simulation results with the same level k in column j. Kjpk is the average
of the simulation results with the same level k in column j, and Rj is the range. It can be
seen that the combination (A4 B3 D2 D1) constitutes the best parameters, and the values of
the magnetic ring’s thickness, the axial height of the magnetic ring, the height of the heat
dissipation ring, the air gap, and the maximum magnetic flux density strength are 14 mm,
12 mm, 3 mm, 10 mm, and 194.4 mT, respectively.

Finally, according to the above analysis, the stator parameters of the actuator are
selected, as shown in Table 4.
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Table 2. Orthogonal test scheme and simulation results.

Numbering
Magnetic Ring

Radial Thickness
(mm)

Magnetic Ring
Axial Height

(mm)

Heat Dissipation
Ring Thickness

(mm)

Air Gap
(N)

Magnetic Flux
Density

(mT)

1 1 1 1 1 163.625
2 1 2 2 2 165.926
3 1 3 3 3 169.317
4 1 4 4 4 176.305
5 2 1 2 3 178.128
6 2 2 1 4 186.419
7 2 3 3 2 184.526
8 2 4 4 1 188.513
9 3 1 3 4 183.614
10 3 2 4 3 186.325
11 3 1 1 2 188.146
12 3 4 2 1 190.182
13 4 3 4 2 189.379
14 4 2 3 4 192.353
15 4 3 2 1 194.476
16 4 4 1 3 186.479

Table 3. Orthogonal analysis.

Name
Magnetic Ring Radial

Thickness (mm)
A

Magnetic Ring
Axial Height (mm)

B

Heat Dissipation
Ring Thickness (mm)

C

Air Gap (mm)
D

Kj1 675.173 713.112 724.669 734.373
Kj2 747.412 731.023 718.726 737.927
Kj3 748.268 737.698 739.760 720.249
Kj4 752.736 741.479 740.522 730.864
Kjp1 168.775 178.278 181.167 183.668
Kjp2 186.853 189.756 179.691 184.482
Kjp3 187.067 184.424 184.940 180.062
Kjp4 188.184 185.370 185.130 182.716
Rj 19.409 11.478 5.439 3.606

Influencing
factors A > B > C > D

Best level A4 B3 C2 D1

Best combi-
nation A4 B3 C2 D1

Table 4. Stator parameters of the actuator.

Description Symbol Numerical Value

Permanent magnet ring length/mm h 10
Permanent magnet ring height/mm l 12.5

Cooling ring height/mm s 3
Outer fixed plug wall thickness/mm d 10

Air gap length/mm Xg 90
Air gap width/mm Yg 10

NdFeB N42H remanence/T Br 1.18
NdFeB N42H coercivity/A/m Hc −880,000

Air permeability/H/m μ0 4 π × 10−7

4. Simulation Results of the Dual-Mode Magnetic Suspension

4.1. Theoretical Model of the EMF

During the relative movement between the body and the wheel, the suspension system
can generate the relative motion velocity V. Therefore, the induced EMF is expressed as:

U0 = BLV sin θ (1)
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where B is the magnetic flux density produced by the permanent magnet ring, L is the
length of wire for cutting magnetic flux density wire, and θ is the angle between the velocity
V or L of the damper and the magnetic flux.

L = πDcN1 (2)

where N1 is the number of turns in the coil embedded in the magnetic flux, and Dc is the
average diameter of the coil winding.

Combining Formulas (1) and (2) obtains the EMF expression:

U0 = BπDcN1V sin θ (3)

The total turns of the coil are calculated:

N1 =
L1(d2 − d1)

2d2 (4)

where L1 is the length of the coil skeleton, d1 is the inner diameter of the coil, d2 is the outer
diameter of the coil, and d is the diameter of the enameled wire.

In this paper, the sinusoidal signal is used as the road input:

X = A sin ωt (5)

ω = 2π f (6)

Among these parts, A is the excitation amplitude, ω is the angular velocity, and
f is frequency.

Formulas (3) and (7) vary as follows:

U0 = BπDcN1V sin θ (7)

Since the angle θ between the relative motion velocity V of the suspension and the
magnetic flux density B is approximately 90◦, sin θ = 1, it can be ignored; according to the
Formulas (3) and (4), the induced EMF U0 and the number of turns embedded in the air
gap of the coil can be known, and U0 is proportional to the motion velocity V. Therefore,
the regeneration power P is proportional to the square of the number of turns N1 of the coil
embedded in the air gap and the square of the velocity V of motion. When a sinusoidal
signal is used as the road surface input, according to the Formula (7), the EMF is related to
the three variables of the number of turns, the frequency, and the amplitude.

4.2. Simulation Analysis of the EMF

According to the theoretical model of the dual-mode magnetic suspension, the param-
eters affecting the energy-harvesting characteristics of the suspension include the vibration
frequency, the amplitude, and the turns of the regeneration coil. The EMF is simulated by
the control variable method. The simulated coil parameters are shown in Table 5.

Table 5. Parameters of the simulated coil.

Description Representation Symbol Numerical Value

Average diameter of the winding Dc 0.0635 m
Resistivity of copper ρ 1.75 × 10−8 Ω·m
Coil skeleton length L 0.09 m

Coil resistance R 62 Ω
Magnetic flux density B 0.09 T

Coil turns in the air gap N1 1696
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4.2.1. Effect of the Number of Coil Turns on the EMF

The turns of the coil entering the stator air gap are positively correlated with the
position depth of the coil entering the air gap. The studied depth values of the coil
entering the air gap include 50 mm, 60 mm, and 70 mm (the number of coil turns are
188, 1130, and 1319, respectively). The input and output simulation results are shown in
Figure 10, and the simulation time is 0.1 s. (From left to right, they are 50 mm, 60 mm, and
70 mm, respectively.)

 

Figure 10. Effect of the number of coil turns on the EMF: (a) 188; (b) 1130; (c) 1319.

The simulation results of the induced EMF are 4.7 V, 6.7 V, and 8.3 V in turn, which
are increased by 42.5% and 23.8%, respectively. Thus, the frequency and amplitude remain
unchanged, and the coil is embedded deeper into the air gap, which leads to the increase in
the induced EMF.

4.2.2. Effect of the Excitation Amplitude on the EMF

The simulation results of the input and output of the coil at 70 mm in the excitation
frequency 18 Hz are calculated. The studied excitation amplitudes included 2.5 mm,
2.8 mm, and 3.1 mm, and the simulation time is 0.1 s. (The excitation amplitudes from left
to right are 2.5 mm, 2.8 mm, and 3.1 mm, respectively, as shown in Figure 11.)

 

Figure 11. Effect of the excitation amplitude on the EMF: (a) 2.5 mm; (b) 2.8 mm; (c) 3.1 mm.
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The simulation results of the induced EMF are 6.4 V, 8.0 V, and 9.2 V, which are
increased by 25.0% and 15.1%, respectively. Therefore, the number of turns and frequency
remain unchanged, and as the vibration amplitude increases, the induced EMF becomes
larger in the sequence.

4.2.3. Effect of the Excitation Frequency on the EMF

When the position of the coil entering the air gap is 70 mm and the excitation amplitude
is 2.8 mm, the effect of the excitation frequency on the EMF is analyzed. The input and
output simulation results are shown in the excitation frequencies of 15 Hz, 18 Hz, and
21 Hz, and the simulation time is 0.1 s. (The excitation frequencies from left to right are
15 Hz, 18 Hz, and 21 Hz, respectively, as shown in Figure 12.)

 

Figure 12. Effect of the excitation frequency on the EMF: (a) 15 Hz; (b) 18 Hz; (c) 21 Hz.

The simulation results of the induced EMF are 7.3 V, 8.4 V, and 7.5 V in sequence,
which are first increased by 15.1%, and then, they are decreased by 10.7%. When the turns
and amplitude remain unchanged, the EMF is increased more as the frequency is increased.

5. Experiment Verification

5.1. Experimental Setup

In order to verify the correctness of the theoretical model and the simulation analysis
for the dual-mode magnetic suspension, a prototype experimental system is built. The
actuator is the core component of the dual-mode magnetic suspension, and the sinusoidal
signal generated by the exciter is used as the road input to verify the energy-harvesting
characteristics of the actuator. The specific signal excitation process is one by which the
function signal generator generates a sinusoidal signal through the power amplifier to
reach the vibrator. Finally, the vibrator can generate sinusoidal excitation. The Tektronix
oscilloscope is used to gather the acceleration and electromotive signals, and the computer
receives the synchronization signal through OpenChoice Desktop software (Version: V2.8;
Creator: Tektronix; Location: Shenyang, China). The specific experimental setup is shown
in Figure 13.

According to the theoretical model, the effects of the turn, the amplitude, and the
frequency on the energy-harvesting characteristics are verified. The input is the excitation
signal, and the output is the EMF.
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Figure 13. Vibration experimental setup.

5.2. Experimental Results
5.2.1. Experimental Results for the Effect of the Number of Coil Turns on the EMF

Because the turns embedded in the air gap of the actuator can be expressed by the
position depth of the coil entering the air gap, the effect of the turns on the energy-harvesting
characteristics is verified when the coil is in different positions. When the excitation
frequency is 18 Hz, the peak input amplitude is 2.8 mm, and the distance between the coil
and the air gap from left to right is 50 mm, 60 mm, and 70 mm (the number of coil turns are
188, 1130, and 1319, respectively); the input and output results are shown in Figure 14.

Figure 14. Effect of the number of coil turns on the EMF: (a) 188; (b) 1130; (c) 1319.

According to the experimental results, the peak values of the output EMF are 4.4 V,
6.2 V, and 7.7 V from left to right, which are increased by 40.9% and 24.1%, respectively.
Comparing the peaks of the EMF in the three cases, it can be obtained that when the
amplitude and frequency are unchanged, the peak value of the induced EMF is greater
with the increase in the number of coil turns.

5.2.2. Experimental Results for the Effect of the Excitation Amplitude on the EMF

When the excitation frequency is 18 Hz, the distance between the coil and the air gap
is 70 mm, and the input amplitudes from left to right are 2.5 mm, 2.8 mm, and 3.1 mm,
respectively; the input and output results are shown in Figure 15.

According to the experimental results, the peak values of the output EMF from left
to right are 6.6 V, 7.8 V, and 8.8 V, which are increased by 18.1% and 12.8%, respectively.
Comparing the EMF of the different input amplitudes, it can be obtained that when the
number of turns and frequency are unchanged, the peak value of the induced EMF is
increased as the excitation amplitude is increased.
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Figure 15. Effect of the excitation amplitude on the EMF: (a) 2.5 mm; (b) 2.8 mm; (c) 3.1 mm.

5.2.3. Experimental Results of the Effect of the Excitation Frequency on the EMF

When the excitation amplitude is 2.8 mm, the distance between the coils and the
air gap is 70 mm, and the frequencies from left to right are 15 Hz, 18 Hz, and 21 Hz,
respectively; the input and output results are shown in Figure 16.

 
(a) (b) (c) 

Figure 16. Effect of the excitation frequency on the EMF: (a) 15 Hz; (b) 18 Hz; (c) 21Hz.

According to the experimental results, the peak values of the output EMF are 7 V, 7.8 V,
and 7.6 V, respectively. The experimental results show that when the turns and the excitation
amplitude remain unchanged with the increase in the frequency, the EMF tends to increase
first, and then, they decrease. The main reason is that when the excitation frequency is
equal to the resonance frequency of the system, the output EMF is at its maximum.

Comparing the simulation results and the experimental results of the effect of three
parameters on the EMF, the simulation results are consistent with the experimental results.
In the case where the other variables are consistent, the effect of the number of coil turns
and the amplitude on the energy-harvesting characteristics is much greater than the effect
of the excitation frequency on the energy-harvesting characteristics. More turns and a
greater amplitude can lead to a greater induced EMF.

6. Conclusions

This paper proposes a dual-mode magnetic suspension with energy harvesting and
active control. The suspension is stable and safe, and it can complete the conversion of
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vibration and energy without a complicated conversion mechanism. The optimal structural
parameters of the actuator are determined through the finite element simulation analysis,
and the experimental prototype is built. Furthermore, the control variable method is used
to analyze the effect of the turns of the embedded magnetic field coil and the amplitude and
frequency of the excitation signal on the energy-harvesting characteristics of the dual-mode
magnetic suspension. Based on the numerical and experimental results, the following
conclusions can be obtained:

(1) The number of coil turns have the most significant effect on the energy-harvesting
characteristics, with a rate of change up to 40.9%, which is followed by the amplitude
of the excitation signal, up to 18.1%, and finally, the frequency of the excitation signal.

(2) With the increase in the number of coil turns and the excitation amplitude, the output-
induced EMF of the suspension is increased.

(3) When the excitation frequency is equal to the resonance frequency, the vehicle body
resonates with the excitation signal, and the induced EMF is large. Additionally, when
the coil enters the air gap of 70 mm (the number of coil turns is 1319), the excitation
amplitude is 3.1 mm, and the frequency is 18 Hz, the maximum induced EMF is 8.8 V.

This paper shows the potential good energy regeneration value of this regeneration
suspension. In future work, the energy harvesting and dynamic performance of the real
vehicle with the dual-mode magnetic suspension will be investigated.
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Abstract: Electrical discharge machining (EDM) is not limited to the strength and hardness of
conductive materials, and is a non-contact special processing technology. In micro-EDM, there
are problems such as untimely axial positioning, unstable inter-electrode machining voltage, and
difficulty in discharging inter-electrode electric erosion products. This paper considers a magnetic
actuator with fast response and high accuracy as the local actuator for a micro-EDM. By introducing
a domain adjustment mechanism, a variable domain fuzzy PID controller was designed to control the
inter-electrode voltage control system of the magnetic actuator for micro-EDM using an intelligent
control strategy. During the micro-EDM machining process, the controlled magnetic actuator drives
the tool electrode in the axial direction for rapid micro-positioning, thus maintaining effective inter-
electrode machining voltage and achieving a high-speed and high precision EDM. Simulation and
experimental results showed that compared with traditional micro-EDM, the machining efficiency of
the variable domain fuzzy PID control magnetic actuator, and traditional micro-EDM cooperative
control, was increased by 40%, the machining process was more stable, and the quality of the
machined surface was better.

Keywords: electrical discharge machining (EDM); magnetic actuator; domain adjustment mechanism;
variable domain fuzzy PID

1. Introduction

Electrical discharge machining (EDM) is a special machining method that immerses the
workpiece in the working medium and conducts electrical erosion on conductive materials
through non-contact pulse spark discharge between the tool electrode and the workpiece [1].
In the process of EDM, the two stages of the pulse power supply are connected with the
tool electrode and the metal workpiece to provide the required pulse voltage, and the pulse
discharge is used to break down the working medium and form a discharge channel. Since
the pulse discharge time is in the order of microseconds, the discharge channel is narrow,
and the energy at the discharge position is highly concentrated, resulting in instantaneous
high temperature, which leads to the melting of metal materials. Different from traditional
cutting methods, EDM has no macro cutting force, which is especially convenient for
processing complex cavities, and materials with high brittleness, and hardness. EDM has
unique processing advantages that cannot be replaced by traditional cutting methods,
and has been widely applied in material processing in aviation equipment, electronic
instruments, medical engineering and other fields [2–5].

However, the speed and accuracy of traditional EDM are limited by the discharge
probability and efficiency. To improve the efficiency of EDM, scholars at home and abroad
have conducted a lot of research based on EDM mechanisms. The research to effectively
improve the efficiency of EDM includes unconventional electrode designs, electrode rotary
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or vibratory machining, changing the working medium, improving the response speed
of the servo system, and periodic tool electrode lifting. In [6], copper was used as the
electrode material and the traditional design was modified by providing relief angles and a
land at the electrode face. Primarily, three design types were introduced with eighteen sub-
designs by varying the relief angles and the length of the land. Each design type offered a
different sparking area. Experimentation was performed in three stages to identify the most
appropriate electrode design for the EDM of D2-steel. The results of taper angle, MRR, and
TWR were statistically analyzed, and the proposed electrode resulted in an approximately
70% improvement in the MRR, 45–50% reduction in the TWR, and about a 10% decrease
in the hole taper angle. The authors of [7–9] used electrode rotation or vibration for EDM
machining and evaluated the machining performance of EDM. The experimental results
showed that electrode rotation or vibration can effectively improve the machining efficiency
of EDM. The authors of [10,11] improved EDM performance by changing the working
medium for EDM. The experimental results showed that the working medium greatly
influences the material removal rate, electrode wear rate, and surface topography during
EDM. The authors of [12] used electrode jumping motion to remove debris from the machining
gap by determining the optimal electrode machining time and the optimal electrode jumping
height. The experimental results showed that the electrode jumping motion can significantly
improve EDM machining efficiency. To obtain a stable and high-speed EDM process, the
electrode should have a fast enough positioning response to maintain the inter-electrode
voltage’s stability and quickly remove the inter-electrode machining debris products. In the
traditional EDM machine, a conventional motor with ball screw drive is usually used. This
type of drive mechanism has all kinds of intermediate conversion links. There is huge inertia
between the mechanical transmission system, which leads to a slow positioning response.
Due to the inability to respond to the signal for real-time adjustment of the discharge gap
in time, a series of problems, such as unstable discharge between electrodes and difficult
discharge of debris products between electrodes, are caused. This is also the main reason for
the low efficiency of traditional EDM [13].

To solve the above problems, high-speed, high-precision local actuators and tradi-
tional EDM cooperative control have become necessary. As a typical electromechanical
coupling system that converts electrical energy into mechanical energy, electromagnetic
drive technology has the advantages of high precision, fast response, low noise, and no
friction. In precision machining, domestic and foreign scholars have combined the benefits
of electromagnetic drive and apply electromagnetic drive technology as a servo drive
method in precision machining and manufacturing. The authors of [14] designed a five-
degree-of-freedom-controlled, wide-band, and high-precision electromagnetic actuator for
driving precision machining instruments to produce a system with high responsiveness,
high accuracy, and submicron and micro-radius-level positioning resolution. Reference [15]
describes a new linear actuator using electromagnetic suction, which can achieve sub-
millimeter travel. The structure of a displacement amplification mechanism applied to
extend the stroke of the piezoelectric actuator is also described. The experimental results
show that the system has a high response and high accuracy driving performance. The
authors of [16,17] proposed a high response, wide band magnetic levitation spindle system
(MSSS), which was applied to EDM for micro-hole machining of alloy Inconel 718, and
the experimental results showed that the EDM efficiency and accuracy of the system were
higher compared to the traditional EDM. Due to the non-linear and time-varying charac-
teristics of the electromagnetic drive, some defects make it difficult to control and be used
in industrial transformation. In terms of electromagnetic servo drive control, scholars at
home and abroad have also conducted a lot of research. Typical control strategies have
included adaptive control [18], fuzzy control [19], sliding mode control [20,21], neural
network control [22], fuzzy neural network [23,24], and decoupling control [25].

To meet the needs of high-speed and high-precision EDM, the positioning response
speed and processing efficiency of EDM must be improved. This paper introduces a single-
degree-of-freedom controllable magnetic local actuator with a compact structure, fast
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response and high accuracy. The magnetic local actuator was connected with the traditional
EDM device to build an inter-electrode voltage control system of the magnetic actuator for
micro-EDM. A variable domain fuzzy PID controller was designed to attain intelligence
of the control process and improve the performance of the control system. The direct
control of the local actuator effectively avoids the effects of errors and hysteresis due to
various types of intermediate transformation links, making the magnetic actuator respond
in time to drive the electrode for axial micro-positioning and to keep the inter-electrode
discharge gap in real-time within the effective discharge range, thereby improving the
EDM processing efficiency.

2. 1-DOF Controlled Magnetic Actuator for Micro-EDM

2.1. Magnetic Actuator Structure

The design is shown in Figure 1. A single-degree-of-freedom controllable magnetic
actuator is directly connected to the spindle of the EDM machine. The magnetic actuator
mainly consists of a coil, spindle, positioning shrapnel, and housing. The coil consists of
six copper wire coils connected in parallel. The spindle consists of an electrode and two
oppositely placed permanent magnets with a magnetically conductive ring sandwiched
between the two oppositely placed permanent magnets, which controls the direction of
magnetic flux and reduces flux loss. The spindle is connected to the housing by two
positioning shrapnel at the top and bottom, which restrains the radial (X and Y directions)
translation and rotation of the spindle and counteracts the gravity of the spindle. The
uniform magnetic field inside the coil is generated by two permanent magnet rings placed
opposite each other. In such a magnetic field space, a current is applied to the coil of the
magnetic actuator, and the resulting electromagnetic force can drive the electrodes to move
up and down.

Z

Y
X

Figure 1. Structure of single-degree-of-freedom controllable magnetic actuator.

In the process of micro-hole EDM, when the inter-electrode voltage is in a broken
circuit, the discharge channel between the tool electrode and the workpiece cannot be
formed at this time, and EDM cannot be performed. Therefore, the magnetic actuator is
required to quickly drive the electrode to move downward slightly, maintain an effective
inter-electrode machining voltage, and promote the normal machining of EDM. When the
inter-electrode voltage is in a short circuit, the electric erosion products between the tool
electrode and the workpiece cannot be discharged in time and the EDM process cannot
be carried out normally. Therefore, it is necessary to quickly drive the electrode to move
upward slightly by the magnetic actuator to promote the discharge of the electric erosion
products and the normal operation of the EDM.

2.2. Dynamic Model of the Magnetic Actuator

Figure 2 shows the dynamics model of the magnetic actuator mover, in which the
moving direction of the mover is the state of downward movement.
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Figure 2. Stress analysis of magnetic actuator mover.

Assume that the downward displacement of the mover of this magnetic actuator in
the axial Z direction is x. When ignoring the external disturbance, according to Newton’s
second law, the axial motion equation of the magnetic actuator mover can be expressed as:

Ma = F − Ff − 2kx − cv − F0 + Mg, (1)

F − F0 = F1, (2)

The relationship between the output electromagnetic force of the magnetic actuator
and the input current can be expressed as:

F1 = 6Kii, (3)

where F is the combined force, F1 is the electromagnetic force, Ff is the frictional resistance,
F0 is the discharge force, M is the mass of the mover, a is an acceleration of the motion of the
mover, k is the spring constant of the elastic sheet positioning, x is the axial displacement
of the mover, c is the friction coefficient, v is the movement speed of the mover, Ki is the
stiffness coefficient of the current, and i is the input current of the coil.

Substituting Formula (3) into Formula (1), a mathematical model of the magnetic
actuator mover can be obtained:

6Kii = Ma + Ff + 2kx + cv − Mg, (4)

The Laplace transform of Formula (4) can be obtained:

6Ki I(s) = Ms2X(s) + 2kX(s) + csX(s), (5)

where s is the complex variable.
Then, the transfer function of the mathematical model of the magnetic actuator mover

can be obtained as:

G(s) =
X(s)
I(s)

=
6Ki

Ms2 + cs + 2k
, (6)

Table 1 shows the experimental parameters of the dynamic model of the magnetic
actuator mover. Substituting the model parameters into Formula (6), the transfer function
between the output displacement X(s) and the input coil current I(s) is:

G(s) =
X(s)
I(s)

=
33.6

0.27s2 + 10850
, (7)
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Table 1. Dynamic model parameters.

System Parameters Symbol Value

mover mass M (kg) 0.27
friction coefficient c (Ns/m) 0

spring constant k (N/m) 5.425 × 103

current stiffness coefficient Ki (N/A) 5.6
frictional resistance Ff (N) 0

3. Magnetic Actuator Inter-Electrode Voltage Control System

Figure 3 shows the block diagram of the inter-electrode voltage control system of
the magnetic actuator for micro-EDM, which is a voltage closed-loop control. The inter-
electrode voltage signal is detected by the average voltage detection device and used as the
feedback signal of the control system. The feedback voltage between the inter-electrode and
the given reference voltage is sent to the controller for processing. The output voltage signal
of the controller obtains the control current on the coil of the magnetic actuator through the
power amplifier and completes the movement of the electrodes of the magnetic actuator.
Through the closed-loop control system, the inter-electrode voltage can be controlled near
the ideal machining voltage, which increases the probability of normal discharge, thereby
effectively improving the efficiency of micro-EDM.

Figure 3. Block diagram of the inter-electrode voltage control system of the magnetic actuator for micro-EDM.

3.1. Conventional PID Controller

Figure 4 shows the structure diagram of the conventional PID controller. In Figure 4,
Vr(t) is the target value, which is the desired value of the inter-electrode voltage of the micro-
EDM. Vs(t) is the feedback value, which is the current value of the inter-electrode voltage of
the micro-EDM. e(t) is the input signal of the PID controller, which is the difference between
the feedback value of the inter-electrode voltage of the EDM and the desired value of the
inter-electrode voltage. Kp is the proportional adjustment coefficient. Ki is the integral
adjustment coefficient. Kd is the differential adjustment coefficient. u(t) is the output signal
of the PID controller. I(t) is the value of the coil control current of the magnetic actuator.

The proportional adjustment coefficient Kp can improve the system’s control accuracy
and response speed. The integration adjustment coefficient Ki can eliminate the steady-state
error of the system and improve the control accuracy. The differential adjustment coefficient
Kd effectively eliminates oscillations in the regulation process, which affect the steady-state
performance and response speed of the control system, and predicts the dynamics of the
variation of the input deviation value of the controller. The mathematical model can be
described as follows:

u(t) = Kpe(t) + Ki

∫ t

0
e(t)dt + Kd

de(t)
dt

, (8)
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The control variables Kp, Ki, and Kd were debugged based on engineering experience.
Based on this, the controller of this micro-EDM control system was further designed.

e t
Vr t

Vs t

u t I t

Figure 4. Structure diagram of the conventional PID controller.

3.2. Fuzzy PID Controller

In the control process, the parameters of conventional PID control cannot be modified
once they are set. The performance of the controller depends on the three parameters of
PID. Generally speaking, the effect of conventional PID control depends on an accurate
mathematical model of the controlled object, while the magnetic actuator is a nonlinear
system, so an accurate mathematical model of this EDM system is difficult to establish.
Fuzzy control does not depend on the precise mathematical model of the controlled object,
and its corresponding control rules are established based on the characteristics of the
controlled system, expert knowledge, and engineering experience, which can realize the
online adjustment of control parameters within a certain range and have better applicability.
Therefore, we combine fuzzy control and PID control to design a fuzzy PID controller to
realize their complementary advantages.

The fuzzy controller consists of four main modules: the fuzzification module, fuzzy
reasoning module, knowledge base module and the defuzzification module [26,27]. Figure 5
shows the schematic diagram of the inter-electrode voltage control system of the fuzzy PID
control magnetic actuator for micro-EDM.

e t

Vr t

Vs t

u t I t

Kp Ki Kd

e

ec

E

EC

Figure 5. Schematic diagram of the inter-electrode voltage control system of the fuzzy PID control
magnetic actuator for micro-EDM.

First, the conventional PID control parameters are adjusted based on engineering
experience. Then, based on this, the fuzzy controller corrects the control parameters of the
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conventional PID online in real-time based on the error value and the rate of change of
the error value during the regulation process. Finally, the fuzzy PID controller determines
the proportional adjustment coefficient Kp, the integral adjustment coefficient Ki, and the
differential adjustment coefficient Kd. The calculation formulas are as follows:⎧⎨⎩

Kp = Kp0 + ΔKp
Ki = Ki0 + ΔKi

Kd = Kd0 + ΔKd

, (9)

where Kp0 is the initial proportional coefficient, Ki0 is the initial integral coefficient, Kd0 is the
initial differential coefficient, ΔKp is the proportional coefficient correction amount, ΔKi is the
integral coefficient correction amount, ΔKd is the differential coefficient correction amount.

Selection of the fuzzy domain needs to be combined with the actual control situation,
and the key point is the fuzzy partitioning of the input variables and control variables.
Since the variables have different ranges of values, the basic domains of each variable
are first mapped to a standardized domain with different correspondences, respectively.
Usually, the correspondence is taken as a quantization factor. Then, the domain is fuzzily
divided and fuzzy subsets are defined. Fuzzy control rules are formulated based on expert
knowledge and engineering experience. In this paper, the two input variables of the fuzzy
control system are the inter-electrode voltage error e and its rate of change ec, and the fuzzy
domain E and EC of the input variables are both set to [−6, 6]. The three output variables
of the fuzzy control system are ΔKp, ΔKi, and ΔKd, and the fuzzy domain of the output
variables are set to (−3, 3). The corresponding fuzzy language subsets of the input and
output variables of the fuzzy control system are all (negative large (NB), negative medium
(NM), negative small (NS), zero (ZO), positive small (PS), positive medium (PM), positive
large (PB)). The quantization factors of the input variables of the fuzzy control system are
Ke0 = 6, Kec0 = 0.3. The scaling factors of the output variables of the fuzzy control system
are Ep0 = 0.002, Ei0 = 0.35, Ed0 = 0.0002. The affiliation function is trigonometric, the fuzzy
reasoning is the Mamdani method, and the defuzzification is the centroid method. The
fuzzy rule table of the fuzzy PID control system is shown in Table 2.

Table 2. Fuzzy control rules table of ΔKp, ΔKi, ΔKd.

EC

NB NM NS ZO PS PM PB

E

NB PB/NB/NS PB/NB/NS PM/NM/NB PM/NM/NB PS/NS/NB ZO/ZO/NM ZO/ZO/PS
NM PB/NB/PS PB/NB/NS PM/NM/NB PS/NS/NM PS/NS/NM ZO/ZO/NS NS/PS/ZO
NS PM/NB/ZO PM/NM/NS PM/NS/NM PS/NS/NM ZO/ZO/NS NS/PM/NS NS/PM/ZO
ZO PM/NM/ZO PM/NM/NS PS/NS/NS ZO/ZO/NS NS/PS/NS NM/PM/NS NM/PM/ZO
PS PS/NM/ZO PS/NS/ZO ZO/ZO/ZO NS/PS/ZO NS/PS/ZO NM/PM/ZO NM/PB/ZO
PM PS/ZO/PB ZO/ZO/PM NS/PS/PM NM/PS/PM NM/PM/PS NM/PB/PS NB/PB/PB
PB ZO/ZO/PB ZO/ZO/PM NM/PS/PM NM/PM/PM NM/PM/PS NB/PB/PS NB/PB/PB

Fuzzy PID control also has limitations. Due to the structure of the fuzzy controller itself,
the determination of the domain of fuzzy control in the control process is limited by expert
experience and cannot be changed once it is set, so the adaptive ability of the fuzzy controller
is limited. If the working conditions of the control system are changed, the control system will
not be effectively controlled according to the original parameter settings.

4. Design of the Domain Adjustment Mechanism

The idea of a variable domain overcomes the above limitations. Based on fuzzy PID
control, a domain adjustment mechanism is introduced, which expands the fuzzy domain
as the error increases and contracts the fuzzy domain as the error decreases while keeping
the number of fuzzy subsets and fuzzy rules unchanged. When the error is small, adding
appropriate number of fuzzy rules indirectly makes the fuzzy control rules more suitable for
the control system and more effective in the whole control process. This solves the problem
of low control accuracy in fuzzy control due to fewer control rules near the zero point.
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4.1. Design of Variable Domain Contraction-Expansion Factor

The adjustment rule of the variable domain relates to the increase and decrease of the
quantization factor being equivalent to the expansion and contraction of the input variable
domain, and the increase and decrease of the scaling factor being equivalent to the expansion
and contraction of the output variable domain. The domain contraction-expansion factor is
the key to the variable domain fuzzy controller design, and plays a crucial role in the control
performance. In this paper, the contraction-expansion factor is selected based on fuzzy control.
In the domain adjustment mechanism, we use two fuzzy controllers for fuzzy reasoning and
obtains the contraction-expansion factor of the adjustment quantization factor and the scale
factor, respectively. In this way, the expansion and contraction of the fuzzy domain of input
and output of the control system can be realized.

Let the input variables in the fuzzy PID controller be the error e, its rate of change ec,
and the output variables are ΔKp, ΔKi, and ΔKd. Then, the domain adjustment mechanism
can be divided into the input domain adjustment mechanism and the output domain
adjustment mechanism, where the contraction-expansion factors of the input variable fuzzy
domain are αe and αec, and the contraction-expansion factors of the output variable fuzzy
domain are βp, βi, and βd, respectively.

After the contraction-expansion factor adjusts the initial fuzzy domain, the formulas
for the two quantization factors after control system regulation are as follows:{

Ke = αeKe0
Kec = αecKec0

, (10)

where Ke0 and Kec0 are the initial quantization factors, and Ke and Kec are the adjusted
quantization factors.

The formulas for the three scaling factors after control system regulation are as follows:⎧⎨⎩
Ep = βpEp0
Ei = βiEi0

Ed = βdEd0

, (11)

where Ep0, Ei0, and Ed0 are the initial scaling factors, and Ep, Ei, Ed are the adjusted
scaling factors.

The final correction values for the three parameters of the variable domain fuzzy PID
control are as follows: ⎧⎨⎩

Kp = Kp0 + βpΔKp
Ki = Ki0 + βiΔKi

Kd = Kd0 + βdΔKd

, (12)

where Kp0, Ki0, and Kd0 are the initial values of proportional, integral, and differential coef-
ficients of conventional PID control, respectively, and Kp, Ki, and Kd are the final corrected
values of proportional, integral, and differential coefficients of fuzzy PID control, respectively.

4.2. Rule Design of Variable Domain Regulator

In the domain adjustment mechanism, the two input variables of the fuzzy control
system are the inter-electrode voltage error e and its rate of change ec, and the fuzzy
domains E and EC of the input variables are both set to (−6, 6), and the fuzzy subset
linguistic values of the fuzzy control system input variables are expressed as (negative
large (NB), negative medium (NM), negative small (NS), zero (ZO), positive small (PS),
positive medium (PM), and positive large (PB)). The contraction-expansion factors to adjust
the contraction-expansion change of the input domain are αe and αec, respectively. Then,
the fuzzy domains αE and αEC are both (0, 1.5), and their fuzzy subset linguistic values
are all expressed as (medium compression (M), light compression (S), keep constant (Z),
light expansion (B)). The contraction-expansion factors that adjust the output domain
contraction-expansion change are βp, βi, and βd, respectively, then the fuzzy domains βP,
βI, and βD are all (0, 2), and their fuzzy subset linguistic values are all expressed as (large
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compression (CB), medium compression (CM), small compression (CS), keep constant
(Z), small expansion (AS), medium expansion (AM), large expansion (AB)). The variable
domain fuzzy PID controller is established using MATLAB/Simulink, and the membership
function can be selected in the fuzzy control module. Since the triangular membership
function has higher sensitivity, it is chosen to use the triangular membership function, as
shown in Figures 6 and 7, for the membership functions of the input domain contraction-
expansion factors and the output domain contraction-expansion factors, respectively.

E/ EC

Figure 6. Membership functions of αE and αEC.

P/ I/ D

Figure 7. Membership functions of βP, βI, and βD.

Like the fuzzy control in fuzzy PID control, the membership function is a triangular
membership function, the fuzzy reasoning is the Mandani method, and the defuzzification
is the centroid method. The fuzzy relationship between input and output variables can
be determined based on expert knowledge, engineering experience, and the variation
relationship between input and output variables. As shown in Tables 3 and 4, the fuzzy
rule table of the contraction-expansion factor regulates the contraction-expansion change
of the input domain, and the fuzzy rule table of the contraction-expansion factor regulates
the contraction-expansion change of the output domain are shown respectively.

Table 3. Fuzzy control rules table of αe, αec.

Eec
NB NM NS ZO PS PM PB

Ee

NB B/B B/B M/M S/S M/M B/B B/B
NM B/B B/M M/S S/S S/M M/M B/B
NS M/M M/S S/S Z/Z S/S M/M M/M
ZO M/M S/S Z/Z Z/Z Z/Z S/S M/M
PS M/M M/M S/S Z/Z S/S M/M M/M
PM B/B M/M M/M S/S M/M M/M B/B
PB B/B B/M M/S S/S M/M B/B B/B
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Table 4. Fuzzy control rules table of βp, βi, and βd.

Eec
NB NM NS ZO PS PM PB

Ee

NB AB/AB/AS AM/AB/CS AS/AM/CB Z/AM/CB AS/AS/CB AM/Z/CM AB/Z/AS
NM AM/AB/Z AS/AB/CS Z/AM/CB CS/AS/CM Z/AS/CM AS/Z/CS AM/CS/Z
NS AS/AM/Z Z/AM/CS CS/AM/CM CM/AS/CM CS/Z/CS Z/CS/CS AS/CS/Z
ZO Z/AM/Z CS/AS/CS CM/AS/CS CM/Z/CS CM/CS/CS CS/CM/CS Z/CM/Z
PS AS/AS/Z Z/AS/Z CS/Z/Z CM/CS/Z CS/CS/Z Z/CM/Z AS/CM/Z
PM AM/Z/AB AS/Z/AS Z/CS/AS CS/CM/AS Z/CM/AS AS/CM/AS AM/CB/AB
PB AB/Z/AB AM/CS/AM AS/CS/AM Z/CM/AM AS/CM/AS AM/CB/AS AB/CB/AB

5. Simulation Analysis of Magnetic Actuator Control System for Micro-EDM

5.1. Variable Domain Fuzzy PID Control System

Figure 8 shows the inter-electrode voltage control system of the variable domain fuzzy
PID control magnetic actuator. With the variable domain fuzzy PID controller as the core,
the simulation model of the inter-electrode voltage control system of the magnetic actuator
for micro-EDM was established in the MATLAB/Simulink module, and the performance
and effect of the variable domain fuzzy PID controller were tested.

d Kpi Kip. Kd 

p i d
e ec

Vr t

Vs t

e t u t

I t

Figure 8. Magnetic actuator inter-electrode voltage control system with variable domain fuzzy PID.

Figure 9 shows the simulation model of the domain regulation mechanism for the
variable domain fuzzy PID control, which mainly consists of the input domain contraction-
expansion factor (a) and the output domain contraction-expansion factor (b).

e
ec

e

ec
 

e
ec

p

i

d  
(a) (b) 

Figure 9. Domain adjustment mechanism. (a) Input domain contraction-expansion factor; (b) output
domain contraction-expansion factor.

5.2. Simulation Results and Analysis

The control system was simulated and analyzed in MATLAB/Simulink module with
the following conditions: inter-electrode reference voltage value Vr(t) = 1.50 V, the actual
inter-electrode voltage = 46.5 V, the current amplifier scale factor Kw = 0.77, the average
inter-electrode voltage detection factor Ku = 20000/31, and the PID parameters adjusted to
Kp0 = 0.15, Ki0 = 0.0002, Kd0 = 0.002. Figure 10 shows the simulation curve of inter-electrode
voltage control of the magnetic actuator for the micro-EDM.
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Figure 10. Simulation curve of inter-electrode voltage control of the magnetic actuator for micro-EDM.

Table 5 shows the comparison of various control performance indexes of conventional
PID control, fuzzy PID control, and variable domain fuzzy PID control.

Table 5. Comparison of simulation parameters.

Control Method Adjustment Time (s) Overshoot (%)

conventional PID 0.07 5.84
fuzzy PID 0.055 0

variable domain fuzzy PID 0.04 0

The simulation comparison analysis showed that increasing the inter-electrode voltage
value by 0.3 V at 0.2 s for this control system was equivalent to increasing the inter-electrode
voltage value by 9 V in the actual EDM process, which was used to simulate the inter-
electrode voltage variation in the non-normal EDM process. Conventional PID control
has overshoot, whereas fuzzy PID, and variable domain fuzzy PID control has a strong
anti-interference ability and steady-state performance. During abnormal processing, the
variable domain fuzzy PID control regulation speed is faster.

6. Experimental Research

To test the actual processing effect of the magnetic actuator control system for micro-
EDM, machining experiments were conducted on the micro-EDM machine tool. The
experimental study was conducted for four cases: traditional micro-EDM, conventional PID
control magnetic actuator and traditional micro-EDM cooperative control, fuzzy PID control
magnetic actuator and traditional micro-EDM cooperative control, and variable domain
fuzzy PID control magnetic actuator and traditional micro-EDM cooperative control.

6.1. Build an Experimental Platform

Figure 11 shows the micro EDM experimental system, which is mainly composed of a
micro EDM machine, magnetic actuator, dSPACE1104, computer, current power amplifier,
switching DC power supply, and an inter-electrode voltage detection circuit. This low-pass
filter with a cut-off frequency of 300 Hz is added after the inter-electrode voltage detection
circuit to filter out the high frequency signal, and the high frequency, high voltage signal
is filtered by the detection circuit to obtain a safe voltage signal after bucking, which is
input to the controller. The basis for using copper as the electrode material for EDM is that
copper has good electrical conductivity, thermal conductivity and high melting point, and
copper electrodes are more suitable for micro-EDM.
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Figure 11. Experimental system of micro-EDM. 1: Micro electrical discharge machining. 2: Mag-
netic actuator. 3: Tool electrode. 4: Machining workpiece. 5: Discharge gap voltage detection circuit.
6: Switching DC power supply. 7: Computer. 8: dSPACE1104. 9: Multimeter. 10: Current power amplifier.

Table 6 shows the parameter settings of the micro-EDM machine tool.

Table 6. Parameters of micro-EDM machine tool.

Voltage Current Pulse Rest Pulse Discharge Polarity Electrode Workpiece Working Medium

90 V 3 A 16 μs 90 μs Positive copper 45 steel Coal oil

6.2. Experimental Process

In micro-EDM, the gap voltage signal is detected and processed by the average voltage
detection circuit. The detected inter-electrode voltage signal is the feedback signal Vs(t).
The reference voltage Vr(t) is set to 1.5 V, which corresponds to the gap voltage between
the electrode and the workpiece of 46.5 V in the actual machining. The inter-electrode
voltage signal detected by the average voltage detection circuit is used as the feedback
signal for the controller. The feedback signal is A/D converted by the dSPACE1104 input
port, and the feedback voltage Vs(t) is compared with the reference voltage Vr(t), and the
inter-electrode voltage error e and its rate of change ec are used as the input signal for the
controller. The voltage signal ur(t) output from the controller is D/A converted by the
dSPACE1104 output port, and the voltage signal ur(t) is converted by the power amplifier
into a current signal Ir(t) that is fed into the coil of the magnetic actuator, which drives the
electrode in the axial direction for fast micro-positioning so that the micro-EDM is always
kept within the effective discharge range.

To verify that compared with the traditional micro-EDM, conventional PID control
magnetic actuator and traditional micro-EDM cooperative control and fuzzy PID control
magnetic actuator and traditional micro-EDM cooperative control, the variable domain
fuzzy PID control magnetic actuator and traditional micro-EDM cooperative control has the
advantages of good robustness, high adaptive ability, and anti-interference ability, which
can significantly improve the dynamic and static performance of the control system.

6.3. Experimental Results and Analysis
6.3.1. Comparison of Discharge Status

To monitor the discharge status in real-time during EDM of micro small holes, the
inter-electrode voltage detection circuit detects the feedback voltage Vs(t), which is then
used for data acquisition by a digital signal processor (dSPACE1104). The feedback voltage
is 0 V when the short-circuit is discharged. When the discharge state is a broken- circuit,
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the feedback voltage is 3 V, and the actual inter-electrode voltage is 90 V. And the effective
discharge range is within the range of 20% (0.6 V) to 80% (2.4 V) of the broken-circuit
inter-electrode voltage. Figure 12 shows the inter-electrode feedback voltage diagram
for the four machining cases. Comparing the above four machining cases, it can be seen
that the variable domain fuzzy PID controlled magnetic actuator can better reduce the
number of short-circuit and broken-circuit of the gap voltage and be more sensitive to the
short-circuit and broken-circuit, thus effectively improving the EDM efficiency.
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Figure 12. Inter-electrode feedback voltage. (a) Traditional micro-EDM. (b) Conventional PID control
magnetic actuator and traditional micro-EDM cooperative control. (c) Fuzzy PID control magnetic
actuator and traditional micro-EDM cooperative control. (d) Variable domain fuzzy PID control
magnetic actuator and traditional micro-EDM cooperative control.
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6.3.2. Comparison of Processing Efficiency

To better observe the effect of the magnetic actuator control system on the machining
efficiency of micro EDM, four sets of machining experiments were conducted for the above
four machining cases. For each group of EDM experiments, under the same processing
conditions, the small hole processing experiments were conducted with a small hole depth
range of 0~1.5 mm, and the processing time of small holes was recorded every 0.05 mm.
To exclude the small holes affected by larger abnormal discharge, a number of processing
experiments were conducted, and then the average value of their respective times was
taken as the sample data.

Figure 13 shows the relationship between the micro EDM depth and machining time
for the above four machining cases. Analysis of the curve in the figure shows that the
machining speed slows down with the increase of machining depth. The reason is that
when the machining depth is less than 1mm, the machined small hole is very shallow,
the machining electric erosion products are easily discharged, and the electric erosion
products removal effect has little impact on the machining efficiency. However, when
the EDM depth of micro-hole is greater than 1mm, the electric erosion products removal
becomes more and more difficult, and the machining electric erosion products cannot be
discharged in time, resulting in low EDM machining efficiency. The magnetic actuator
can drive the electrodes in the axial direction (Z direction) for rapid micro-positioning,
which can effectively change the state of inter-electrode discharge and promote the
removal of inter-electrode electric erosion products. In conclusion, the variable domain
fuzzy PID control is more effective for this control system, the control system is more
stable, and the machining efficiency is higher.

 
Figure 13. Relationship between micro EDM depth and machining time.

To further observe the effect of the inter-electrode voltage control system of the mag-
netic actuator for micro-EDM on the machining efficiency, four groups of small holes with
a depth of 1 mm were machined in the above four machining cases. The machining speed
of eight small holes was selected as sample data for each group of experiments. Figure 14
shows the comparison of machining efficiency.
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Figure 14. Comparison of micro-EDM efficiency.

Table 7 shows an analysis of experimental results. The experimental results show that,
compared with the traditional micro-EDM, the processing efficiency of the conventional PID
control magnetic actuator and traditional micro-EDM cooperative control was increased by
20%. The processing efficiency of the fuzzy PID control magnetic actuator and traditional
micro-EDM cooperative control was increased by 31.8%. The processing efficiency of
the Variable domain fuzzy PID control magnetic actuator and traditional micro-EDM
cooperative control was increased by 40%.

Table 7. Experimental result analysis table.

Processing Methods Average Processing Speed

traditional EDM 3.371 μm/s
PID control magnetic actuator 4.038 μm/s

fuzzy PID control magnetic actuator 4.444 μm/s
variable domain fuzzy PID control magnetic actuator 4.714 μm/s

6.3.3. Comparison of Machining Surface Quality

Figure 15 shows a physical image of the machined workpiece with a machining
depth of 1 mm. From left to right are traditional micro-EDM, conventional PID control
magnetic actuator and the traditional micro-EDM cooperative control, Fuzzy PID control
magnetic actuator and the traditional micro-EDM cooperative control, variable domain
fuzzy PID control magnetic actuator and the traditional micro-EDM cooperative control. By
comparing the surface quality of the machined workpiece, it can be seen that the variable
domain fuzzy PID control magnetic actuator and the traditional micro-EDM cooperative
control had better machining results. The surface carbon accumulation of the machined
workpiece was significantly reduced, and the surface quality of the machined workpiece
was improved.

 
Figure 15. Image of machined workpiece.
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7. Conclusions and Future Work

In this paper, a magnetic local actuator with a controllable single degree of freedom,
high precision, and fast response for micro EDM is introduced. The magnetic actuator can
be directly connected to the spindle of a traditional micro-EDM machine tool. Aiming at
the problem of narrow discharge gap servo control, variable domain fuzzy control and PID
control were combined, and a variable domain fuzzy PID controller was designed, which
brought about intelligence of the control process and improved the performance of the
control system. Under the conditions of electrical discharge machining, the system was
used to control the magnetic actuator drive electrode to quickly and accurately position
in the axial direction, improve the effective discharge probability of micro-EDM, and
attain high-speed and high-precision micro-EDM. Simulation and experimental results
showed that compared with traditional micro-EDM machine, the processing efficiency of
the conventional PID control magnetic actuator and the traditional micro-EDM cooperative
control was increased by 20%. The processing efficiency of the fuzzy PID control magnetic
actuator and the traditional micro-EDM cooperative control was increased by 31.8%. The
processing efficiency of the variable domain fuzzy PID control magnetic actuator and the
traditional micro-EDM cooperative control was increased by 40%.

Based on this, in future research, we will consider the use of new type-2 and type-3
fuzzy logic systems to improve this control system, and we will study a multi-degree-
of-freedom magnetic actuator and its control method, as well as verifying the control
performance of the multi-degree-of-freedom magnetic actuator through EDM experiments.
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Abstract: In this article, an electromagnetic actuator is proposed to improve the driving performance
of magnetic levitation transportation applied to ultra-clean manufacturing. The electromagnetic
actuator mainly includes the stator with the Halbach array and the mover with a symmetrical
structure. First, the actuator principle and structure are illustrated. Afterward, in order to select
a suitable secondary structure and analyze the characteristics of the actuator, the electromagnetic
characteristics of actuators with different secondary structures are analyzed by the finite element
method (FEM). Analysis results show that the actuator adopting the secondary structure with a
Halbach array will increase the electromagnetic force and working stability. The secondary with
the three-section Halbach array is selected for the electromagnetic actuator. Then, the influence of
secondary permanent magnet (PM) thickness on the electromagnetic force is analyzed by FEM. The
results indicate that the increase in PM thickness will lead to increased electromagnetic force and
decreased utilization ratio of PM. Finally, a prototype of an electromagnetic actuator is built, and
experiments are implemented. The correctness of the theoretical analysis and the effectiveness of the
electromagnetic actuator are verified by experimental results.

Keywords: electromagnetic actuator; Halbach array; characteristic analysis; finite element method

1. Introduction

Magnetic levitation is a support technology with no contact and no lubrication. It has
been widely applied in the industrial fields, such as maglev trains, precision positioning
platforms, and magnetic bearings [1–3]. The development of the semiconductor industry
needs more stringent requirements in the manufacturing environment, so magnetic levi-
tation technology has broad application prospects in ultra-clean transportation. In 1998,
K.H. Park et al. [4] proposed the maglev conveyor system for ultra-clean manufacturing,
which combined AGV (Automated Guided Vehicle) and maglev technology.. Without
mechanical contact, the conveyor can effectively improve the air cleanliness in cleanrooms.
Moreover, the electromagnetic levitation combination of a planar motor supports rapid
responses and high-speed motion [5–8]. They are mainly divided into the moving magnet
type and the moving coil type. The moving magnet type has a simple mover structure but
requires multiple controllers to achieve precise motion. Conversely, the moving coil type
does not require a complex controller. However, serious copper losses cause high power
consumption and significant heat emission. Therefore, the cooling mechanism is necessary,
which leads to the complex structure and large mass of the magnetic levitation platform.
Kim et al. designed a hybrid electromagnetic-permanent magnetic levitation transport
system proposed in the reference [9,10]. The magnetic levitation system can realize sus-
pension work with low energy consumption. Furthermore, linear motors were used to
drive the magnetic levitation platform. It is impossible to change the levitation gap of the
magnetic levitation platform. Moreover, it is harmful to ultra-clean transportation due to
dependence on a mechanical guide rail.The permanent magnetic levitation transportation
system of variable flux path has low steady-state energy consumption, high controlling
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stiffness, and anti-eccentric load characteristics [11,12]. However, a permanent magnetic
levitation transport system is sensitive to external disturbance and has high requirements
for the stability of the drive system. Magnetic levitation transportation requires a suitable
drive system. This drive system has the advantages of lower disturbance, no contact, high
precision, and low mass.

The contact drive device is not suitable for magnetic levitation transportation. Electro-
magnetic drive technology converts electrical energy into mechanical energy, which is the
operation of electromagnetic force. It is a contactless drive technology [13,14]. Electromag-
netic drive technology has the advantages of fast response, high controllability, and high
precision [15–17]. With the development of rare-earth permanent magnetic materials, the
electromagnetic drive technology with PM has the advantages of simple structure and high
efficiency. Therefore, it is widely researched and applied, such as traffic, delivery platforms,
and machine tools [18–20]. Electromagnetic drive technology with PM is categorized into
two broad groups: the core type and the coreless type. The iron core type has greater
electromagnetic force, but the cogging effect will produce significant disturbances. In
addition, the mover and stator have enormous suction, which is detrimental to magnetic
levitation transmission [21]. In contrast, the coreless type has less disturbance but less
force [22]. Jansen et al. [23] proposed an electromagnetic actuator: a U-shaped stator struc-
ture is adopted, and the mover coil is located in the center of the stator. The structure can
increase the thrust of the coreless electromagnetic actuator. Furthermore, much research
used Halbach arrays for electromagnetic actuators to improve thrust [24–26]. The above
research will increase the thrust of the coreless electromagnetic actuator. Moreover, the
normal force will increase, and this will increase disturbance. In addition, the normal
force was controlled by a highly complex scheme, which caused detrimental effects on the
precision. Many accurate control models have been studied to reduce this damage [27–29].
Generally, the above electromagnetic actuator has a minimal air gap (0.3 mm~1 mm). How-
ever, the minimal air gap will cause defective effect to the floating of the magnetic levitation
platform. In addition, they rely on the guide rail, which limits the application of magnetic
levitation transmission.

To make magnetic levitation transportation applicable to the ultra-clean manufacturing
environment, an electromagnetic actuator is proposed. The electromagnetic actuator has
the advantages of small mass, big electromagnetic thrust, and low disturbance, and can
realize automatic guiding used for magnetic levitation transportation. Therefore, it can
be combined with a magnetic levitation platform to allow magnetic levitation transport
to be used in an ultra-clean manufacturing environment. This paper is organized as
follows. Firstly, the electromagnetic actuator principle and structure are illustrated. The
objective is to select the appropriate secondary structure and analyze the characteristics
of the actuator, therefore, the actuator is presented with three secondary structures of
ordinary radial magnetization, a Halbach three-section array, and a five-section array.
The resulting models are analyzed by the FEM. Afterward, considering the actuator’s
electromagnetic characteristics and cost, it determined the three-section Halbach magnet
array is an appropriate secondary structure to the electromagnetic actuator. Subsequently,
the influence of magnetic thickness on the electromagnetic force of the electromagnetic
actuator is analyzed. Finally, a prototype of the electromagnetic actuator is built, and
experiments are implemented. The experiment results show the prototype’s effectiveness
and the analysis’s correctness.

2. Structure and Principle of Electromagnetic Actuator

2.1. Structure and Principle of Halbach Magnet Array

In the Halbach magnet array, the radially magnetized PM plays a dominant role in
the magnetic circuit, and the tangentially magnetized PM compensates for the magnetic
circuit. The air-gap magnetic field of this PM array tends to sinusoidal distribution, and
the harmonic content is less, especially in the continuous magnetization mode, which can
produce ideal magnetic field characteristics of the sinusoidal magnetic field waveform.
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The Halbach magnet array can enhance the unilateral magnetic field. Figure 1 is the
magnetization diagram of the Halbach magnet array, where (a) is a three-section Halbach
magnet array, and (b) is a five-section Halbach magnet array. The magnetization angle of
two adjacent PMs is θ, and k is the number of PMs contained in a magnetization cycle.

θ =
2π

k
(1)

  
(a) (b) 

Figure 1. Halbach magnetization diagram: (a) Three-section Halbach magnet array; (b) Five-section
Halbach magnet array.

The Halbach magnet array structure is calculated using the equivalent surface current
method based on Ampere’s molecular current hypothesis. According to the research results
of [30], the magnetic field generated by the PM monomer at any point p(x, y) outside the
magnet was expressed as:⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

B1x(x, y, J) = μ0 J
4π ln (y−h/2)2+(x−l/2)2

(y+h/2)2+(x−l/2)2

B2x(x, y, J) = − μ0 J
4π ln (y−h/2)2+(x+l/2)2

(y+h/2)2+(x+l/2)2

B1y(x, y, J) = μ0 J
2π

[
arctan (y−h/2)

(x−l/2) − arctan (y+h/2)
(x−l/2)

]
B2y(x, y, J) = − μ0 J

2π

[
arctan (y−h/2)

(x+l/2) − arctan (y+h/2)
(x+l/2)

]
(2)

{
Bx = B1x(x, y, J) + B2x(x, y, J)
By = B1y(x, y, J) + B2y(x, y, J) (3)

where J is the surface current density; μ0 is the vacuum permeability; h is the PM height; l
is the PM width; Bx is the tangential flux density; and By is the radial flux density.

According to the coordinate rotation theory, when the PM is tangentially magnetized
along the origin, it can be equivalent to the counterclockwise rotation of the coordinate sys-
tem along the origin by 90◦. When the PM is magnetized at any angle θ, the magnetization
direction is decomposed into radial and tangential magnetization directions for calculation
(where the angle between the magnetization directions and the horizontal direction is θ).{

Jxθ = Jθ × cos θ
Jyθ = Jθ × sin θ

, (4)

For any group of Halbach magnet arrays, any point p(x, y) magnetic induction inten-
sity distribution can be expressed as⎧⎪⎪⎨⎪⎪⎩

Bx(x, y, Jxθ/yθ) =
N
∑

n=1

[
x − (n − 1/2)l, y − h/2, Jxθ/yθ

]
By(x, y, Jxθ/yθ) =

N
∑

n=1

[
x − (n − 1/2)l, y − h/2, Jxθ/yθ

] , (5)
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2.2. Electromagnetic Actuator Structure

Figure 2a is the structure of the electromagnetic actuator. It consists of secondary
PM and mover primary winding, in which the actuator bilateral primary symmetrical
installation adopts a conjugate structure and the secondary adopts the Halbach magnet
array. The primary yoke of the mover adopts non-metallic materials to reduce the heat
generated by the actuator due to the eddy current effect during operation. This structure
is shown in Figure 2b. In order to compensate for the low density of the electromagnetic
thrust generated by the coreless structure, yoke iron is added to the back of the winding.
The primary employs a fractional-slot concentrated winding distribution and a 12-slot
10-pole structure, and the winding on both sides are in reverse series. The schematic
diagram of its electromagnetic structure is shown in Figure 3. The primary stage adopts
coreless armature structure, which eliminates the cogging effect. The bilateral mover can
stabilize the bilateral air gap by the normal force of the same size and the opposite direction.
Therefore, the structure is applied to the magnetic levitation transport system and can work
without relying on the guide rail.

(a) 

 
(b) 

Figure 2. Structure diagram of electromagnetic actuator: (a) Mechanical structure; (b) Mover pri-
mary structural.

 

Figure 3. Electromagnetic structure of the electromagnetic actuator.
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2.3. Electromagnetic Actuator Heterogeneous Secondary Structure

Figure 4 shows the cross-section diagram of (a) radial magnetization, (b) a Halbach
three-section magnet array magnetization, and (c) a Halbach five-section magnet array
magnetization as secondary for the electromagnetic actuator. They have the same slot to
pole ratio. The main parameters of the actuator are shown in Table 1.

   
(a) (b) (c) 

Figure 4. Cross-section diagram of three secondary structures: (a) Structure of electromagnetic
actuator with radially magnetized secondary; (b) Structure of electromagnetic actuator with Halbach
three-section magnetized secondary; (c) Structure of electromagnetic actuator with Halbach five-
section magnetized secondary.

Table 1. The parameters of the electromagnetic actuator.

Parameters
Radial

Magnetization
Halbach

Three-Section
Halbach

Five-Section

Pole pitch (mm) 12 12 12
Magnet height (mm) 5 5 5
Magnet width (mm) 12 6 3

Primary winding height (mm) 19 19 19
Primary winding width (mm) 127 127 127

Winding turns 489 489 489
Current (A) 5 5 5

gap length (mm) 2 2 2
PM NdFb54 NdFb54 NdFb54

3. Characteristic Analysis of Electromagnetic Actuator

This paper compares the electromagnetic characteristics of the electromagnetic ac-
tuator with the same pole to slot ratio which has different secondary structures. The
electromagnetic actuator mainly includes the bilateral U-type actuator’s primary (mover)
and secondary (stator), as shown in Figure 1. The secondary stator is located in the middle
of the primary bilateral mover, forming the air gap on both sides, and the air gap on both
sides is 2 mm. The tree different secondary structures are a radially magnetized magnet
array structure, a three-section Halbach magnet array structure, and a five-section Halbach
magnet array structure. Electromagnetic actuator electromagnetic characteristics of three
secondary structures are analyzed using the two-dimensional time-step finite element
method. In practical application, the adopted joint action of multiple primary units and the
cooperation of each unit actuator can be considered as the infinite primary length of the
actuator. The end effect caused by the start of each actuator unit has little impact on the
electromagnetic characteristics of the drive [31]. Therefore, this paper ignores the influence
of the actuator end effect on the actuator.

FEM model sizes for three electromagnetic actuators are shown in Table 1. Silicon steel
is used as yoke material with a thickness of 3 mm. The winding material property is copper,
and aluminum is used by secondary permanent magnet yoke. In the PM and winding
area, the mesh is divided into 0.1 mm. The primary yoke and permanent magnet yoke area
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divided the mesh into 0.3 mm, and another area mesh is 0.5 mm. Firstly, the electromagnetic
actuator finite element model is divided into two regions to solve, respectively. Then, the
solution results of the two regions are synthesized and compared with the complete solution
results. The calculation is based on the infinite boundary condition.

3.1. FEM of Magnetic Field Analysis

The no-load magnetic field distributions of three different secondary structures of
electromagnetic actuators are shown in Figure 5. The (a) shows that the magnetic field
distribution generated by the PM is the same on the working and yoke magnet sides.
Furthermore, there is more significant magnetic field intensity between adjacent PM s.
Therefore, the electromagnetic actuator of the radially magnetized secondary generates sig-
nificant flux leakage on the contact part of two adjacent PMs and magnet yoke. Conversely,
the electromagnetic actuator of the Halbach magnetized secondary has significant magnetic
field intensity on the working sides. Because the Halbach magnet can enhance the magnetic
field intensity of the working side, the magnetic flux leakage is less. Compared with the
magnetic field distributions of two Halbach magnetized secondaries, the magnetic field
distribution is more uniform for the five-section Halbach magnet array, and the magnetic
flux leakage is the least.

  
(a) (b) 

 

(c) 

Figure 5. Magnetic field distribution: (a) Electromagnetic actuator with radially magnetized sec-
ondary; (b) Electromagnetic actuator with Halbach three-section magnetized secondary; (c) Electro-
magnetic actuator with Halbach five-section magnetized secondary.

Figure 6 shows the magnetic flux density distribution of the horizontal midline of the
upper air gap. The Halbach magnet array combination can enhance the air gap magnetic
field. Additionally, the more magnets at a pole pitch, the better the sinusoidal air gap flux
density. According to Formula (5), the flux density peak at the center of the air gap is
calculated. The comparison results are shown in Table 2. The simulated calculation does not
consider magnetic flux leakage and assumes that the magnetic field is evenly distributed in
the air gap. The Electromagnetic actuator of the radially magnetized secondary has severe
magnetic flux leakage, so there are significant differences between the simulation and FEM
data. Conversely, the electromagnetic actuator of the Halbach-magnetized secondary is
similar between simulation and FEM data.

96



Actuators 2022, 11, 377

 
(a) (b) 

Figure 6. The magnetic flux density of air gap centerline: (a) Tangential magnetic flux density;
(b) Radial magnetic flux density.

Table 2. Results of simulation data and FEM data.

Magnetic Flux Density Radial Magnetization Halbach Three-Section Halbach Five-Section

Tangential magnetic
flux density (T)

Simulation 0.5 0.6 0.55
FEM 0.7 0.61 0.58

deviation 40% 1.6% 5.4%

Radial magnetic flux
density (T)

Simulation 0.29 0.6 0.75
FEM

deviation
0.37
28%

0.62
3.3%

0.76
1.3%

3.2. Electromagnetic Actuator Electromagnetic Thrust Analysis

Electromagnetic thrust is one of the essential parameters of the electromagnetic ac-
tuator. This section analyzes the electromagnetic actuator when the primary size is the
same different secondary structure. The effects of different secondary structures, namely
radial magnetization, the three-section Halbach magnet array, and the five-section Hal-
bach magnet array, on the electromagnetic actuator’s electromagnetic thrust performance
are compared.

Figure 7 shows the electromagnetic thrust generated by three different secondary
structure actuators when the three-phase winding current is 5 A, and the frequency is
10 Hz. When a U-type symmetrical structure is used, the thrust waveform and phase of
bilateral primary are the same. Figure 7a is the unilateral electromagnetic thrust and (b)
is the regional thrust of (a). Because Figure 7b is a regional thrust enlarged diagram, the
thrust fluctuation of the three electromagnetic actuators can be clearly shown. However,
the peak and valley values of the overall thrust range cannot be shown in Figure 7b. The
calculation formula for the electromagnetic thrust fluctuation is [32]:

KF =
Fmax − Fmin

Favg
× 100%, (6)

where Fmax is the peak electromagnetic thrust; Fmin is the valley value of electromagnetic
thrust; Favg is the average electromagnetic thrust.

After analysis and calculation, the same total PM volume, the electromagnetic actuator
of radially magnetized secondary electromagnetic thrust peak value is 21.62 N, the valley
value is 21.1 N, the average thrust is 21.42 N, and the thrust fluctuation is 2.4%. For the
electromagnetic actuator of the Halbach three-section magnetized secondary, the electro-
magnetic thrust peak value is 34.83 N, the valley value is 34.5 N, the average thrust is
34.76 N, and the thrust fluctuation is 0.84%. For the electromagnetic actuator of the Halbach
five-section magnetized secondary, the electromagnetic thrust peak value is 30.84 N, the
valley value is 30.71 N, the average thrust is 30.8 N, and the thrust fluctuation is 0.41%. The
utilization ratio of PM materials is defined as the ratio of the actuator’s average thrust to the
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PM’s volume. This index measures the utilization of PM materials with high cost. Accord-
ing to this, the PM utilization rate of the radial magnetization secondary is 0.67 N/cm3. The
PM utilization ratio of the Halbach three-section magnet array secondary is 1.10 N/cm3.
The PM utilization ratio of the Halbach five-section magnet array secondary is 0.978 N/cm3.

 
(a) (b) 
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Figure 7. Electromagnetic thrust: (a) Bilateral combined electromagnetic thrust; (b) Regional thrust.

The above analysis shows that the PM utilization rate of the electromagnetic actuator
with Halbach three-section magnet array secondary structure is the highest. The more
PM blocks at a pole pitch, the smaller the thrust fluctuation and the more stationary the
actuator works.

3.3. Electromagnetic Actuator Normal Force Analysis

The electromagnetic actuator will generate electromagnetic thrust and normal force.
In order to improve the operation accuracy of the actuator, it is necessary to consider the
influence of friction disturbance caused by periodic fluctuation of normal force on the
horizontal electromagnetic thrust [33].

Figure 8 shows the electromagnetic force results of three different secondary structures
for the electromagnetic actuator, when the three-phase winding current is 5 A and the
frequency is 10 Hz.

  
(a) (b) 

Figure 8. Normal electromagnetic force: (a) Unilateral normal force; (b) Bilateral combined nor-
mal force.

After analysis and calculation, the unilateral normal force of the electromagnetic
actuator with the same total PM volume is shown in Figure 8a. In the electromagnetic
actuator of the radially magnetized secondary, the normal force peak value is 5.69 N, the
valley value is 5.02 N, the average normal force is 5.41 N, and the normal force fluctuation
is 12%. In the electromagnetic actuator of the Halbach three-section magnetized secondary,
the normal force peak value is 9.15 N, the valley value is 8.62 N, the average normal force
is 8.88 N, and the normal force fluctuation is 6%. In the electromagnetic actuator of the
Halbach five-section magnetized secondary, the normal force peak value is 12.41 N, the
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valley value is 12.25 N, the average normal force is 12.32 N, and the normal force fluctuation
is 1%.

Electromagnetic actuator adopts symmetrical bilateral primary, so the primary on
both sides generates equal normal force with opposite direction. It is specified that the
normal force generated on the upper side is negative and on the lower side is positive. The
bilateral combined normal force is shown in Figure 8b. In the electromagnetic actuator
of the radially magnetized secondary, the normal force peak value is −1.37 N, the valley
value is 0.57 N, and the average normal force is −0.4 N. In the electromagnetic actuator of
the Halbach three-section magnetized secondary, the normal force peak value is −37 mN,
the valley value is 35 mN, and the average normal force is 1 mN. In the electromagnetic
actuator of Halbach five-section magnetized secondary, the normal force peak value is
27.6 mN, the valley value is 26 mN, and the average normal force is 0.8 mN.

The above analysis shows that the Halbach magnet array will enhance the radial air
gap flux density according to Section 3.1. The normal force increases with the increase of
the normal component of air gap flux density. The normal force generated by the bilateral
winding of the U-type structure can be offset by each other. The more PM blocks will have
minor normal force fluctuation. The smaller the influence of the normal force of bilateral
primary synthesis on the thrust fluctuation, the more stable the electromagnetic actuator
will be.

3.4. Electromagnetic Actuator No-Load Back EMF and Self-Inductance Analysis

The no-load back EMF is one of the parameters that needs to be considered in the
design of the electromagnetic actuator, which has an important influence on the static
and dynamic performance of the electromagnetic actuator. The three-phase no-load EMF
of the electromagnetic actuator with different secondary structures at the synchronous
speed of 0.24 m/s is shown in Figure 9. Each phase no-load back EMF is 120◦ mutual
difference. For the electromagnetic actuator with the radially magnetized secondary, the
no-load back EMF amplitude is 0.39 V. For the electromagnetic actuator with the Halbach
three-section magnetized secondary, the no-load back EMF amplitude is 0.57 V. For the
secondary of the electromagnetic actuator with the Halbach five-section magnetized, the
no-load back EMF amplitude is 0.61 V. The no-load back EMF sinusoidal waveform quality
of the Halbach magnet array secondary structure is higher than that of the actuator with the
radial magnetization secondary structure. The no-load back EMF of the actuator with the
Halbach five-section magnet array magnetized secondary is the largest, and the sinusoidal
waveform is the best.

Figure 9. Three-phase no-load back EMF.

Electromagnetic actuator self-inductance is one of the critical parameters in actuator
design. The self-inductance fluctuation will produce thrust fluctuation, which will harm
the thrust fluctuation of the actuator. It has an important effect on the static and dynamic
performance of the actuator. Figure 10 shows the actuator’s self-inductance curves of
A phase primary winding with three different secondary structures. When the primary
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winding of the A phase moves to the position with the maximum PM flux interlinkage,
the self-inductance is the smallest. When the primary winding of the A phase moves
to the minimum position of PM flux interlinkage, the self-inductance is the largest. The
self-inductance varies periodically with pole pitch.

Figure 10a is the self-inductance of the electromagnetic actuator with a radially mag-
netized secondary. The average self-inductance of unilateral A phase winding is 3.663 mH,
and the change rate is 0.12%. The Figure 10b is the self-inductance of the electromagnetic
actuator with a Halbach three-section magnetized secondary. The average self-inductance
of unilateral A phase winding is 3.664 mH, and the change rate is 0.1%. The Figure 10c is
the self-inductance of electromagnetic actuator with a Halbach five-section magnetized
secondary. The average self-inductance of unilateral A phase winding is 3.663 mH, and
the change rate is 0.08%. The self-inductance amplitude and phase of the A phase wind-
ing on both sides are the same for the electromagnetic actuator. The self-inductance is
superimposed after the series connection. The average self-inductance of the superimposed
electromagnetic actuator of the radially magnetized secondary is 7.327 mH, and the change
rate is still 0.12% as that of the unilateral. For the electromagnetic actuator of the Halbach
three-section and five-section magnetized secondary, the average self-inductance of A
phase winding is 7.328 mH and 7.321 mH, respectively, and the change rate is the same as
that of a unilateral.

According to the above analysis, the electromagnetic actuator by the Halbach magnet
array secondary structure self-inductance waveform is closer to the sinusoidal waveform.
The Halbach magnet array secondary structure generation change rate of self-inductance is
lower. It is further explained that the Halbach magnet array type secondary can reduce the
thrust fluctuation. The pole pitch has more PM blocks, and the actuator thrust fluctuation
will be smaller.

 
(a) (b) 

 

(c) 

Figure 10. Electromagnetic actuator self-inductance: (a) Electromagnetic actuator with radially mag-
netized secondary; (b) Electromagnetic actuator with Halbach three-section magnetized secondary;
(c) Electromagnetic actuator with Halbach five-section magnetized secondary.

Through the analysis of Sections 3.1–3.4, the performance comparison parameters of
three different electromagnetic actuators are obtained, as shown in Table 3.
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Table 3. Comparison of different electromagnetic actuators.

Parameters
Radial

Magnetization
Halbach

Three-Section
Halbach

Five-Section

Average thrust (N) 21.42 34.76 30.8
Average normal force (N) −0.4000 0.0010 0.0008

No-load back EMF (V) 0.39 0.57 0.61
Thrust fluctuation 2.4% 0.84% 0.41%

PM utilization ratio (N/cm3) 0.67 1.10 0.97
Self-inductance fluctuation 0.12% 0.1% 0.08%

4. Analysis of the Influence of PM Thickness on Electromagnetic Force

Compared to electromagnetic actuators with three-section and five-section, both distur-
bances can be accepted by magnetic levitation transportation. Furthermore, electromagnetic
actuator with Halbach three-section magnetized secondary has significant thrust and the
PM utilization ratio. Moreover, it also possesses the low cost.The Halbach three-section
magnetized secondary is selected for the electromagnetic actuator. The pole size is shown
in Figure 11. Pole pitch τ is defined as the distance between two proximity radially magne-
tized centers. The τ = 12 mm. When the single magnet width w = 12 mm, the influence of
3~12 mm thickness h on actuator performance is analyzed.

 
Figure 11. Schematic diagram of pole size.

Figure 12 shows the average electromagnetic thrust of the electromagnetic actuator
with PM thickness h. The figure shows that the average electromagnetic thrust increases
with the increase of PM thickness h but the curve slope of the average electromagnetic
thrust decreases. After analysis, the electromagnetic actuator tangential air gap flux density
increases with the magnet thickness. When the thickness is h > 9 mm, the growth trend of
tangential magnetic density tends to be gradual. The utilization rate of the PM is shown in
Table 4. When the secondary pole pitch τ of the Halbach magnet array type is constant, the
utilization ratio of the PM decreases with the increase of magnet thickness h.

Figure 12. The curve of thrust variation with h.

Figure 13 shows the variation curves of the unilateral average normal force and the
bilateral combined average normal force of the electromagnetic actuator with the magnetic
pole thickness h. The relationship between radial magnetic density and magnet thickness
is the same as tangential magnetic density. So, the average normal force also increases
with the magnetic pole thickness h. Like the electromagnetic thrust, the average normal
force’s curve slope becomes smaller. Since the U-shaped symmetrical structure is adopted,
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the normal force of the bilateral synthesis tends to zero. Therefore, the normal force is
insensitive to the change in magnet thickness.

Table 4. PM utilization ratio of different magnet thicknesses.

Thickness (mm) PM Utilization Ratio (N/cm3)

3 1.362
4 1.215
5 1.103
6 0.987
8 0.817
9 0.753
10 0.691
11 0.639
12 0.595

Figure 13. The curve of normal force variation with h.

5. Experimental Validations

To verify the correctness of the above results, design an electromagnetic actuator
prototype with a three-section Halbach magnet array secondary structure, as shown in
Figure 14. The prototype parameters are shown in Table 5. The prototype’s no-load back
EMF and the average thrust of different current excitations are tested. The FEM value is
consistent with the measured value of the prototype. Still, the FEM value is slightly higher
than the measured value because the two-dimensional finite element calculation fails to
consider the influence of the transverse end effect and the end magnetic flux leakage.

Figure 14. Electromagnetic actuator prototype.

Figure 15 is the no-load back EMF test platform. The linear module is controlled by
PLC, which drives the prototype to move synchronously at a speed of 0.24 m/s. The no-load
back EMF of the prototype at a speed of 0.24 m/s can be observed from the oscilloscope.
The no-load back EMF of the electromagnetic actuator prototype at the synchronous speed
of 0.24 m/s is shown in Figure 16. Each phase no-load back EMF is 120◦ mutual difference,
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the amplitude is 0.53 V, and they have better sinusoidal waveform. Compared with other
windings, the B-phase winding has less amplitude than FEM. This error is due to the large
installation gap between the stator and the B-phase winding coil.

Table 5. The parameters of the electromagnetic actuator prototype.

Parameter Value

Mover mass (Kg) 2.99
Secondary length (mm) 600

Magnet height (mm) 5
Pole pitch (mm) 12

Mover length (mm) 127
Mover width (mm) 109

Distance of move (mm) 460
Resistance (Ω) 7.1

Gap length (mm)
Pole pitch (mm)

2
12

Figure 15. The no-load back EMF test platform of the prototype.

Figure 16. No-load back EMF.

Figure 17 is the electromagnetic thrust test platform of the prototype. Thrust measure-
ment tests under different current excitations were performed Firstly, one side of the force
sensor is fixed on the stator, and the other is fixed on the mover. Secondly, the prototype is
set to the current control mode by the computer (PC). Thirdly, the PC gives the servo drive
different current signals, and the servo drive controls the prototype to work with different
currents. Finally, the electromagnetic thrust generated by the prototype at different cur-
rents is displayed by the force sensor. The unilateral and bilateral electromagnetic thrusts
are measured. The measured values of the prototype compared with FEM are shown in
Figure 18: (a) unilateral electromagnetic thrust and (b) bilateral electromagnetic thrust.
When the current is less than 1.3 A, the electromagnetic force generated by the prototype is
less than the starting thrust, and the measured thrust does not match the FEM value. When
the current is more than 1.3 A, the measured thrust of the prototype is consistent with the
FEM value.

103



Actuators 2022, 11, 377

Figure 17. The electromagnetic thrust test platform of the prototype.

  
(a) (b) 

Figure 18. Electromagnetic thrust: (a) Unilateral electromagnetic thrust; (b) Bilateral electromag-
netic thrust.

6. Conclusions

This paper proposes a self-direction electromagnetic actuator applied in magnetic
levitation transportation. Electromagnetic actuator characteristics of different secondary
structures are analyzed by the FEM. This paper explained the electromagnetic actuator has
a big electromagnetic thrust and low disturbance. Afterward, the Halbach three-section
magnet array secondary was selected as the secondary structure of the electromagnetic
actuator. This structure’s secondary thickness’s influence on the electromagnetic force was
further analyzed. Finally, the experimental prototype was made to verify the correctness
of the analysis and effective application to magnetic levitation transport systems. The
conclusions are as follows:

(1) For the electromagnetic actuator with the Halbach three-section magnet array
secondary compared with the radial magnetization secondary, the electromagnetic thrust
improved by 62.1%, the normal force reduced from 0.4 N to 1 mN, and the thrust fluctuation
reduced from 2.4% to 0.84%. Moreover, for the secondary structure of the Halbach magnet
arrays, the PM utilization ratio improved by 64.2%. This shows the Halbach magnet array
can effectively improve the electromagnetic thrust and reduce the disturbance.

(2) Comparing the electromagnetic actuator of the Halbach three-section magnet array
secondary and the Halbach five-section magnet array secondary, the Halbach three-section
magnet array secondary electromagnetic thrust improved by 12.9%; the normal force
improved from 0.8 mN to 1 mN; the thrust fluctuation improved from 0.41% to 0.84%; and
the PM utilization ratio improved by 13.4%. The above description electromagnetic actuator
by Halbach three-section magnet array secondary has a larger electromagnetic thrust
and a higher PM utilization ratio. However, the stability of the motion will be reduced
in comparison to the electromagnetic actuator of the Halbach five-section magnetized
secondary. In addition, the Halbach five-section magnetized secondary has a high cost.
Thus, the Halbach three-section magnet array is more suitable for practical application.
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(3) The air gap flux density increases with the thickness of the PM. Hence, the electro-
magnetic thrust and normal force increases with the thickness. The PM utilization ratio
decreases with increasing thickness.
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Abstract: The relative position between the laser beam and the nozzle is controlled by laser-focus-
controlled magnetic actuators to achieve non-coaxial laser cutting and improve laser cutting efficiency.
In this paper, a 3-DOF (degrees of freedom) magnetic actuator is designed to solve the inconsistency
of the laser beam focus and the nozzle focus in off-axis laser cutting. A mixed sensitivity robust
controller is designed, and its simulation analysis and experimental research are carried out. First,
the kinetic mathematical equations are established according to the structure of the actuator. Then, a
mixed sensitivity robust controller is designed and analyzed using MATLAB/Simulink. The control
performance is simulated and analyzed under 20% parameter variation and pulse disturbance with
an uncertain mathematical model and external disturbance, respectively. Finally, the experimental
study of the step response of the actuator is carried out. The experimental results show that the
step response of the actuator in the Y, X, and θ directions can quickly reach the steady-state value.
Furthermore, the steady-state error in the X is 1.6%; the steady-state error in the Y is 0.39%; the
steady-state error in the θ is 0.45%. Their errors are all less than 0.025 mm, so they meet the position
performance requirements. It can provide technical support for laser off-axis cutting.

Keywords: electromagnetic drive; mixed sensitivity; robust control; differential control

1. Introduction

Laser cutting has become the most widely used cutting technology [1–3] in the current
manufacturing industry due to its characteristics such as no contact with the workpiece
during processing [4,5], concentrated energy, low contamination of the workpiece, easy
guidance, and easy automation control. The manufacturing industry places higher demands
on machining accuracy and processing efficiency. Traditional laser cutting technology
cannot meet the required cutting quality and efficiency. Therefore, improving laser cutting
quality [6,7] and cutting efficiency [8] has become one of the hot spots of research and
concern for scholars in related fields [9,10]. Elsheikh A. et al. conducted cutting experiments
on CO2 laser cutting of PMMA sheets, analyzed the factors affecting the kerf geometry,
and used a genetic algorithm to select the optimal cutting parameters. The results showed
that this method could significantly improve kerf quality [11]. Vora J. et al. analyzed the
influence of different laser cutting process parameters on the incision quality. The results
showed that the gas pressure had the greatest influence on the cutting quality [12]. Hong L.
et al. studied the laser cutting of silicon steel sheets. They verified the operation of rotating
airflow laser cutting by adding a cyclone deslagger at the bottom of the cut workpiece [13].
Quintero F. et al. designed a cutting experiment that was performed by changing the angle
between the laser lens axis and the auxiliary gas axis. The results showed that the quality
and efficiency of the cut could be improved [14,15]. The laser cutting head and the auxiliary
gas of variable angle laser cutting are separated, so the cutting quality and efficiency differ
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in each feeding direction. At the same time, there is no gas pressure at the laser beam, which
may cause slag splashing and contamination of the lens, seriously affecting the cutting
quality and efficiency. The problem of variable angle cutting can be solved by non-coaxial
cutting of the laser beam and the gas flow beam. The principle of this cutting method is to
separate the laser cutting head’s auxiliary gas from the laser beam’s central axis for laser
cutting. Riveiro A. et al. conducted an experimental study of cutting aluminum alloys using
an off-axis supersonic nozzle, analyzed the effect of machining parameters on cutting speed
and cutting quality, and obtained the best results at high-frequency pulses [16]. They also
developed an off-axis supersonic rectangular nozzle. They compared it with a coaxial nozzle,
and the results showed that the newly designed off-axis supersonic rectangular nozzle gas
injection system significantly improved cutting quality and efficiency [17]. Yagi A. et al.
investigated the effect of off-axis position on laser cutting quality in nitrogen-assisted gas
fiber laser cutting. Laser cutting was studied by varying the relative positions of the laser
beam’s central axis and the nozzle’s central axis. The experimental results showed that the
nozzle shifting setup could over obtain a comparable dross height for the coaxial setup
and reduce the consumption of auxiliary gas [18]. These studies can effectively improve
the quality of laser cutting. Based on the above literature review, it is necessary to design
a high-speed, high-precision, interference-resistant, and compact actuator to control the
position of the laser lens for automatic non-coaxial laser cutting.

Conventional mechanical actuators are characterized by complex mechanical structures
between components, the need for lubrication, slow response speed, and low positioning
accuracy [19]. Therefore, they cannot meet the high speed, precision, and compact structure
standards required. Electromagnetic drive technology has the characteristics of a simple
structure, compact structure, and no need for lubrication [20–26], which can meet the needs
of non-coaxial laser cutting actuators. Zhang X. et al. designed a high-speed, high-precision
electromagnetic actuator that can be connected with traditional laser cutting machine tools to
control the relative position of the laser beam’s axis and the auxiliary gas’s axis [27]. He D.
et al. proposed a 6-DOF (degrees of freedom) magnetically levitated lens-driven actuator for
off-axis laser cutting control [28,29]. M Y. et al. investigated a 2-DOF electromagnetic actuator
for laser off-axis cutting and achieved a positioning stroke of ±500 μm [30]. In the magnetic
drive system, there are some unmodeled parts and uncertain disturbances, and robust control
can stabilize the control under model uncertainty [31,32]. Due to the characteristics of robust
control, there have been many studies in the past decades, among which hybrid sensitivity
robust control is the commonly used method [33–36]. However, most of the existing research
on magnetically driven actuators was carried out on the basis of actuator model determination.
The electromagnetic actuator is subject to strong nonlinearity and uncertainty disturbances.
Considering the exact model of nonlinearity will increase the difficulty of controller design.

In summary, this paper takes the LCY-YAG laser cutting machine, a Beijing Zhengtian
Hengye Numerical Control Technology Co., LTD. product, as the object and designs a
3-DOF actuator with electromagnetic drive and permanent magnet self-reset. The actuator
uses three groups of differentially arranged electromagnets to provide driving force, a pair
of axially placed and axially magnetized permanent magnets to provide recovery force, and
the position of the actuator is detected by the eddy current displacement sensor. There are
some parameters of the actuator that cannot be accurately modeled. The mixed sensitivity
robust control strategy is selected to control the system stably. By choosing the weighting
function, the controller model is obtained [37–40], and the position response simulation
and experiment of the actuator are carried out. The actuator structure is simple and reliable.
Experimental results show that the actuator can achieve position response and trajectory
centering in the xOy plane and has anti-interference characteristics. The steady-state error
is 0.016 mm, which meets the design requirement of the laser cutting machine’s precision of
0.025 mm. The novelty of this paper is the design of a 3-DOF electromagnetic actuator for
off-axis laser cutting applications. The self-resetting module of the actuator adopts a single
magnetic spring structure, which solves the deviation of the position of the electromagnetic
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actuator caused by inaccurate processing or installation caused by the self-resetting module
composed of three magnetic springs designed in the literature [41].

This paper consists of six sections. In Section 2, the structure and mathematical model
of the actuator are presented. The design of the hybrid sensitivity robust controller is given
in Section 3. In Section 4, the simulation analysis is performed. Experimental verification is
carried out in Section 5. Conclusions are given in Section 6.

2. Structural and Mathematical Models

2.1. Structure of the Actuator

The purpose of the actuator is to drive the position of the laser lens to achieve off-axis
laser cutting. The actuator mainly consists of a drive module, a self-resetting module, a
support module, and a detection module, as shown in Figure 1. The driving part consists
of three pairs of differential electromagnets (EM), permalloy, frame, and moving plate. The
self-resetting part consists of two ring-shaped permanent magnets (PM) of the same size,
axially magnetized and axially mounted in parallel. One ring-shaped permanent magnet
is fixed to the frame, and the other is fixed to the moving plate. The support component
consists of a ceramic thrust ball bearing, the frame, and the moving plate. The detection
component consists of an eddy current sensor and a position detection block.

Figure 1. Actuator structure. The mechanical structure of the actuator is shown.

2.2. The Principle of the Actuator

The actuator can translate in the X and Y directions and rotate around the Z axis.
The actuator principle relies on a differential electromagnet to provide the driving force,
which makes the moving plate move, as shown in Figure 2. The recovery force and initial
stiffness are provided by two axially magnetized permanent magnets. The position real-
time feedback signal is provided by an eddy current displacement sensor. The motion in the
X direction is driven by two pairs of differential electromagnets consisting of electromagnets
1 and 2 and electromagnets 3 and 4. The motion in the Y direction is driven by a pair of
differential electromagnets consisting of electromagnets 5 and 6. The rotation motion
around the Z axis is acted by three pairs of differential electromagnets.
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Figure 2. Working principle of the actuator.

2.3. The Mathematical Model of the Actuator

The force analysis of the actuator is shown in Figure 3. According to the structure of
the actuator, when taking the equilibrium position, the center of mass O of the moving
plate is the origin of the coordinates, and its coordinates are represented by (x, y, θ). The X
and Y are pointing, and counterclockwise rotation around the Z axis is shown in Figure 3 as
the positive direction. When an input signal is given to the actuator, the actuator moves the
moving plate, and the signals detected by the sensor are x1, x2, and y1; the driving forces
provided by the three pairs of differential electromagnets are Fx1, Fx2, and Fy1; the ring-
shaped permanent magnet The provided restoring force is Fe (which can be decomposed
into Fex and Fey); frictional resistance fx, fy; frictional resistance torque Mθ . Under the action
of these resultant forces (or resultant torque), the moving plate moves to a new equilibrium
position O’ (x1, x2, y1). Nc is the detection point of sensor 1; Mc is the detection point
of sensor 2; Pc is the detection point of sensor 3; N is the action point of the differential
electromagnet force composed of electromagnet 3 and electromagnet 4; M is the action point
of the differential electromagnet force composed of electromagnet 1 and electromagnet 2; P
is the action point of the differential electromagnet force composed of electromagnet 5 and
electromagnet 6.

Figure 3. Force analysis diagram.

According to the force analysis, the movement of the center of mass of the moving
plate of the actuator is X, Y, and θ, and the signals detected by the sensor are x1, x2, and
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y1. To facilitate modeling, the coordinate system is transformed. It can be known from the
geometric relationship: ⎧⎨⎩

x = [(x1 + εx1) + (x2 + εx2)]/2
y = y1 + εy1
θ ≈ tanθ = (x2 − x1)/2l0

(1)

where εx1, εx2, and εy1 are the influence of the rotation angle θ on the detected values x1, x2,
and y1.

It can be known from the geometric relationship (as shown in Figure 4).

Figure 4. Analysis of the influence of the rotation angle on the detection position.

In RtΔODNC and RtΔOD1NC’,

|εx1| = (l0/sin α1) · [cos∠(α1 + θ)− cos∠α1] (2)

In RtΔODMC and RtΔOD2MC’, the geometric relationship:

|εx2| = (l0/sin α2) · [cos∠(α2 − θ)− cos∠α2] (3)

In RtΔOPPC and RtΔOD3PC’,

|εy1| = (l2/sin α3) · [cos∠(α3 − θ)− cos∠α3] (4)

The detection position in the x direction is symmetrical, so α1 = α2. After arranging
Formulas (2)–(4) and bringing them into Formula (1), we obtain:⎧⎨⎩

x = (x1 + x2)/2 + h · (cos θ − 1)
y = y1 + h · (cos θ − 1) + l2 sin θ
θ ≈ tanθ = (x2 − x1)/(2l0)

(5)

The value of θ is extremely small, so if cos θ approaches one and sin θ approaches zero,
then Formula (5) can be simplified as:⎧⎨⎩

x = (x1 + x2)/2
y = y1
θ = (x2 − x1)/(2l0)

(6)
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The dynamic equation of the actuator is:⎧⎪⎨⎪⎩
m

..
x = Fx1 + Fx2 − Fex − fx

m
..
y = Fy − Fey − fy

J
..
θ = −Fx1 · l1 + Fx2 · l1 − Mθ

(7)

where m is mass of moving plate, J is the moment of inertia of the moving plate around the Z
axis; x is the displacement of the moving plate along the X direction; y is the displacement of
the moving plate along the Y direction; θ is the angle that the moving plate rotates around the
Z axis; Fx1 is the resultant force of the differential electromagnet composed of electromagnet
3 and electromagnet 4; Fx2 is the resultant force of the differential electromagnet composed of
electromagnet 1 and electromagnet 2; Fy is the resultant force of the differential electromagnet
composed of electromagnet 5 and electromagnet 6; Fex is the component force of the restoring
force Fe generated by the annular permanent magnet in the X direction; Fey is the component
force of the restoring force Fe generated by the annular permanent magnet in the y direction;
fx is the friction force generated in the X direction; fy is the friction force generated in the Y
direction; Mθ is the frictional resistance torque generated around the Z axis; l1 is the distance
from the action point of Fx1 to the central axis.

The electromagnet is a nonlinear element arranged differentially and can be linearized
near the operating point. The force of the differential electromagnet is:

Fλ =
4μ0N2 A

(2δ)2 · i20
d3

0
· λ +

4μ0N2 A

(2δ)2 · i0
d2

0
· iλ ;(λ = Δx1; Δx2; Δy) (8)

where μ0 is magnetic permeability; N is the number of turns of the electromagnet coil; A
is the cross-sectional area of the magnetic circuit in the E-type iron core; δ is the magnetic
circuit reluctance coefficient; i0 is the bias current of the electromagnet coil; d0 is the initial
air gap between the electromagnet and the armature; λ is the displacement change detected
by the sensor; iλ is control current.

Displacement stiffness coefficient kx and the current stiffness coefficient ki is introduced.
Formula (8) is simplified as:

Fλ = kx · λ + ki · iλ;(λ = Δx1, Δx2, Δy)

kx = 4 · μ0 N2 A
(2δ)2 · i20

d3
0
; ki = 4 · μ0 N2 A

(2δ)2 · i0
d2

0
;

(9)

λ is positive in the direction away from the sensor, so it is a unified force system coordinate
system and a generalized coordinate system.

Therefore, Δx1 = −x1, Δx2 = −x2, Δy = y.
According to Kirchhoff’s law and the virtual displacement method, the restoring force

of the annular permanent magnet is solved, and the restoring force Fe is obtained as [42].
The Fe can be found in Appendix A.

Fe is nonlinear. The ke of Formula (10) can be found in Appendix A. In order to reduce
the complexity of the control system, Taylor series expansion is performed at e0 = 0, and
the high-order infinitesimal quantities are omitted to obtain:

Fe = ke · e (10)

where ke is the restoring force coefficient of the ring permanent magnet.
Formulas (6), (9) and (10) are brought into Formula (7) to solve the dynamic equation.⎧⎪⎨⎪⎩

m
..
x = −(2kx + ke)x + ki(ix1 + ix2)− c

.
x

m
..
y = (kx − ke)y + kiiy − c

.
y

J
..
θ = −2l0l1kxθ + l1ki(ix2 − ix1)− cθ

.
θ

(11)
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The Laplace transform of Formula (11) is:⎧⎪⎪⎪⎨⎪⎪⎪⎩
X(s) = ki

ms2+cs+(2kx+ke)
[Ix1(s) + Ix2(s)]

Y(s) = ki
ms2+cs+(ke−kx)

Iy(s)

θ(s) = l1ki
Js2+cθ s+2l0l1kx

[Ix2(s)− Ix1(s)]

(12)

3. Mixed Sensitivity Robust Controller Design

According to Formulas (6), (9) and (10), it can be seen that the measurement value of the
sensor ignores the influence of the rotation angle and the driving force, and the restoring
force ignores the high-order term of the Taylor expansion. The actuator has external
environmental interference and some inevitable modeling errors. A mixed sensitivity
robust control strategy is adopted to ensure the system can work stably under the above
uncertain conditions. The system control block diagram is shown in Figure 5.

Figure 5. System control diagram. The control block diagram of the system is shown.

G is the system open-loop transfer function; K is the controller; Δe is position error; r is
reference input; iλ is control current; λ is system output; d is the system interference signal;
W1 is performance weight function; W2 is control function; W3 is robust weight function;
Z1, Z2, and Z3 are evaluation system output.

The closed-loop transfer functions from r to Δe, iλ , and λ are:⎧⎪⎪⎪⎨⎪⎪⎪⎩
S = ΔE(s)

R(s) = I
I+GK

R = Iλ(s)
R(s) = K

I+GK = KS

T = λ(s)
R(s) =

GK
I+GK = I − S

(13)

where S is the system sensitivity function, and T is the system-supplemented sensitivity
function.

The purpose of designing the mixed sensitivity H∞ controller is to reasonably select
W1, W2, and W3, so that Formula (14) meets the requirements.

‖W1S W2R W3T‖T
∞ = γ ≤ 1 (14)

In general, in electromagnetic drive systems, external disturbances are at low frequencies,
and unmodeled disturbances are at high frequencies. Therefore, in selecting the weighting
function, W1 and W3 should have low-pass and high-pass filtering properties, respectively.

113



Actuators 2023, 12, 4

To avoid increasing the actuator order, W2 usually takes a constant value. According to the
above analysis, W1, W2, and W3 are selected as:⎧⎪⎨⎪⎩

W1(s) = k1/(1 + τ1s)
W2(s) = k2

W3(s) = k3s(1 + τ3s)

(15)

where k1, k2, k3, τ1, and τ3 are the coefficients of the weighting function, respectively.
The values in Table 1 are brought into Formula (10) to calculate ke, and the results are

shown in Table 2.

Table 1. Parameters of ring permanent magnets.

System Parameters Symbol Value

Air permeability μ0 (H/m) 4π × 10−7

Relative permeability μr 1.05
Material remanence Br (T) 1.18

Number of permanent magnets n 2
Permanent magnet thickness δP (mm) 4

Permanent magnet inner diameter r1 (mm) 15
Permanent magnet outer diameter r2 (mm) 20.5

Permanent magnet axial air gap ε (mm) 4
Permanent magnet radial displacement e (mm) 0 < e < 4

Table 2. Parameters of system.

System Parameters Symbol Value

Moving plate weight m (kg) 1.3995
The distance between two pairs of electromagnet

force centers in the X direction l1 (mm) 44.5

The X direction sensor measures the distance
from the point to the center l0 (mm) 167

The rotational inertia of the moving plate J (kg·mm2) 0.004972
The magnetic permeability of air μ0 (H/m) 4π × 10−7

Number of coil turns N 128
The cross-sectional area of the magnetic circuit S (mm2) 912

Magnetic circuit reluctance coefficient δ 1.38
X direction damping cx 10
Y direction damping cy 10
θ direction damping cθ 10

Initial current i0 (A) 1.2
Initial gap d0 (mm) 2

Permanent magnet stiffness ke (N/m) 3032.7

The mixing sensitivity controller K is solved by selecting the appropriate coefficients.
The parameters in Table 2 are brought into Formula (12) to obtain the transfer function

of the system as: ⎧⎪⎪⎨⎪⎪⎩
Gx(s) = 2.96

1.3995s2+10s+6582.1

Gy(s) = 2.96
1.3995s2+10s+1258

Gθ(s) = 0.13
0.00497s2+10s+13.19

(16)

The Y direction parameters are selected as k1 = 1500, k2 = 0.002, k3 = 0.01, τ1 = 100,
τ3 = 0.01, and the calculated γ = 0.9338. The controller is:

Gy(s) =
6.0557e05(s2 + 7.145s + 898.9)

(s + 0.01)(s2 + 1328.37s + 33057.11)
(17)
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The X direction parameters are selected as k1 = 1500, k2 = 0.0004, k3 = 0.01, τ1 = 100,
τ3 = 0.01, and the calculated γ = 0.9186. The controller is:

Gx(s) =
1.7905e06(s2 + 7.145s + 898.9)
(s + 876.5)(s + 66.32)(s + 0.01)

(18)

The θ direction parameters are selected as k1 = 2000, k2 = 0.0004, k3 = 0.01, τ1 = 100,
τ3 = 0.01, and the calculated γ = 0.8411. The controller is:

Gθ(s) =
6.6604e05(s2 + 2012.32s + 2654.52)
(s + 2090)(s + 350.2)(s + 0.01)

(19)

4. Simulation Analysis

4.1. Analysis of the Performance of the Control System
4.1.1. Analysis of the Performance of the Y Direction Control System

The amplitude-frequency characteristic curves of S(s) and W1
−1(s) in the Y direction are

shown in Figure 6a. The amplitude of σ(S(s)) is extremely small in the low-frequency range,
and its maximum amplitude is less than σ(W1

−1(s)) in the whole frequency range, which
satisfies Formula (20). Therefore, the anti-interference ability and tracking characteristics
of the system are ensured. The amplitude–frequency characteristic curves of T(s) and
W3

−1(s) are shown in Figure 6b. σ(T(s)) has a large slope in the high-frequency range, and
its maximum amplitude is smaller than σ(W3

−1(s)) in the whole frequency range, which
satisfies Formula (21). It ensures that high-frequency noise is rapidly attenuated.

σ(S(s)) ≤ σ
(

W−1
1 (s)

)
(20)

σ(T(s)) ≤ σ
(

W−1
3 (s)

)
(21)

Figure 6. Amplitude–frequency curve. (a) Amplitude–frequency curve of S(s) and W1
−1(s);

(b) Amplitude–frequency curve of T(s) and W3
−1(s).

4.1.2. Analysis of the Performance of the X Direction Control System

The amplitude–frequency characteristic curves of S(s) and W1
−1(s) in the X direction are

shown in Figure 7a. The amplitude of σ(S(s)) is extremely small in the low-frequency range,
and its maximum amplitude is less than σ(W1

−1(s)) in the whole frequency range, which
satisfies Formula (20). Therefore, the anti-interference ability and tracking characteristics
of the system are ensured. The amplitude-frequency characteristic curves of T(s) and
W3

−1(s) are shown in Figure 7b. σ(T(s)) has a large slope in the high-frequency range, and
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its maximum amplitude is smaller than σ(W3
−1(s)) in the whole frequency range, which

satisfies Formula (21). It ensures that high-frequency noise is rapidly attenuated.

Figure 7. Amplitude–frequency curve. (a) Amplitude–frequency curve of S(s) and W1
−1(s);

(b) Amplitude–frequency curve of T(s) and W3
−1(s).

4.1.3. Analysis of the Performance of the θ Direction Control System

The amplitude–frequency characteristic curves of S(s) and W1
−1(s) in the θ direction are

shown in Figure 8a. The amplitude of σ(S(s)) is extremely small in the low-frequency range,
and its maximum amplitude is less than σ(W1

−1(s)) in the whole frequency range, which
satisfies Formula (20). Therefore, the anti-interference ability and tracking characteristics
of the system are ensured. The amplitude–frequency characteristic curves of T(s) and
W3

−1(s) are shown in Figure 8b. σ(T(s)) has a large slope in the high-frequency range, and
its maximum amplitude is smaller than σ(W3

−1(s)) in the whole frequency range, which
satisfies Formula (21). It ensures that high-frequency noise is rapidly attenuated.

Figure 8. Amplitude–frequency curve. (a) Amplitude–frequency curve of S(s) and W1
−1(s);

(b) Amplitude–frequency curve of T(s) and W3
−1(s).
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4.2. Analysis of the System Response of the Standard Model

To verify the effect of the controller, MATLAB/Simulink is used to simulate and
analyze the system.

The Y direction simulation: At 0.2 s, a signal of 0.1 mm is input in the Y direction. The
system response results are shown in Figure 9a. The X direction simulation: At 0.2 s, a signal
of 0.1 mm is input in the X direction. The system response results are shown in Figure 9b.
The θ direction simulation: At 0.2 s, a signal of 0.1 mrad is input in the θ direction. The
system response results are shown in Figure 9c.

Figure 9. Step response. (a) Step response of Y direction; (b) Step response of X direction; (c) Step
response of θ direction.

The performance indicators of the step response curve (Figure 9) in the Y, X, and θ

directions are shown in Table 3.

Table 3. Performance index of each step response curve of the nominal model.

Direction
Maximum
Overshoot

Regulation Time Steady-State Error

Y direction 25.9% 0.37 s 0
X direction 19.1% 0.18 s 0
θ direction 0 0.22 s 0
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According to the data in Table 3, the overshoot, adjustment time, and steady-state error
in the Y direction are 25.9%, 0.37 s, and 0, respectively; in the X direction, they are 19.1%,
0.18 s, and 0; in the θ direction, they are 0, 0.22 s, and 0. Their steady-state performance
meets the response requirements for laser off-axis cutting.

4.3. Analysis of System Response to Parameter Disturbance

The model of the system ignores some factors. A 20% perturbation of parameters is
added to verify the system’s robustness based on its standard model. Then, the parameters
of the original controller were used to control the system, and its step response curve is
shown in Figure 10.

Figure 10. Step response. (a) Step response of Y direction with 20% parameters change; (b) Step
response of X direction with 20% parameters change; (c) Step response of θ direction with 20%
parameters change.

The performance indicators of the step response curve (Figure 10) in the Y, X, and θ

directions are shown in Table 4.
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Table 4. Performance index of each step response curve of the model with parameter variation.

Direction
Maximum
Overshoot

Regulation Time Steady-State Error

Y direction 21% 0.38 s 0
X direction 24.7% 0.19 s 0
θ direction 0 0.21 s 0

The data in Table 4 show that after adding 20% parameter disturbance, the overshoot
and adjustment time in the Y direction decrease from 25.9% to 21% and increase from 0.37 s
to 0.38 s, respectively. The overshoot and adjustment time in the X direction increase from
19.1% to 24.7% and 0.18 s to 0.19 s, respectively. The θ direction adjustment time reduces
from 0.22 s to 0.21 s. Steady-state errors are unchanged. In summary, compared with the
standard model, the steady-state performance after adding 20% parameter disturbance
has no significant change. It shows that the controller can still meet the performance
requirements when the model is inaccurate.

4.4. Analysis of System Response to Impulse External Disturbance

An external pulse disturbance was input to verify the system’s response in the case of
external disturbances, and the results are shown in Figure 11. The vertical coordinates of
Figure 11 have two units, “mm” and “mrad”, respectively. The unit of vertical coordinate
is “mm”, which indicates the disturbance signal in Y and X directions. The unit of vertical
coordinate is “mrad”, which means the interference signal in θ direction.

Figure 11. Pulse interference signal.

After the external disturbance signal is input, the system can quickly recover to the
steady-state value, and the steady-state error is 0, as shown in Figure 12.

The performance indicators of the step response curve (Figure 12) in the Y, X, and θ

directions after being subjected to interference signals are shown in Table 5.
The data in Table 5 show that after adding the interference signal, the over-shoot and

adjustment time in the Y direction are 20% and 0.24 s, respectively. The overshoot and
adjustment time in the X direction are 20% and 0.14 s, respectively. The overshoot and
adjustment time in the θ direction are 20% and 0.16 s, respectively. The steady-state errors
are unchanged. In summary, the steady-state performance after the interference signal has
no significant change. It also indicates that the control method can effectively resist external
interference.
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Figure 12. Step response. (a) Step response of Y direction with disturbance; (b) Step response of X
direction with disturbance; (c) Step response of θ direction with disturbance.

Table 5. Performance index of each step response curve of the model with interference signal.

Direction
Maximum
Overshoot

Regulation Time Steady-State Error

Y direction 20% 0.24 s 0
X direction 20% 0.14 s 0
θ direction 20% 0.16 s 0

5. Experimental Verification

5.1. Experimental Equipment

Experiments were carried out to verify the controller’s effectiveness in the laser focus
position control. The experimental equipment mainly comprises a power amplifier (E120/06),
eddy current sensor (EX-V10), dSPACE1104, actuator, etc., as shown in Figure 13. With
dSPACE1104 as the core hardware, the mixed-sensitivity robust control of the actuator
was performed to control its real-time position. We used dSPACE1104 to connect with
MATLAB/Simulink for experiments seamlessly. First, the sensor detected the position
signal and input it to the ADC module in dSPACE1104. After the control block diagram
operation in Simulink, the input signal of the system was obtained. Second, the position
signal detected by the sensor and the input signal of the system was subtracted to obtain
the deviation signal. Then, the deviation signal was input into the controller in Simulink
to obtain the control signal. Third, the control signal was input to the DAC module in
dSPACE1104, and the input signal of the power amplifier was obtained. Finally, the power
amplifier input the signal to three sets of differential electromagnets to realize real-time
control of the actuator position.
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Figure 13. Experimental equipment. The equipment and actuator structures used in the experiments
are shown.

5.2. Experimental Results

Step position control experiments were performed in the X and Y directions. First,
an initial current of 1.2 A was fed to the three pairs of differential solenoids to make the
actuator electromagnetically stiff in the X and Y directions. Then, the position compensation
parameters of the system were adjusted so that the detection signal of the sensors was
equal to the set value of the system.

When the system was stable, a step signal in the Y direction of 0.1 mm was input in 0.5 s,
and the result is shown in Figure 14. The control current first increased and then leveled off.
The system stabilized after 0.38 s with an overshoot of 0.034 mm. According to Figure 14, there
was a time lag of 0.13 s, which was mainly caused by the following three reasons. First, in the
actuator structure, there was only one pair of differential electromagnets in the Y direction and
two pairs of differential electromagnets in the X direction, so the stiffness in the Y direction
was smaller than that in the x direction. In the initial stage of current change, the driving force
could not overcome the initial electromagnetic force. Second, the ring permanent magnet in
the actuator was opposite the pole, so the attraction was larger, resulting in greater friction
resistance. Third, to make the actuator in a wider range of stable control, the designed controller
had robust conservatism. For these three reasons, the time lag was 0.13 s.

Figure 14. Step response of Y direction.

When the system is stable, we input 0.1 mm X direction step signal in 0.5 s, and
the result is shown in Figure 15. According to Figure 15a, the control current of the
system increases first and then becomes stable, reaching stability after 0.28 s. According
to Figure 15b, after we input the X direction signal, 0.66 mrad fluctuation appears in the
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direction of θ. This is because the motion of the actuator in both directions X and θ is
driven by X direction 2 to the differential electromagnet, and there is coupling. According
to Figure 15, control current 1 and control current 2 are not equal because there is an error
in the actuator installation, which leads to the different initial air gaps between the two
pairs of differential electromagnets in the X direction. Different initial air gaps will lead
to different driving forces provided by two pairs of differential electromagnets in the X
direction. After the actuator reaches equilibrium, the control current values will differ.

Figure 15. Step response of X direction. (a) The position and current signals in the X direction are
shown; (b) The θ interfering position signal and current signal in the X direction are shown.

When the system is stable, a step signal in the direction of θ of 1.2 mrad is input in
0.5 s, and the result is shown in Figure 16. According to Figure 16a, control current 1
decreases first and then tends to be stable, while control current 2 increases first and then
tends to be stable, and the output signal in the θ direction reaches the steady value in 0.29 s.
According to Figure 16b, after we input θ signal, a fluctuation of 0.059 mm appears in the X
direction. This is because the motion of the actuator in both X and θ directions is driven by
X direction 2 to the differential electromagnet, and there is coupling.

Figure 16. Step response. (a) The position and current signals in the θ direction are shown; (b) The X
direction interfering position signal and current signal in the θ direction are shown.

The maximum overshoot in the Y direction is calculated as the maximum value
between 0.5–1 s adjustment time, and the steady-state error is calculated as the average
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value from 2–3 s. Since there is no obvious overshoot in the X direction and θ direction,
the average value of 0.2 s after stabilization is taken as the maximum overshoot, and the
steady-state error is taken as the average value of 2–3 s. The values are shown in Table 6.

Table 6. Performance index of the step response experiment in each direction.

Direction Maximum Overshoot Regulation Time Steady-State Error

Y direction 34% 0.38 s 0.39%
X direction 3.1% 0.28 s 1.6%
θ direction 0% 0.29 s 0.45%

According to Table 6, the steady-state errors in the 3 directions are all less than 2.5%.
That is, the system’s error after stability can be made within 0.025 mm of the machine tool’s
accuracy in the position step response, which meets the performance requirements.

In order to be able to analyze the experimental data quantitatively. The simulated and
experimental data are included in Table 7 for comparative analysis.

Table 7. Performance index of step response experiment in each direction.

Direction
Maximum
Overshoot

Regulation
Time

Steady-State
Error

Y direction
Simulation 25.9% 0.37 s 0
Experiment 34% 0.38 s 0.39%

|Difference value| 8.1% 0.01 s 0.39%

X direction
Simulation 19.1% 0.18 s 0
Experiment 3.1% 0.28 s 1.60%

|Difference value| 16% 0.10 s 1.60%

θ direction
Simulation 0% 0.22 s 0
Experiment 0% 0.29 s 0.45%

|Difference value| 0% 0.07 s 0.45%

According to Table 7, the results of the standard model simulation are compared and
analyzed with the experimental result data. The overshoot differences value in the Y, X,
and θ directions are 8.1%, 16%, and 0%, respectively. The differences in adjustment time are
0.01 s, 0.10 s, and 0.07 s, respectively. The differences in steady-state errors are 0.39%, 1.60%,
and 0.45%, respectively. The experimental and simulation data are slightly different because
there are some non-artificial errors in the experiments, including the machining errors of
the parts, assembly errors, etc. In addition, there is noise interference in the experiment, so
it leads to some steady-state errors in the experiment.

6. Conclusions

A mixed sensitivity robust controller for a 3-DOF laser focal magnetic actuator is
designed and simulated by MATLAB/Simulink. The following conclusions are obtained
through simulation analysis and experimental verification.

1. The mixed sensitivity controller of the system is calculated by a reasonable selection
of the weighting function, and the simulation analysis of the position step response in
Y, X, and θ directions is carried out, and the steady-state errors are all 0. It shows that
the designed controller has good position response characteristics.

2. Based on the standard model, 20% parameter variation is introduced, and the original
controller simulates and analyzes the system. In the simulation of position step
response in Y, X, and θ directions, the response characteristics are consistent with the
results of the standard model. There are slight differences in overshoot and adjustment
time between the above, and the steady-state error is 0. It shows that the system has
better position response characteristics when the model is inaccurate.

123



Actuators 2023, 12, 4

3. When the external pulse disturbance is added to the system, the steady-state values
of Y, X, and θ can be quickly restored in the position step experiment. It shows that
the controller has good anti-interference properties.

4. There is a coupling phenomenon in the direction of X and θ, so both show certain
coupling characteristics in the step response experiment. Still, the moving plate can
be quickly adjusted to the steady-state value. The steady-state errors in the three
directions are all less than 25%, which meets the requirement of machine tool accuracy
of 0.025 mm.

In the future, we will optimize the structure of the actuator and design an actuator
that can be mounted on the laser cutting head. Then, we will install it on the laser cutting
machine for in-machine experimental research in order to explore the actuator’s performance
during the operation of the laser cutting head.

Author Contributions: Methodology, L.W.; validation, L.W. and Q.Z.; formal analysis, L.W.;
resources, F.S.; data curation, L.W.; writing—original draft preparation, L.W.; writing—review and
editing, L.T., G.Y., F.X., J.J., X.Z. and F.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research is supported by National Natural Science Fund of China (No. 52005345,
No. 52005344), National Key Research and Development Project (No. 2020YFC2006701), Scientific
Research Fund Project of Liaoning Provincial Department of Education (No. LJKMZ20220506, No.
LJKMZ20220460), Major Project of the Ministry of Science and Technology of Liaoning Province (No.
2022JH1/10400027).

Data Availability Statement: Not applicable.

Acknowledgments: We thank Zhou R., Zhao C., and Liu X. for their suggestions and recommendations.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Fe =
{

4π2μ0Brnδpε(r2
2 − r2

1)[πr2
2(1 +

√
ε2 + e2) + 2(r1 + r2)δ

2
p][4π(r2

2 − r2
1)ε + 1.632(r1 + r2)(ε

2 + e2)]
}

2

·e/
{{

μrπ(r2
2 − r2

1)
{

δp(1 +
√

ε2 + e2)[4π(r2
2 − r2

1)ε + 1.632(r1 + r2)(ε
2 + e2)] + (ε2 + e2)[πr2

2(1 +
√

ε2 + e2)

+2(r1 + r2)δ
2
p]
}
+nδp[πr2

2(1 +
√

ε2 + e2) + 2(r1 + r2)δ
2
p][4π(r2

2 − r2
1)ε + 1.632(r1 + r2)(ε

2 + e2)]
}
[4πμ0(r2

2

−r2
1)ε + 1.632μ0(r1 + r2)(ε

2 + e2)]
}2;

e =
√

x2 + y2

(A1)

where ε is an axial air gap, e is radial displacement, t is the width of the ring permanent
magnet, Br is the remanence of permanent magnet material, n is the number of permanent
magnets, δP is the thickness of permanent magnet, μr is the relative permeability of the
magnetic ring, μ0 is air permeability, r1 is the inner radius of the annular permanent magnet,
r2 is the outer radius of the ring permanent magnet.
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Abstract: The composite material flywheel rotor of a flywheel energy storage system (FESS) has a low
natural frequency. When the system suffers from noise interference, the magnetic bearing generates
a force with the same frequency as the natural frequency and causes vibration to occur. Thus, it is
necessary to suppress the natural vibration of the magnetic suspended (MS) FESS. The LMS adaptive
notch filter is generally adopted for vibration suppression. The vibration suppression performance of
the system is different when the insertion position of the notch filter is different. This paper analyzes
the influence of the notch filter in different insertion positions of the control system. Through the
transfer function from noise to magnetic bearing force, theoretical analysis of the influence of different
positions of the notch filter is performed. Corresponding experiments are performed in a 500 kW MS
FESS prototype. The theoretical analysis is verified experimentally.

Keywords: magnetic suspension flywheel energy storage; natural frequency; vibration suppression;
insertion position of the notch filter

1. Introduction

Energy storage systems (ESSs) play increasingly important roles in modern I ndustrial
applications. A flywheel energy storage system (FESS) is a type of ESS that has the
advantages of high efficiency, fast response, instantaneous high power, low maintenance,
and long life [1–3]. Thus, FESSs have been applied in electric vehicles [4,5], hydraulic
excavators [6], wind power generation [7,8], microgrids [9], photovoltaic generation [10],
uninterruptible power supply (UPS) [11,12], and aerospace applications [13]. In an FESS,
energy is stored in a high-speed flywheel rotor. The FESS generally adopts a composite
material flywheel rotor [14,15]. By using a composite flywheel rotor, the FESS can obtain
a higher linear velocity and energy storage density [15]. However, the stiffness of the
composite material is small, resulting in a relatively low natural frequency of the composite
flywheel, which is generally a few hundred hertz. In the magnetic suspended (MS) FESS,
the composite material flywheel rotor is supported by magnetic bearings (MBs), which have
the advantages of low loss, frictionlessness, and silent operation [16,17]. The MB controller
generates noise interference of the same frequency as the natural frequency of the flywheel
rotor. Therefore, the MB generates an electromagnetic force that has the same frequency
as the natural frequency. This electromagnetic force becomes the excitation source of the
flywheel rotor. When the frequency of the force is the same as the natural frequency, the
flywheel rotor vibrates violently, causing system instability [18].
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The notch filter can filter out signals with a certain frequency. Therefore, the vibration
of the MB system can be suppressed. Vibration suppression methods based on notch filters
have been widely applied in MB systems. The main notch filters applied in MB systems
include the generalized notch filter [19,20], the least mean square (LMS) adaptive notch
filter [21–23], and the phase-shift notch filter [24,25]. In [19], a generalized narrow-band
notch filter is proposed for an MB system. This notch filter is inserted into the multivariable
feedback without destabilizing the closed loop. In [20], a generalized notch filter based
on synchronous rotating frame (SRF) transformation is proposed for autobalancing of the
magnetically suspended rotor. In [21], a harmonic based on a frequency-domain adaptive
LMS is proposed to suppress the vibration force. This method introduces a convergence
factor in the frequency domain that improves the updating strategy of the step size and the
convergence rate of the algorithm. In [22], a double-channel adaptive LMS error algorithm
is proposed to suppress the imbalanced vibration. A modified adaptive notch filter with
phase shift is proposed in [23] to suppress the unbalanced vibration. This notch filter does
not require angular velocity information. In [24], a phase-shift notch filter is proposed to
ensure stable operations over the entire speed range. In [25], a control system scheme with
cascaded mode phase-shift notch filters is proposed for the MB rotor control system.

Notch filters have been widely applied in the vibration suppression of MB systems
and show satisfactory vibration suppression performance. However, research on the notch
filters in MB control systems is mainly focused on the notch filter algorithm. The influence
of the insertion positions of the notch filters is not sufficiently discussed. The MB control
system is a double closed-loop system. The outer loop is a position control loop, and the
inner loop is a current control loop. The notch filter can be inserted into the feedback path
of the outer loop, the forward path of the outer loop, the feedback path of the inner loop,
and the forward path of the inner loop. In general, the notch filter is inserted into the
forward path of the position control loop. In this paper, the influence of the notch filter
access position is analyzed, and the control model of the MB system is clarified. The LMS
adaptive notch filter is adopted for vibration suppression, and the influence of the insertion
position of the notch filter is analyzed through the Bode plot.

The remainder of this paper is organized as follows. In Section 2, the structure of the
MS FESS is presented. In Section 3, the influence of the access position of the notch filter is
analyzed. In Section 4, the experiment is performed on the FESS prototype to verify the
theoretical analysis. Finally, the conclusion is drawn in Section 5.

2. Structure of the FESS

An FESS is a type of mechanical energy storage device in which mechanical energy
is stored in a high-rotation-speed flywheel rotor. The structure of the MS FESS is shown
in Figure 1. The MS FESS is installed vertically, which mainly includes the flywheel rotor,
MBs, high-speed motor, corresponding position sensors, and base. The flywheel rotor is
supported by MBs and installed in a vacuum chamber. Thus, the flywheel rotor can operate
at a high speed without mechanical friction and with low wind resistance. FESS achieves
energy conversion through a high-speed motor. The motor rotor connects to the flywheel
rotor. The flywheel rotor has the same rotation speed as the rotor of the motor. The FESS
has three MBs as follows: the top radial MB, the bottom radial MB, and the top axial MB.
The power amplifier (PA) should generate currents to the MBs of the FESS. By applying the
appropriate current, the MB system can generate the corresponding electromagnetic force
to suspend the flywheel rotor.

Stable MS control is important to the MS FESS. Natural frequency vibration is one of
the issues that cause system instability. To avoid natural frequency vibration, the force with
the same frequency as the natural frequency should be filtered out.
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Figure 1. The structure of the FESS.

3. Analysis of the Insertion Position of the Notch Filter

In this section, the influence of the insertion position of the notch filter is analyzed.
The model of the MB control system and the LMS adaptive notch filter are presented. Based
on the control model and the notch filter, the influence of the insertion position of the notch
filter is analyzed through a Bode plot.

3.1. Model of the Magnetic Bearing Control System

The MS FESS of Figure 1 adopts a permanent-magnet-biased MB. The structure dia-
gram of the hybrid MB is shown in Figure 2. The electromagnetic force generated by the
hybrid MB is deduced as Equation (1):

fmag =
μ0SN2

2

[(
I0 − I

D0 − x

)2
−
(

I0 + I
D0 + x

)2
]

(1)

where fmag is the electromagnetic force of the MB, N is the number of turns of the MB coil,
μ0 is the vacuum permeability, S is the area directly opposite to the magnetic pole, D0 is the
MB air gap, x is the flywheel rotor position, and I is the coil current.

 
Figure 2. The structure diagram of the hybrid MB.

The rotor is suspended at the position where x = 0. According to the Taylor series
expansion, Equation (1) can be linearized as follows in Equation (2):

fmag = Kxx + Ki I (2)

where Kx is the displacement stiffness of the MB and Ki is the current stiffness of the MB.
According to Newton’s second law, the kinematic equation can be deduced as follows

in Equation (3):
fmag = m

..
x = Kxx + Ki I (3)

The transfer function of Equation (3) is presented as follows:

Gm(s) =
Ki

ms2 − Kx
. (4)
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The MS control system is a double closed-loop control system. The control block
diagram is shown in Figure 3. A proportional–derivative (PD) controller is adopted for MB
position control, and the transfer function of the PD controller is presented as follows in
Equation (5):

Gpd(s) = Kpx + Kdxs (5)

where Kpx is the proportional coefficient of the PD controller and Kdx is the differential
coefficient of the PD controller.

 
Figure 3. Control block diagram of the MS control.

For current control, the coil of the MB is equivalent to the resistance–inductance series
circuit. Thus, the model of the coil can be deduced as follows in Equation (6):

Gc(s) =
1

Ls + R
(6)

where L is the inductance of the MB coil and R is the resistance of the MB coil.
A (proportional integral) PI controller is generally used for current control, and the

transfer function of the PI controller is deduced as follows in Equation (7):

Gpi(s) = Kpi +
Kii
s

(7)

The influence of the insertion position of the notch filter is analyzed based on the
above control system model.

3.2. LMS Adaptive Notch Filter Algorithm

The vibration is suppressed by the LMS adaptive notch filter. The LMS adaptive notch
filter is based on the Wiener filter and minimum mean square error (MMSE) criteria, which
uses the gradient descent method to minimize the mean square error of the signal [26].
Thus, the filter can output the best signal estimate. The block diagram of the LMS adaptive
filter is shown in Figure 4. In Figure 4, Ts is the sampling time of the discrete system, ω0 is
the center frequency of the LMS notch filter, the input vector X(kTs) is the reference signal of
the algorithm, d(kTs) is the expected signal, and w is the weighting coefficient of the filter.

 

Figure 4. The block diagram of the LMS notch filter.

The weighting coefficient is adjusted by the gradient descent method to minimize the
mean square error. The mean square error is presented as follows in Equation (8):

MSE = E
[
e2(kTs)

]
(8)
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The error of the signal can be deduced as follows in Equation (9):

e(kTs) = d(kTs)− XT(kTs)W(kTs)X(kTs) (9)

where W is the filter weighting coefficient matrix.
Combining (8) and (9), the mean square error can be further deduced as follows in

Equation (10).
MSE = E

(
d2
)
+ WTRW − 2WTP (10)

where R is the autocorrelation matrix of the input signal, P is the cross-correlation matrix
of the expected signal d(kTs), and X(kTs) is the input signal.

The partial differential of the mean square error can be deduced as follows in Equation (11).

∂MSE
∂W

= 2RW − 2P (11)

According to Equation (11), the filter coefficient matrix W can be directly calculated.
However, the inverse matrix of R needs to be obtained. In practical applications, matrix
inversion requires massive computing resources. Thus, the descent method is adopted to
obtain the filter weighting matrix. The weighting matrix is adjusted along the negative
gradient direction. The recursive equations of the LMS adaptive notch filter algorithm can
be deduced as follows in Equation (12) [26]:⎧⎨⎩

e(kTs) = d(kTs)− y(kTs)
y(kTs) = w1(kTs) cos ω0kTs + w2(kTs) sin ω0kTs
W[(k + 1)T]s = W(kTs) + 2μe(kTs)X(kTs)

(12)

where μ is the step length.
The step length can be used to adjust the convergence speed and steady-state accuracy

of the filter. According to Equation (12), the transfer function of the LMS adaptive notch
filter can be deduced as follows in Equation (13):

Gf (z) =
1 − 2z−1 cos ω0Ts + z−2

1 − 2(1 − μ)z−1 cos ω0Ts + (1 − 2μ)z−2 (13)

In this paper, the LMS adaptive notch filter of Equation (13) is used to analyze the influence
of the notch filter at different insertion positions of the control system on vibration suppression.

3.3. Insertion Position of the Notch Filter

The MS control system is a double closed-loop system. The LMS adaptive notch filter
has four insertion positions. The four insertion positions are the forward path of the outer
loop, the feedback path of the outer loop, the forward path of the inner loop, and the
feedback path of the inner loop, which are shown in Figure 5.

Figure 5. Control block diagram with four notch filter insertion positions.
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According to Equation (2), the electromagnetic force of the MB is proportional to the
current of the PA. When the PA generates a current that has the same frequency as the
natural frequency of the flywheel rotor and has a sufficiently large amplitude, a violent
vibration occurs in the flywheel rotor. To suppress the vibration, the PA should not generate
a current that has the same frequency as the natural frequency. In MS control, signals with
the same frequency as the natural frequency mainly come from the noise of the position
sensors and the current sensor. To analyze the influence of different insertion points on
vibration suppression, the transfer function from the sensor noise to the PA current is
deduced. Based on the transfer function, this paper uses a Bode plot to qualitatively
analyze the influence of different insertion positions.

When the notch filter is inserted at position 1, i.e., the forward path of the outer loop,
the transfer function from the sensor noise to the current can be deduced as follows in
Equations (14) and (15):

G1i(s) =
I(s)
di(s)

=
Gpi(s)Gc(s)

1 + Gpd(s)Gpi(s)Gc(s)Gm(s)Gf (s) + Gpi(s)Gc(s)
(14)

G1x(s) =
I(s)

dx(s)
=

Gf (s)Gpd(s)Gpi(s)Gc(s)
1 + Gpd(s)Gpi(s)Gc(s)Gm(s)Gf (s) + Gpi(s)Gc(s)

(15)

where Gf(s) is the continuous transfer function of the LMS adaptive notch filter, di(s) is the
Laplace transform of the current noise signal, dx(s) is the Laplace transform of position
noise, and I(s) is the Laplace transform of the current.

The Bode plots of Equations (14) and (15) are shown in Figure 6. According to Figure 6,
the natural frequency noise of the position sensor can be filtered out when the notch filter
is inserted at position 1. However, the natural frequency noise of the current sensor cannot
be filtered out.

Figure 6. Bode plot of the transfer function from the noise to the currents of insertion positions
1 and 2: (a) transfer function from the current noise to the current; (b) transfer function from the
position noise to the current.

When the notch filter is inserted into position 2, the transfer function from the sensor
noise to the current is deduced as follows in Equations (16) and (17).

G2i(s) =
I(s)
di(s)

=
Gpi(s)Gc(s)

1 + Gpd(s)Gpi(s)Gc(s)Gm(s)Gf (s) + Gpi(s)Gc(s)
(16)
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G2x(s) =
I(s)

dx(s)
=

Gf (s)Gpd(s)Gpi(s)Gc(s)
1 + Gpd(s)Gpi(s)Gc(s)Gm(s)Gf (s) + Gpi(s)Gc(s)

(17)

According to Equations (14)–(17), the transfer functions of insertion position 1 and
insertion position 2 are the same. Thus, the Bode plots of insertion position 1 and insertion
position 2 are the same.

When the notch filter is inserted at position 3, the transfer function from the sensor
noise to the current is deduced as follows in Equations (18) and (19).

G3i(s) =
I(s)
di(s)

=
Gf (s)Gpi(s)Gc(s)

1 + Gpd(s)Gpi(s)Gc(s)Gm(s) + Gpi(s)Gc(s)Gf (s)
(18)

G3x(s) =
I(s)

dx(s)
=

Gf (s)Gpd(s)Gpi(s)Gc(s)
1 + Gpd(s)Gpi(s)Gc(s)Gm(s) + Gpi(s)Gc(s)Gf (s)

(19)

The Bode plots of Equations (18) and (19) are shown in Figure 7. When the notch filter
is inserted at position 3, the natural frequency noise of the position sensor and the current
sensor can both be filtered out.

Figure 7. Bode plot of the transfer function from the noise to the current of insertion position 3:
(a) transfer function from the current noise to the current; (b) transfer function from the position noise
to the current.

When the notch filter inserts to position 4, the transfer function from the sensor noise
to the current is deduced as follows in Equations (20) and (21):

G4i(s) =
I(s)
di(s)

=
Gf (s)Gpi(s)Gc(s)

1 + Gpd(s)Gpi(s)Gc(s)Gm(s) + Gpi(s)Gc(s)Gf (s)
(20)

G4x(s)
I(s)

dx(s)
=

Gpd(s)Gpi(s)Gc(s)
1 + Gpd(s)Gpi(s)Gc(s)Gm(s)Gf (s) + Gpi(s)Gc(s)Gf (s)

(21)

The Bode plots of Equations (20) and (21) are shown in Figure 8. According to Figure 8,
the natural frequency noise of the current sensor can be filtered out when the notch filter is
inserted at position 4. However, the natural frequency noise of the position sensor cannot
be filtered out.
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Figure 8. Bode plot of the transfer function from the noise to the current of insertion position 4:
(a) transfer function from the current noise to the current; (b) transfer function from the position noise
to the current.

Based on the above analysis, the notch filter is inserted at position 3, i.e., the forward
path of the inner loop is the most effective to filter out the natural frequency noise of
the sensors.

4. Experimental Results

The influence of the insertion position of the LMS adaptive notch filter is experimen-
tally analyzed on a 500-kW MS FESS prototype. The natural frequency is tested through a
laser vibrometer. The position responses of different insertion positions of the notch filter
are tested.

4.1. Experimental Platform

The experimental platform is shown in Figure 9. The experimental platform includes
a 500-kW MS FESS prototype, Tektronix oscilloscope, Rohde & Schwarz FSH4 dynamic
signal analyzer, and power supply. The MS FESS prototype is shown in Figure 10, and its
main parameters are listed in Table 1.

 
Figure 9. The experimental platform of the MS FESS.
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Figure 10. (a) The MS FESS prototype. (b) The flywheel rotor.

Table 1. Main Parameter Specification of the MS.

Symbol Description Value

VDC Maximum voltage 500 V
Pr Maximum power 500 kW
Em Stored energy 1.2 kWh
ωm Maximum design speed 27,000 rpm
Mr Rotor weight 58.0 kg
Sm Prototype Size Φ500 × 590 mm

4.2. Experiment A: Test of the Natural Frequency of the Flywheel Rotor

The natural frequency test device is shown in Figure 11. The flywheel rotor is sus-
pended by a rope. A Polytecpsv-500 laser vibrometer is used to test the natural frequency.
The tested natural frequency is shown in Figure 12. According to Figure 12, the natural
frequency of the flywheel rotor is 635 Hz. Thus, the selected center frequency of the notch
filter is 635 Hz.

 
Figure 11. The device for testing the natural frequency of the flywheel rotor.

 
Figure 12. The tested natural frequency of the flywheel rotor.
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The frequency analysis of the current sensor signal and position sensor signal is
presented in Figure 13. The frequency analysis shows that the current sensor signal and
position sensor signal include a noise signal that is the same as the natural frequency. To
avoid natural frequency vibration, the noise signal that is the same as the natural frequency
should be filtered out.

Figure 13. Frequency analysis of the sensor signal: (a) current sensor; (b) position sensor.

4.3. Experiment B: Position Responses of Different Insertion Positions

The experimental analysis of different insertion positions of the notch filter is per-
formed. The parameters of the notch filter are listed in Table 2. Figure 14 shows the
experimental results when the notch filter is inserted into the forward path of the outer
loop, i.e., insertion position 1. According to Figure 14a, the amplitude of the vibration
without a notch filter is larger than 25 μm. With a notch filter, the amplitude of the vibration
can be smaller than 4 μm. The experimental result illustrates that the vibration can be
suppressed when the notch filter is inserted at position 1. However, the notch filter cannot
filter out the natural frequency noise of the current sensor. When the gain of the current
controller increases, the current noise is amplified. Figure 14b shows the position response
curve when the gain of the current controller is increased by 30%. The amplitude of the
vibration is increased and is larger than 10 μm.

Table 2. Main Parameters of the LMS filter.

Symbol Description Value

ω0 Center frequency 635 Hz
μ Step length 0.01
fs Sampling frequency 5 kHz
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Figure 14. The experimental results when the notch filter is inserted at position 1: (a) position signal
when the notch filter is inserted; (b) position signal when the gain of the current controller increases.

Figure 15 shows the experimental results when the notch filter is inserted into the
feedback path of the outer loop, i.e., insertion position 2. With this notch filter, the vibration
can be suppressed, and the amplitude of the vibration is smaller than 4 μm. Similar to
insertion at position 1, the notch filter cannot filter out the natural frequency noise of the
current sensor. Figure 15b shows the position response curve when the gain of the current
controller is increased by 30%. The amplitude of the vibration is increased and is larger
than 12 μm.

Figure 15. The experimental results when the notch filter is inserted at position 2: (a) position signal
when the notch filter is inserted; (b) position signal when the gain of the current controller increases.

Figure 16 shows the experimental results when the notch filter is inserted into the
forward path of the inner loop, i.e., insertion position 3. With a notch filter, the amplitude
of the vibration can be suppressed and is smaller than 4 μm. Based on the theoretical
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analysis, the notch filter can filter out the natural frequency noise of the current sensor
and the position sensor. Figure 16b shows the position response curve when the gain
of the position controller is increased by 30%. The amplitude of the vibration does not
significantly increase and is smaller than 6 μm.

Figure 16. The experimental results when the notch filter is inserted at position 3: (a) position signal
when the notch filter is inserted; (b) position signal when the gain of the position controller increases.

Figure 17 shows the experimental results when the notch filter is inserted into the
feedback path of the inner loop, i.e., insertion position 4. With a notch filter, the vibration
can be suppressed, and the amplitude of the vibration is smaller than 4 μm. The notch filter
cannot filter out the natural frequency noise of the position sensor. Figure 17b shows the
position response curve when the gain of the position controller is increased by 30%. The
amplitude of the vibration is increased and is larger than 18 μm.

Figure 17. The experimental results when the notch filter is inserted at position 2: (a) position signal
when the notch filter is inserted; (b) position signal when the gain of the position controller increases.
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The experimental results show that the vibration can be suppressed to a certain extent
by inserting the notch filter into the four positions of Figure 5. When the notch filter is
inserted at position 3, the MS system shows the most appropriate vibration suppression
performance. The experimental results match the theoretical analysis.

5. Conclusions

In this paper, the influence of the insertion position of the notch filter in an MS FESS
is analyzed for natural frequency vibration suppression. The MS control model and LMS
adaptive notch filter are given. Based on the control mode and notch filter, the influence of
the insertion position is analyzed by the Bode plot. The experimental analysis is carried
out on a 500 kW MS FESS prototype. The main conclusions are presented as follows.

(1) The vibration can be suppressed to some extent by inserting the notch filter into the
forward and feedback path of the outer loop and the forward and feedback path of
the inner loop.

(2) When the notch filter is inserted into the forward and feedback path of the outer loop,
the natural frequency noise of the position sensor can be filtered out; nevertheless, the
natural frequency noise of the current sensor cannot be filtered out. When the notch
filter is inserted into the feedback path of the inner loop, the natural frequency noise
of the position sensor can be filtered out; nevertheless, the natural frequency noise of
the current sensor cannot be filtered out.

(3) When the notch filter is inserted into the forward path of the inner loop, the natural
frequency noise of the position sensor and current sensor can be filtered out. Inserting
the notch filter into the forward path of the inner loop is the most appropriate way to
suppress the natural vibration.
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Abstract: In order to decrease the transmission of vibration and achieve the attenuation of the
vibration magnitude of an isolated object, a new type of permanent and electromagnet composite
vibration isolation system is designed based on negative stiffness theory. Firstly, according to the
characteristic analysis, the design of a permanent and electromagnet hybrid actuator is accomplished;
secondly, the vibration isolation system model is established, and the active control strategy based on
the fuzzy PID algorithm is designed. Finally, a test platform is built to verify the vibration isolation
effect. The results indicate that the developed permanent and electromagnet composite vibration
isolation system renders the sharp attenuation of external vibration in multiple frequency bands.
When the external vibration frequency is within the frequency range of 20 Hz to 100 Hz, the vibration
attenuation is greater than 80%; when the external vibration frequency is within the frequency range
of 100 Hz to 500 Hz, the vibration attenuation rate is greater than 90%.

Keywords: vibration; negative stiffness; permanent and electromagnet composite vibration isolation;
vibration attenuation rate

1. Introduction

Vibration, which is a critical bottleneck restricting accuracy and performance, runs
through the entire life cycle of weapons and equipment. Additionally, it also seriously af-
fects the reliability of equipment and reduces normal service life [1–4]. In order to decrease
the transmission of vibration and realize the vibration level attenuation of the object to
be isolated, various vibration isolation systems and vibration control technologies have
emerged. In recent years, research of negative stiffness technology has become a focus in
the field of vibration isolation. Saitama University in Japan proposed a three-degrees-of-
freedom modular vibration isolation system based on springs and ferromagnetic materials
which can realize the dynamic adjustment of negative stiffness and has a noticeable vibra-
tion isolation effect on the disturbance of the load [5,6]. The Naval Engineering University
designed a positive and negative stiffness parallel active and passive vibration isolation
controller to be applied to ships. Permanent and electromagnet hybrid actuators are used
in the air spring for significant vibration isolation [7–9].

In order to reduce the damage of external vibration to a certain type of equipment, this
paper studies and designs a new type of permanent and electromagnet composite vibration
isolation system (PECVIS) based on the negative stiffness theory, taking permanent magnets
as negative stiffness components. This system can dynamically adjust the stiffness and
damping of the system to achieve sharp attenuation of external vibration in multiple
frequency bands.

2. Design of PECVIS Based on Negative Stiffness Theory

The stiffness of the traditional vibration isolation device is positive. Hence, there is a
contradiction between the system stiffness, the vibration isolation effect and the carrying
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capacity. What accounts for it is that the greater the force of the positive stiffness element,
the greater the deformation. On the contrary, the negative stiffness element is less than
zero, and the direction of the force increment is opposite to that of the deformation incre-
ment [10–14]. Adding negative stiffness components to the traditional vibration isolation
device can effectively decrease the overall stiffness of the system without damaging the
bearing capacity of the system and efficiently resolve the conflicts of the traditional passive
vibration isolation system, as well as achieve a relatively better low-frequency vibration
isolation effect [15–17]. Therefore, based on the negative stiffness theory, a new type of
PECVIS is designed in this paper. The overall structure of the PECVIS is illustrated in
Figure 1.

Figure 1. The overall structure of the PECVIS.

The mechanical spring provides the support force for the vibration-isolated object
through pre-compression. Under the condition of no current, the vibration-isolated object is
always near the initial balance position by balancing the electromagnetic attraction between
the permanent and electromagnet hybrid actuator and the armature. In the permanent and
electromagnet hybrid actuator, the permanent magnet is mainly used to provide negative
stiffness, reduce or balance the positive stiffness of the system brought by the mechanical
spring and then make the total stiffness of the system reach the quasi-zero-stiffness state
near the balance point. The electromagnet in the permanent and electromagnet hybrid
actuator can change the magnetic field strength of the permanent and electromagnet hybrid
actuator by changing the size and direction of the voltage and current and finally achieve
the goal of dynamically adjusting the electromagnetic attraction. The directions of the
electromagnetic attraction force, support force and gravity have been marked in Figure 1.

The designed PECVIS in this paper can not only reduce the total stiffness of the system
through permanent magnets, but also dynamically adjust the equivalent stiffness and
equivalent damping of the system. Therefore, the designed PECVIS is able to achieve a good
low-frequency vibration isolation effect and broaden the vibration isolation frequency band.

The PECVIS is designed according to modularization, which is divided into two parts:
the passive vibration isolation device and the permanent and electromagnet hybrid actuator.

2.1. Design of Passive Vibration Isolation Device

The selected springs need high strength and good performance so as to meet the
design requirements. Therefore, the equal-pitch cylindrical coil spring is selected, which
can not only simplify the design of the vibration isolation system but can also achieve
excellent passive vibration isolation function. There are four mechanical springs in the
whole vibration isolation system, and their installation positions are shown in Figure 2.
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Figure 2. Installation position of spring and guide rod.

The spring material utilized in this paper is carbon spring steel wire with a grade of
65 Mn, and its specific parameters are shown in Table 1.

Table 1. Spring specific parameters.

Parameter Magnitude Unit

inner diameter of material 5 mm
inner diameter of spring 23 mm

stiffness
damping

86,461
2120

N·m−1

N·s·m−1

2.2. Design of Electromagnet for Permanent and Electromagnet Hybrid Actuator

The electromagnet is the active control module of the permanent and electromagnet
hybrid actuator, as well as the active vibration isolation device. This module changes the
input current of the electromagnet by controlling the voltage of the electromagnet, thus,
changing the magnetic field strength of the permanent and electromagnet hybrid actuator
and achieving the goal of dynamically adjusting the attraction force.

According to experience of electromagnet design and installation, the E-type electro-
magnet has a good spatial structure which is highly in line with the design requirements of
the PECVIS. Therefore, the spatial structure of the electromagnet is designed as an E-type
electromagnet, as shown in Figure 3. Given that the electromagnet faces different vibration
environments and heat problems, the silicon steel disc of model EI-180 is used as the core
and armature of the electromagnet. The enameled copper round wire with low resistance
is made into the coil of the electromagnet. The attraction of the E-type electromagnet is
proportional to the pole area of the iron core. The larger the pole area of the iron core, the
stronger the attraction of the E-type electromagnet. However, due to the requirements of
the installation space of the E-type electromagnet, the pole surface of the middle iron core
is square, that is, the length and width is 60 mm, respectively. The pole surfaces of the
left and right iron cores are the same rectangle, and the length and width are 60 mm and
30 mm, respectively.

The armature is bolted to the bottom of the load platform. The armature is made of
silicon steel discs. The length, width and height of the armature are 180 mm, 60 mm and
30 mm, respectively.
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Figure 3. Structure of permanent and electromagnet hybrid actuator.

2.3. Design of Permanent Magnet for Permanent and Electromagnet Hybrid Actuator

The design of a permanent magnet mainly includes the selection of material, the
geometric parameters and the analysis of the attraction force. Considering the extraordinary
energy density, great coercivity and magnetic energy product of NdFeB materials, the
permanent and electromagnet hybrid actuator designed in this paper selects N35 NdFeB
material. The specific parameters are shown in Table 2.

Table 2. Detailed parameters of permanent magnet.

Parameter Symbol Value

residual magnetic induction Br 1.2 T
coercivity Hc 896 KA/m

relative permeability μr 1.05
maximum magnetic energy product (BH)max 29MGOe

The permanent magnet is assembled on the upper end of the electromagnet core, the
thickness of which directly determines the magnitude of its attraction force. Considering
that lots of factors are often ignored in theoretical calculation, this paper uses the finite
element analysis method to numerically simulate the electromagnetic field of the permanent
and electromagnet hybrid actuator. As shown in Figure 4, a three-dimensional finite
element model is established by Maxwell software, and the attraction force generated by
the permanent magnet is numerically calculated and analyzed. According to the different
thicknesses of the permanent magnets in the permanent and electromagnet hybrid actuator,
the numerical analysis of the force is carried out, and the calculation results are shown in
Table 3. The magnetic flux density of the permanent and electromagnet hybrid actuator is
shown in Figure 5.

Table 3. Attraction force of permanent magnet near working point.

Permanent Magnet
Thickness/mm

Air Gap/mm

9.5 10 10.5

7 465.1 N 430.4 N 399.0 N
8 532.5 N 493.9 N 459.3 N
9 595.4 N 553.1 N 515.6 N
10 652.2 N 608.9 N 567.8 N
11 705.5 N 658.7 N 615.3 N
12 753.2 N 704.2 N 659.3 N
13 797.1 N 747.0 N 699.9 N
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Figure 4. The three-dimensional model of permanent and electromagnet hybrid actuator.

 

Figure 5. Magnetic flux density of permanent and electromagnet hybrid actuator.

The stiffness of the passive vibration isolation device composed of the spring is
ks = 86.461N/mm. As a negative stiffness element, the permanent magnet needs to enable
the whole system to work normally under the circumstances of nearly zero stiffness; so, the
stiffness of the permanent magnet should be approximately −86.461N/mm. This means
that the permanent magnet is required to produce an attraction force of 600 N.

Since the air gap between the permanent magnet and the armature does not vary
significantly, it is considered that the attraction force of the permanent magnet changes
linearly near the working point. Therefore, the stiffness of the permanent magnet can
be calculated between the 9.5 mm and 10.5 mm air gaps. The stiffness of the permanent
magnet is:

km =
Fm10.5 − Fm9.5

Δz
= −84.4N/mm (1)

Based on the above analysis, the optimal thickness of the permanent magnet is deter-
mined to be 10 mm. The overall stiffness of the PECVIS can be approximated as:

k = ks − km = 2.061N/mm (2)

By reasonably designing the size of the permanent magnet, the positive and negative
stiffness near the equilibrium point is roughly equal, and the total stiffness tends to be zero,
reaching a quasi-zero-stiffness state.
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3. Modeling and Nominal Controller Design of PECVIS

In order to dynamically adjust the stiffness and damping of the system, combined
with the dynamic characteristics of the permanent and electromagnet hybrid actuator, the
model of the PECVIS is established, and the nominal controller is designed.

3.1. Modeling of PECVIS

As to the complex electromechanical system of the PECVIS, many factors are ignored
in order to reduce the difficulty of solving problems [18,19]. The magnetic flux leakage and
edge effects are also ignored in this study, and it is considered that the intensity distribution
of the permanent magnetic–electromagnetic hybrid magnetic field is uniform. According to
the theory of the permanent magnet electromagnetic hybrid magnetic field, the equivalent
magnetic circuit of the permanent and electromagnet hybrid actuator is shown in Figure 5.

According to Ohm’s law, the entire circuit satisfies the following relationship:{
Ni + Hczm − Rm1Φ1 − Rm2Φ2 + Hczm = 0
Ni + Hczm − Rm1Φ1 − Rm3Φ3 + Hczm = 0

(3)

In the formula, N. is the number of turns of the electromagnetic coil, i is the current
passing through the coil of the electromagnet, Hc is the coercive force of the NdFeB per-
manent magnet, zm is the thickness of the permanent magnet, and Φ1 is the magnetic flux
of the intermediate magnetic circuit of the E-type electromagnet. In addition, Φ2 and Φ3
are the magnetic fluxes of the left and right magnetic circuits, respectively, Rm1 is the total
magnetic resistance of the middle air gap and permanent magnet, Rm2 is the total magnetic
resistance of the left air gap and permanent magnet and Rm3 is the total magnetic resistance
of the right air gap and permanent magnet.

The magnetic flux of the middle magnetic circuit of the E-type electromagnet is:

Φ1 = 2Φ2 =
(Ni + 2Hczm)μ0μrs1

2(zm + zμr)
(4)

In this formula, μ0 and μr are the vacuum permeability and the relative permeability
of NdFeB permanent magnet respectively, s1 is the magnetic pole area of the middle
permanent magnet and z is the gap between the permanent magnet and the armature.

The magnetic force generated by the permanent and electromagnet hybrid actuator is:

Fm =
Φ2

1
μ0s1

+
Φ2

2
μ0s2

+
Φ2

3
μ0s3

=
(Ni + 2Hczm)

2μ0μ2
r s1

2(zμr + zm)
2 (5)

In the formula, Fm is the magnetic force generated by the permanent and electromagnet
hybrid actuator, s2 is the magnetic pole area of the upper surface of the left permanent
magnet and s3 is the magnetic pole area of the upper surface of the right permanent magnet.

The relationship between the electromagnetic attraction force generated by the perma-
nent and electromagnet hybrid actuator and the current and air gap can also be listed in
the following form:

Fm =
α(βi + 1)2

(z + λ)2 (6)

The specific values of α, β and λ are fitted by the numerical results of the electromag-
netic attraction force. The electromagnetic attraction force generated by the permanent and
electromagnet hybrid actuator under different currents and different air gaps is shown in
Table 4.
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Table 4. Force of permanent and electromagnet hybrid actuator under different currents and air gaps.

Air Gap/mm
Current/A

0 2 4 6

8 813.9 N 899.2 N 988.0 N 1079.5 N
9 701.8 N 775.9 N 853.5 N 934.4 N
10 608.9 N 672.9 N 741.1 N 813.1 N
11 530.2 N 587.7 N 648.4 N 711.1 N
12 464.2 N 515.2 N 569.2 N 625.1 N

According to the above Table 4, the relationship between electromagnetic attraction
force and the gap is as shown in Figure 6.

Figure 6. The relationship between electromagnetic attraction force and gap.

According to the above table, the following is obtained:
α = 131500, β = 0.02574, λ = 4.696
The electromagnet is an inductive element, so the relationship between its voltage and

current is:

u = Ri +
N2μ0μrs1

2(zμr + zm)

di
dt

− N(Ni + 2Hczm)μ0μ2
r s1

2(zμr + zm)
2

dz
dt

(7)

The schematic diagram of the model of the PECVIS is shown in Figure 7. ks and
c represent the stiffness and damping of the spring, respectively, and km represents the
stiffness of the permanent magnet–electromagnetic hybrid actuator, which includes the
negative stiffness caused by the permanent magnet and the variable stiffness caused by
the electromagnet.

Figure 7. Diagrammatic sketch of PECVIS.
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Taking the vertical upward as the positive direction, the external excitation y(t) forces
the vibration-isolated object of the system to vibrate in the vertical direction. x(t) is
the vibration.

The dynamic model of the system can be expressed as:

m
d2x
dt2 = ks(y − x + Δl) + c

(
dy
dt

− dx
dt

)
− mg − Fm (8)

where Δl is the compression amount of the spring at the equilibrium point.
The system parameter values are referred to in Table 5.

Table 5. The system parameters.

Symbolic Numerical Unit

ks 8646.1 N/m
c 2120 Ns/m
m 10 kg
zm 0.01 m
μ0 4π10−7 N/A2

N 378
R 0.62 Ω.

3.2. Design of Nominal Controller

Given that the working point of the PECVIS is stable, and the operating range is
concentrated around the working point, the linear analysis method can be used to analyze
the systems. It is assumed that, when the system is static, the initial distance z0 satisfies:

z = z0 − y + x (9)

Taking the state variables X = [X1 X2 X3] =
[
x

.
x i
]
, the linearized model is:⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

.
X1 = X2
.

X2 =

(
ks
m − 2α(βi0+1)2

m(z0+λ)3

)
(y − X1)

+
c(

.
y−X2)

m − 2αβ(βi0+1)
m(z0+λ)2 X3

.
X3 = 2(z0μr+zm)

N2μ0μrs1
(u − RX3)

(10)

Taking the input variable U =
[
y

.
y u
]
, the output variable of the system is Y = x.

Then, the system model can be represented by the following state-space equation:

.
X =

⎡⎢⎢⎣
0 1 0

− ks
m + 2α(βi0+1)2

m(z0+λ)3 − c
m − 2αβ(βi0+1)

m(z0+λ)2

0 0 − 2(z0μr+zm)
N2μ0μrs1

R

⎤⎥⎥⎦X

+

⎡⎢⎢⎣
0 0 0

ks
m − 2α(βu0+1)2

m(z0+λ)3
c
m 0

0 0 2(z0μr+zm)
N2μ0μrs1

⎤⎥⎥⎦U

(11)

The characteristic polynomial of the PECVIS does not satisfy the Hurwitz stability
criterion. According to the Hartman–Grobman theorem, the system is unstable. Further
analysis of the controllability of the system shows that the controllability matrix rank of the
system is 3, so the PECVIS is completely controllable.

Based on the thought of cascade control, the control algorithm is usually divided
into two parts, including the inner loop (also called the current loop) and the outer loop
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(also called the position loop) [20–22]. When the electromagnet works in the equilibrium
position, due to the small variation range of inductance, its inductance can be considered as
a constant. Therefore, close to the operating point, the transfer function of the relationship
between the voltage and the current of the levitating electromagnet is:

Gi(s) =
i(s)
u(s)

=
1
R

N2μ0μrs1
2R(z0μr+zm)

s + 1
(12)

The transfer functions of the electromagnet voltage and current show that the electro-
magnet is a typical inertial link, and the response speed of the output current seriously lags
behind the changing speed of the input voltage. Therefore, current negative feedback is
introduced in the design of the control algorithm. kc1 is the preamplification factor, and kc2
is the negative feedback coefficient, as shown in Figure 8.

Figure 8. Current negative feedback dynamic structure.

The input voltage before the introduction of current feedback is û, then the voltage
directly acting on the electromagnet is:

u = kc1(û − kc2i) (13)

When the input voltage is a unit step signal, the response curve after introducing the
current loop is as shown in Figure 9.

 

Figure 9. Step response curve of suspended solenoid.

After introducing the current negative feedback, the output current can track the
change of the input voltage in time, and the order of the system is decreased from 3 to 2.
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After the design of the current loop is completed, the design of the position loop adopts the
PID control algorithm:

u(t) = KPe(t) + KI

∫ t

0
e(t)dt + KD

de(t)
dt

(14)

where Kp is the proportional coefficient, KI is the integral coefficient and KD is the dif-
ferential coefficient. In the PECVIS, the e(t) deviation is the displacement x(t) of the
vibration-isolated object in the vertical direction. Initially, the vibration-isolated object is at
the equilibrium point, and its initial value is x0 = 0. Therefore, the PID control law of the
system is:

u(t) = −
(

KPx(t) + KI

∫ t

0
x(t)dt + KD

dx(t)
dt

)
(15)

In summary, after the control law design is completed, it is brought into the PECVIS,
which satisfies:

m d2x
dt2 =

(
ks − 2α(βu0+1)2

(z0+λ)3

)
(y − x) + c

( .
y − .

x
)

+ 2αβ(βu0+1)
m(z0+λ)2

(
KPx + KI

∫ t
0 xdt + KD

dx
dt

) (16)

At this time, the equivalent stiffness and equivalent damping of the PECVIS are:

k̃ = ks − 2α(βu0 + 1)2

(z0 + λ)3 − 2αβKP(βu0 + 1)

m(z0 + λ)2 (17)

c̃ = c − 2αβKD(βu0 + 1)

m(z0 + λ)2 (18)

The PECVIS designed in this paper can realize the dynamic adjustment of the stiffness
and damping of the system by adjusting the three parameters Kp, KI and KD.

4. Active Control Strategy Based on Fuzzy PID Algorithm

In order to realize the vibration attenuation of the isolated object in multi-frequency
bands, it is necessary to complete the dynamic adjustment and control parameter optimiza-
tion of the existing nominal controller. Therefore, this paper adopts the fuzzy PID algorithm,
takes the error e and the error variation ec as the input signals of the input fuzzification
module and uses the fuzzy rules and the defuzzification process to automatically update
the correction values ΔKP, ΔKI and ΔKD in real time. The block diagram of fuzzy PID
controller is shown in in Figure 10.

Figure 10. The block diagram of fuzzy PID controller.

4.1. Determining Input and Output Variables

The vibration system analysis determines e and ec controller output ΔKP, ΔKI and ΔKD
and then the one-to-one mapping relationship with fuzzy domain is established according
to this value range [23–26]. Table 6 is the parameter table of the established fuzzy controller.
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Table 6. Parameter table of the established fuzzy controller.

Fuzzy Variable Basic Domain Fuzzy Domain Mapping Coefficient

e [−0.0025,0.0025] [−1,1] 400
ec [−0.05,0.05] [−1,1] 20

ΔKP [−5000,5000] [−1,1] 0.0002
ΔKI [−10,10] [−1,1] 0.1
ΔKD [−50,50] [−1,1] 0.02

4.2. Select Membership Function

In fuzzy control, the size of input and output variables is usually described by human
experience [27,28]. The three levels of description are usually ‘big’, ‘middle’ and ‘small’,
and the positive and negative direction and zero state are added so there are seven levels to
describe the size of input and output variables in total. Therefore, the fuzzy subset of input
and output variables is taken as ‘positive big (PB)’, ‘positive middle (PM)’, ‘positive small
(PS)’, ‘zero state (ZE)’, ‘negative small (NS)’, ‘negative middle (NM)’ or ‘negative large (NL)’.
Secondly, the input and output variables are fuzzified to determine the membership degree.
In this paper, the Gaussian membership function is used to calculate the membership of
input and output variables, as shown in Figure 11.

Figure 11. Gaussian membership function.

4.3. Fuzzy Reasoning

The fuzzy reasoning process is built on fuzzy rules, and the establishment of fuzzy
rules is based on vibration characteristics. The principle of ΔKP, ΔKI and ΔKD setting is
shown in Tables 7–9.

Table 7. Setting rules of ΔKP.

e
ec

NB NM NS ZE PS PM PB

NB NB NB NM NM NM ZE ZE
NM NB NM NM NM NS ZE PS
NS NM NM NS NS ZE PS PS
ZE NM NS NS ZE PS PS PM
PS NS NS ZE PS PS PM PM
PM NS ZE PS PM PM PM PB
PB ZE ZE PM PM PM PB PB
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Table 8. Setting rules of ΔKI .

e
ec

NB NM NS ZE PS PM PB

NB ZE ZE ZE ZE ZE ZE ZE
NM ZE ZE ZE ZE ZE ZE ZE
NS PS PS PS PS PS PS PS
ZE PS PS PS PS PS PS PS
PS PS PS PS PS PS PS PS
PM ZE ZE ZE ZE ZE ZE ZE
PB ZE ZE ZE ZE ZE ZE ZE

Table 9. Setting rules of ΔKD.

e
ec

NB NM NS ZE PS PM PB

NB NB NB PM PM PS ZE ZE
NM NB NB PM PS PS ZE ZE
NS NB NM PS PS ZE NS NS
ZE NM NS PS ZE NS NS NM
PS NS NS ZE NS NS NM NB
PM ZE ZE NS NS NM NB NB
PB ZE ZE NS NM NM NB NB

4.4. Defuzzification

The maximum membership method and the weighted average method are the most
commonly used defuzzification methods. The weighted average method calculates multiple
membership degrees through a parameter and regards the membership degree as the
weight coefficient multiplied by the value of the degree. The fuzzy domain value of the
output variables is able to become the actual outputs ΔKP, ΔKI and ΔKD. Based on the
above fuzzy PID rules, the active control strategy based on fuzzy PID control is designed.

5. Simulation Verification

The model of the system is built by Simulink, and the designed active control strategy
based on the fuzzy PID algorithm is substituted into the model shown in Figure 12 for
simulation verification.

Figure 12. The Simulink model.

When the external vibration frequency is 20 Hz, 50 Hz, 100 Hz, 200 Hz, 300 Hz and
500 Hz, the results are as presented in Figure 13.
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(a) Vibration frequency 20 Hz  (b) Vibration frequency 50 Hz 

 

(c) Vibration frequency 100 Hz  (d) Vibration frequency 200 Hz 

(e) Vibration frequency 300 Hz  (f) Vibration frequency 500 Hz 

Figure 13. Vibration isolation effect.

As shown in Figure 14, the green curve is the external random vibration, the blue
curve is the isolated object vibration only caused by the passive vibration isolation system
and the red curve is the isolated object of the PECVIS. In order to evaluate the vibration
isolation ability of the PECVIS, the vibration attenuation rate of the system is calculated
with the different external vibration frequencies, as shown in Table 10. The attenuation rate
of the designed PECVIS for a 20–50 Hz external random vibration is greater than 86.5% and,
for a 100–500 Hz external random vibration, is greater than 95%. The simulation results
show that the designed PECVIS achieves a good low-frequency vibration isolation effect
and broadens the vibration isolation frequency band.
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Figure 14. Photograph of PECVIS test platform.

Table 10. Vibration isolation effect of mechanical spring and PECVIS.

External Vibration
Frequency (Hz)

Vibration Attenuation Rate
of Mechanical Spring

Vibration Attenuation Rate
of PECVIS

20 18.02% 86.53%
50 44.83% 91.96%

100 59.45% 95.57%
200 74.55% 97.29%
300 79.59% 97.97%
500 85.84% 98.48%

6. Realization and Testing of PECVIS

A PECVIS test platform is built, which is used to test the vibration isolation effect of
the PECVIS.

6.1. The Construction of the Test Platform of PECVIS

This paper uses the Baseline series real-time target machine from Speedgoat to develop
the controller of the PECVIS.

Considering that the vibration-isolated object is in the process of vibration, the dis-
placement sensor adopts the non-contact TR81 series sensor, and the acceleration sensor
adopts the YA23-type ICP high-sensitivity acceleration sensor. The Sushi DC-600-6 vibra-
tion table is selected as the external vibration source device to carry out the test of the
PECVIS in this paper. The test site is presented in Figure 14.

6.2. Vibration Isolation Tests

In the actual experiment process, the vibration table can only provide a pseudo-
sinusoidal random vibration excitation source at present. For the vibration isolation re-
quirements of multiple frequency bands, the same external vibration frequency setting as
the simulation is used to verify the vibration isolation effect. The vibration table set the
vibration frequency to 20 Hz, 50 Hz, 100 Hz, 200 Hz, 300 Hz and 500 Hz and the maximum
amplitude to 2.5 mm. The vibration isolation effect is illustrated in Figure 15, where the
red and green curves correspond to the vibration acceleration of the isolated object and the
external vibration, respectively.
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(a) Vibration frequency 20 Hz  (b) Vibration frequency 50 Hz 

  
(c) Vibration frequency 100 Hz  (d) Vibration frequency 200 Hz  

  
(e) Vibration frequency 300 Hz  (f) Vibration frequency 500 Hz 

Figure 15. Vibration isolation effect of PECVIS.

The vibration attenuation rate and vibration transmissibility of the system are calcu-
lated with the vibration level difference method to evaluate the vibration isolation ability
of the PECVIS. The vibration attenuation rate and vibration transmissibility of the PECVIS
at frequencies of 20 Hz, 50 Hz, 100 Hz, 200 Hz, 300 Hz and 500 Hz are shown in Table 11.
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Table 11. Vibration attenuation rate and vibration transmission rate.

External Vibration
Frequency/Hz

Vibration Attenuation Rate
Vibration

Transmissibility/dB

20 Hz 83.64% −15.72
50 Hz 90.55% −19.83
100 Hz 91.91% −21.84
200 Hz 92.60% −22.61
300 Hz 93.52% −23.77
500 Hz 95.35% −26.66

7. Conclusions

In this paper, a permanent and electromagnet composite vibration isolation system
is designed based on negative stiffness theory. The mathematical model of the PECVIS is
established, and an active control strategy based on the fuzzy PID algorithm is designed to
dynamically adjust the stiffness and damping of the PECVIS successfully. A test platform
is built to verify the vibration isolation effect. The results indicate that the PECVIS is
able to decrease the transmission of vibration and achieve the attenuation of the vibration
magnitude of the isolated object. The designed vibration isolation system has a vibration
attenuation rate of 83.64% when the external vibration frequency is 20 Hz; the vibration
attenuation rate is 91.91% at 50 Hz; the vibration attenuation rate is 90.55% at 100 Hz; the
vibration attenuation rate is 92.60% at 200 Hz; the vibration attenuation rate is 93.52% at
300 Hz; and the vibration attenuation rate is 95.35% at 500 Hz.

The study demonstrates that the designed PECVIS can not only reduce the total stiff-
ness of the system through permanent magnets, but also dynamically adjust the equivalent
stiffness and equivalent damping of the system. Meanwhile, the designed PECVIS is able to
achieve a good low-frequency vibration isolation effect and broaden the vibration isolation
frequency band.
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Abstract: The Delta robot is a high-speed and high-precision parallel robot. When it is in function,
the end effector generates residual vibration, which reduces the repeat positioning accuracy and
positioning efficiency. The input shaping method has previously been shown to suppress the residual
vibration of the robot, but the vibration suppression effect of the single-modal input shaper is not
good for the delta robot, which has multiple dominant modes for the residual vibration. To solve
this problem, this paper proposes an effective method for residual vibration suppression of Delta
robots based on dual-modal input shaping technology. Firstly, the modal analysis of the Delta robot
is performed using finite element software, and the dominant modal of its residual vibration is
determined. Secondly, six dual-modal input shapers are designed according to the obtained modal
parameters. Finally, Simulink is used for simulation analysis to verify the robustness and vibration
suppression performance of the designed six dual-modal input shapers and traditional single-modal
input shapers. The simulation results show that the designed ZVD-EI dual-modal input shaper has
good robustness, can effectively suppress the residual vibration of the Delta robot, and can effectively
improve the repetitive positioning accuracy and work efficiency of the Delta robot when it is running
at high speed.

Keywords: Delta robot; vibration suppression; modal analysis; multimodal; input shaping

1. Introduction

Parallel robots are widely used in electronics, food, pharmaceuticals, and other indus-
trial applications due to their high speed, high accuracy, and excellent motion performance.
Delta robots are a typical example, first introduced by Clavel [1] in the 1980s. Since then,
researchers have focused on DELTA parallel robots, and many valuable studies have been
proposed [2–5]. However, key components must be lightweight to achieve high-speed mo-
tion, which can lead to residual vibrations at high speeds and reduce the repeatability and
positioning efficiency of the robot’s end effector. Therefore, residual vibration suppression
in Delta robots has become one of the hot topics of research.

At present, research on vibration suppression for Delta robots mainly includes the
use of trajectory planning methods, adaptive robust control methods, and input shaping
methods. In the literature [6], to reduce mechanism vibration and speed fluctuations and
ensure smooth transitions in operation, the feasibility of the real-time path smoothing
method is verified through experiments. In the literature [7], for the requirements of
dynamic pick-and-place high-speed stability of Delta robots, multi-segment polynomial
designs such as 4-3-4, 3-5-3, and 5-3-5 are used to establish a non-linear motion trajectory
planning model, and the optimal solution of trajectory planning is obtained to verify the
effectiveness in controlling mechanism vibration. In the literature [8], a trajectory planning
method is proposed to consider both the motion smoothness and dynamic stress of the
Delta robot. A modified fifth-order b-sample method is used for sensitivity analysis and
normalized time factor optimization, and the results show that this method can improve
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the motion smoothness while reducing the dynamic stress. In the literature [9], an adaptive
robust control method based on a fuzzy dynamics model is established for the Delta robot
with unknown dynamics parameters, residual vibration disturbances, and other factors,
using the uncertainty of the fuzzy description; the uncertainty information is estimated
through an adaptive mechanism; and finally, the effectiveness of the control method is
verified through simulation.

However, the use of trajectory planning methods or adaptive robust control can only
suppress the process vibration of Delta robots to a certain extent when the robot is moving
at high speeds and with high acceleration. To improve the repetitive positioning accuracy
and positioning efficiency of the robot’s end effector, the residual robot vibration must be
effectively suppressed. The input shaping method [10,11] is a commonly used feed-forward-
based vibration suppression method, where the actual input model of the controlled system
is obtained by convolving the input signal with a series of pulse sequences to eliminate
the residual vibrations generated by the system. The method was originally applied to
overhead cranes [12], where the application of input shaping algorithms to the control
system was effective in reducing residual oscillations in the crane boom and improving
efficiency. The technique has now been used in various industrial robots [13,14].

The most fundamental component of input shapers is the ZV (Zero-Vibration) input
shaper. In order to design an effective ZV input shaper, it is usually necessary to derive the
exact intrinsic frequency and damping ratio of the system; however, due to the uncertainties
in modeling and simulation, it is not possible to obtain completely accurate modal parame-
ters, so it is necessary to ensure the robustness of the designed input shaper. Researchers
have proposed different input shapers, such as the ZVD (Zero-Vibration and Derivative)
input shaper and EI (Extra-Insensitive) input shaper, based on the ZV input shaper [15].
In the case of multimodal-dominated systems, multiple unimodal input shapers are used
for convolution to obtain multi-modal input shapers for residual vibration suppression
of multi-modal systems [16–18]. Initially, the input-shaping method was mainly used in
linear constant systems, but its application has gradually been extended to non-linear
systems and has been more extensively studied in residual vibration suppression of parallel
robots [19–21].

The Delta robot is a typical multi-modal dominated non-linear system with residual-
vibration-dominated modal parameters that vary greatly from position to position in the
workspace. This makes the traditional single-modal input shaper described above less
effective in suppressing the residual vibration of the Delta robot. Therefore, an effective
input shaper needs to be designed to provide good robustness and vibration suppression
performance of the Delta robot throughout the working space. Inspired by the existing
results, this paper proposes a dual-modal input shaper-based residual vibration suppression
method for Delta robots based on the multi-dominant modal characteristics of Delta robotic
systems to improve the robustness and residual vibration suppression performance of
conventional single-modal input shapers in Delta robotic applications.

The main contributions of this paper can be summarized as follows:(a) Using ANSYS
modal analysis, the two-order modes that play a dominant role in the residual vibration of
the Delta robot were identified and the modal parameters were obtained for the subsequent
design of the input shaper. (b) The six dual-modal input shapers were designed for the
system characteristics of the Delta robot, and the input shapers were built in Simulink.
(c) The robustness of the six bimodal input shapers was evaluated by simulation because
the dominant modal parameters of the Delta robot vary considerably at different locations
in the workspace. After giving certain error values to the modal parameters, the robustness
and residual vibration suppression performance of the six dual-modal input shapers were
analyzed and it was found that the established ZVD-EI dual-modal input shaper could
guarantee both a short adjustment time and good vibration suppression performance.
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2. Model of the Delta Robot

The 3D model of the 4-DOF Delta robot is shown in Figure 1. This robot is mainly
composed of a fixed platform, a moving platform, an intermediate shaft, three driving arms,
and three driven arms. Each driven arm contains a set of parallelogram branch chains.
Driven by three driving arms, the moving platform can realize high-speed movement of the
X–Y–Z axis. Driven by the motor connected to the intermediate shaft, the end effector under
the moving platform can realize Z-axis rotation. The specific structure of each component
is shown in Figure 2.

Figure 1. Delta robot 3D model.

Figure 2. Notation used in the model of the Delta robot.

3. Elastic Dynamics Modeling and Modal Analysis

The Delta robot is a time-varying system with multiple modals, and its system modal
parameters change according to the position of the robot. In order to design a suitable input
shaper, it is first necessary to establish an elastodynamic model that accurately estimates
the inherent characteristics of the Delta robot and then determine the modal that plays a
dominant role in the residual vibration of the end effector [21].
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3.1. Elastic Dynamic Modeling

Considering that the structure of the Delta robot is complex and there are many joints
and hinges, to accurately estimate the modal parameters of the Delta robot, a 3D model
of the Delta robot is established in Solidworks, and the overall finite element model is
established by using ANSYS software after proper simplification. The geometrical and
dynamic parameters of the Delta robot used in this paper are reported in Tables 1 and 2.
Known system parameters: both the main body of the driving arm and the driven arm are
made of carbon fiber (ρ = 1800 kg/m−3), and the connection part is made of aluminum
alloy (ρ = 2770 kg/m−3). The diameter of the driving arm is 40 mm, the wall thickness
is 5 mm, the diameter of the driven arm is 12 mm, and the wall thickness is 3 mm. The
moving platform and the intermediate shaft are made of aluminum alloy.

Table 1. Geometrical parameters of the Delta robot.

Description Notation Value

Radius of the fixed platform Ri 0.17 m
Radius of the moving

platform ri 0.06 m

Length of the i-th driven arm Lai 0.68 m
Length of the i-th driving arm Lbi 0.26 m
Width of the branch chain of

the i-th driven arm li 0.074 m

Angle of the i-th active joint θi −35◦~75◦

Table 2. Dynamic parameters of the Delta robot.

Description Value

Shear modulus of elasticity of the driving arm
and driven arm 9.0 × 109 N/m2

Young’s modulus of the driving arm and
driven arm 2.3 × 1010 N/m2

Poisson coefficient 0.2
Friction coefficient 0.11

Mass of the i-th driving arm 0.693 kg
Mass of the i-th driven arm 0.175 kg
Mass of moving platform 0.52 kg

Load mass 1 kg

Due to the different positions and attitudes of the Delta robot when it is in function,
its mass matrix and stiffness matrix are also different. To facilitate the modal analysis, a
specific trajectory is selected to analyze the modal changes of the robot. Given the following
trajectory of the end effector, the position points P0, P1, P2, P3, P4, and P5 are selected as
shown in Figure 3. The position coordinates of its position point in the global coordinate
system are given in Table 3. The origin o of the global coordinate system is the center of the
plane formed by the output axes of the three sets of reducers of the robot, where P1P2 and
P4P5 are circular arc segments, and the rest of the trajectories are straight-line segments.
The motion trajectory in Figure 3 is calculated by the quintic polynomial trajectory planning
method, the total length of the motion trajectory is 0.6048 m, and the motion time is 0.25 s.
The position, velocity and acceleration curves of Delta robot in joint space and Cartesian
space can be obtained, as shown in Figure 4.

161



Actuators 2023, 12, 84

Figure 3. Trajectory of the Delta robot.

Table 3. Position coordinates.

Position Point X (mm) Y (mm) Z (mm)

P0 −200 0 −740
P1 −200 0 −710
P2 −182 −9 −670
P3 182 −191 −670
P4 200 −200 −710
P5 200 −200 −780

The simulation steps are as follows:

1. Establish a parametric geometric model of the Delta robot according to actual needs,
as shown in Figure 1.

2. Take the Delta robot model shown in Figure 1 as the verification object, simplify its
geometric model, and import it into ANSYS workbench in the x_t standard format.

3. Import the component features (material and unit type) and connection features (joint
contact type/fixed support) into the finite element software, perform mesh division,
and establish the finite element model of the robot.

3.2. Delta Robot Modal Analysis

When analyzing the elastic dynamics of the Delta robot system, the fixed platform and
the kinematic pair are regarded as rigid elements, and the deformation during the move-
ment is not considered; the driving arm, driven arm, and moving platform are regarded as
flexible elements. Therefore, the Delta robot is meshed in the ANSYS workbench, and the
first six order modals of the center position coordinates of the Delta robot end effector at the
above six position points are calculated. The natural frequencies of each order of the system
are shown in Figure 5. It can be seen that the natural frequency of the robot gradually
increases with the increase in the modal order in any position. Table 4 describes the modal
shape of the robot at each position point. In the first two order modals, the modal shape of
the robot is the torsion of the moving platform along the XY plane. Obviously, the torsion
along the XY plane has the greatest impact on the robot and is most likely to cause the end
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effector vibration. In the design of the input shaper below, the influence of the first two
order modals on the residual vibration of the Delta robot should be considered at the same
time. Therefore, the first two order modes are taken as the dominant modal of the residual
vibration of the Delta robot under this specific trajectory. Figures 6 and 7 show the first two
order modals’ shape contours of each location point.

Figure 4. Physical quantity of the Delta robot under the motion trajectory: (a) position curve of the
robot in the Cartesian space; (b) velocity curve of the robot in the Cartesian space; (c) acceleration
curve of the robot in the Cartesian space; (d) angle curve of the robot in the joint space; (e) angular
velocity curve of the robot in the joint space; (f) angular acceleration curve of the robot in the
joint space.

Figure 5. First six modals of each position point.
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Table 4. Description of point vibration shapes of the robot at each position.

Order Maximum Frequency/Hz Minimum Frequency/Hz Modal Shape Description

1 40.832 38.177 The moving platform is twisted along the XY plane
2 41.963 39.253 The moving platform is twisted along the XY plane

3 43.706 42.871 Deflection of a driven arm chain along its
parallelogram plane

4 43.836 43.208 The deflection deformation of two driven arm chains
along their parallelogram planes

5 44.19 43.813 The deflection deformation of two driven arm chains
perpendicular to their parallelogram plane

6 44.437 44.268
Two driven arm chains deflect along its

parallelogram plane, and one driven arm chain
deflects perpendicularly to its parallelogram plane

Figure 6. First-order modal of each position point: (a) mode shape contour at point P0; (b) mode
shape contour at point P1; (c) mode shape contour at point P2; (d) mode shape contour at point P3;
(e) mode shape contour at point P4; (f) mode shape contour at point P5.

According to the cloud diagram analysis of the first six order modals at each point of
the Delta robot, the deformation is mainly located on the driven arm. This is because the
driven arm is mainly made of carbon fiber material. The driven arm is a slender rod, and
its aspect ratio is the same as that of the driving arm; it is more flexible and is more likely
to cause vibration deformation. Therefore, when optimizing the vibration reduction in the
Delta robot, we should focus on the dynamic characteristics of the driven arm.
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Figure 7. The second-order modal of each position point: (a) mode shape contour at point P0;
(b) mode shape contour at point P1; (c) mode shape contour at point P2; (d) mode shape contour at
point P3; (e) mode shape contour at point P4; (f) mode shape contour at point P5.

4. Design of the Input Shaping Controller

4.1. Principle of Input Shaping Technology

Input shaping is a vibration suppression algorithm. It convolves a group of pulse
signals with the system input signal to obtain the actual input signal of the control system
to avoid unnecessary vibration in the system. The input shaping method is based on the
posicast principle [22,23], that is, sending out the first pulse produces a dynamic response
in the system. After a certain period of time, a second pulse is introduced. If the second
pulse has the correct time and amplitude, it can cancel the response produced by the first
pulse. The principle is shown in Figures 8 and 9. Input shaping is a typical feed-forward
control method, which can be effectively applied to the oscillation suppression of the
system. The frame diagram of the input shaper system is shown in Figure 10. Compared
with the closed-loop vibration suppression method, input shaping does not require real-
time measurement of the vibration deformation of the system [24]. The input shaper only
needs to be designed to identify the natural frequency and damping ratio of the system
and does not require accurate modeling of the system; it is also suitable for complex and
difficult-to-model structures.

However, reference signals for robots typically consist of a reference position, possibly
in conjunction with other reference signals such as the reference velocity, reference torque,
etc. Thus, it is necessary to modify these reference signals such that they will not introduce
vibrations in the system [17].
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Figure 8. Single-modal input shaping control principle.

Figure 9. ZV input shaper impulse response.

Figure 10. Frame diagram of the input shaping system.

The Delta robot can be modeled as an underdamped second-order system with a
transfer function of the load system as

G(S) =
ωn

2

S2 + 2ωnζS + ωn2 (1)

where ωn is the undamped natural frequency, ζ is the damping ratio, and S is the Laplace
operator.

The unit impulse response y(t) of an underdamped second-order system is

y(t) =
ωn√
1 − ζ2

e−ζωnt sin(ωdt) (t ≥ 0) (2)

where ωd = ωn
√

1 − ζ2, ωd is the damping natural frequency.
The input shaper is a set of pulse trains. For a Delta robot, if there is an input shaper

with n pulses, it can be calculated by convolution, which can be expressed in the time
domain as

f (t) =
n

∑
i=1

Aiδ(t − ti) , 0 ≤ ti < ti+1, Ai > 0 (3)
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where δ(t) is the Dirac function (unit impulse function), Ai is the amplitude of the i-th
pulse, and ti is the time of the i-th pulse. After Laplace transformation, the above formula
can be expressed in the frequency domain as

F(S) =
n

∑
i=1

e−tis (4)

To ensure that the amplitude of the gain before and after shaping is the same, determine
the amplitude as

n

∑
i=1

Ai = 1 (5)

When the amplitudes are all positive, that is, Ai > 0, it is said that there is no overshoot
at this time. Shaping controllers are designed to implant time delays into the controlled
system. To improve the response speed, it is necessary to shorten the response time as
much as possible so that the first pulse is realized at zero time; at this time, t1 = 0. If input
shaping control is to be performed, ti > 0 should be set [19].

The input pulse sequence f (t) shaped in the time domain is convolved with the
original unit impulse response y(t), and the model of the obtained response Y(t) after time
t (t > tn) is

Y(t)=
n

∑
i=1

Aiy(t − ti)

=
n

∑
i=1

Ai

[
ωn√
1 − ζ2

e−ζωn(t−ti) sin(ωdt − ωdti)

]
=

ωn√
1 − ζ2

e−ζωnt[A(ωn, ζ) sin(ωdt)−B(ωn, ζ) cos(ωdt)]

=
ωn√
1 − ζ2

e−ζωntC(ωn, ζ) sin(ωdt + γ)

(6)

where
A(ωn, ζ) =

n
∑

i=1
Aieζωnti cos(ωdti)

B(ωn, ζ) =
n
∑

i=1
Aieζωnti sin(ωdti)

C(ωn, ζ) =
√

A(ωn, ζ)2 + B(ωn, ζ)2

tan γ = − B(ωn ,ζ)
A(ωn ,ζ)

(7)

The amplitude ratio of the shaped impulse response Y(t) and the original impulse
response y(t) after tn time is used as the performance index of the input shaping, and the
ratio is called the residual vibration percentage, which is defined as

V(ωn, ζ) = e−ζωntn C(ωn, ζ) (8)

where e−ζωntn represents the introduction of a time delay tn in the shaped response. This
ratio reflects the suppression effect of the residual vibration, and the design goal of the
input shaper is to make V ≈ 0 [13].

4.2. Construction of a Single-Modal Input Shaper

The types of single-modal input shapers mainly include the ZV (Zero-Vibration)
input shaper, ZVD (Zero-Vibration and Derivative) input shaper, and EI (Extra-Insensitive)
input shaper.
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4.2.1. ZV Input Shaper

The ZV input shaper is also known as a dual-pulse input shaper because it becomes
zero residual system vibration when the system’s natural frequency and damping ratio
are accurately calculated. Take n = 2 as the double pulse (ZV) input shaper. The ZV input
shaper shapes the pulse signal into two pulse signals with amplitudes A1 and A2. After the
first pulse signal A1 generates a dynamic response in the system, the second pulse signal
A2 is sent out at interval ΔT. If the two pulse signals are equal in magnitude and opposite
in direction, the signals can be canceled out to achieve vibration suppression. The shaping
process of the ZV shaper under the impulse response is shown in Figure 9.

The ZV input shaper can be described in the time domain as

F(t) = A1δ(t) + A2δ(t − t2) (9)

It can be described in the frequency domain as

F(S) =
2

∑
i=1

Aie−tis (10)

Let Formula (8) be equal to 0, and set the equation system as⎧⎪⎪⎨⎪⎪⎩
A(ωn, ζ) = 0
B(ωn, ζ) = 0

2
∑

i=1
Ai = 1

(11)

The ZV input shaper can be obtained:

ZV =

[
Ai
ti

]
=

[ 1
1+K

K
1+K

0 T
2

]
, (12)

When T is the vibration period, T = 2π/ωd, K = e−πζωn/ωd .

4.2.2. ZVD Input Shaper

In practice, the ZV input shaper has high requirements for the accuracy of mathemat-
ical modeling. In theory, when accurate ωn and ζ are obtained, the ZV input shaper can
completely eliminate the residual vibration. If there are certain uncertain factors in the
working process of the robot that lead to changes in system parameters, the pulse input to
the shaper cannot be completely offset from the pulse of the original signal, resulting in a
poor vibration suppression effect. Then, high-order input shapers can be used, which are
robust to modeling errors [25].

ZVD is an input shaper with three pulse signals, which can be described in the
frequency domain as

F(S) =
3

∑
i=1

Aie−tis (13)

Calculate the partial derivative of A(ωn, ζ) and B(ωn, ζ) at ω = ωn and make it equal
to 0, and set the equation system as⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

∂A(ω,ζ)
∂ω |ωn = 0

∂B(ω,ζ)
∂ω |ωn = 0

A(ωn, ζ) = 0
B(ωn, ζ) = 0

3
∑

i=1
Ai = 1

(14)
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The ZVD shaper can be obtained:

ZVD =

[
Ai
ti

]
=

[
1

D1
2K
D1

K2

D1

0 T
2 T

]
(15)

D1 = 1 + 2K + K2 (16)

ZVD is more robust than the ZV input shaper, but the time delay is half a cycle longer
than the ZV input shaper. As with all input shapers, a trade-off must be made between the
increased robustness and the signal time lag caused by the increased shaper duration.

4.2.3. ZVDD Input Shaper

To further increase the robustness, this process can be repeated with higher-order
derivatives with respect to the frequency, whose second derivative (ZVDD shaper) can be
expressed as

ZVDD =

[
Ai
ti

]
=

[
1

D2
3K
D2

3K2

D2
K3

D2

0 T
2 T T

3

]
(17)

D2 = 1 + 3K + 3K2 + K3 (18)

4.2.4. EI Input Shaper

The input shapers discussed above are all designed under the constraints of the
residual vibration percentage V = 0. However, in actual situations, the natural frequency
and damping ratio of the system cannot be accurately estimated, and it is difficult to obtain
an accurate model, which will lead to poor vibration suppression effects, and the use of
high-order input shapers will double the signal time delay.

If the residual vibration percentage V = 0 is not required but at the system frequency
ω = ωn, V = Vexp

(
Vexp > 0

)
, ∂V(ω,ζ)

∂ω |ωn = 0 . When the system frequency is ω �= ωn,
V = 0. Therefore, the input shaper can guarantee the residual vibration percentage
V ≤ Vexp of the system. Such an input shaper that allows the percentage of residual
vibration to remain below a certain value is called an EI shaper [26]. The EI shaper has
three pulse signals, which can be described in the frequency domain as

F(S) =
3

∑
i=1

Aie−tis (19)

The EI input shaper can be expressed as

EI =
[

Ai
ti

]
=

[
A1 A2 A3
0 t2 T

]
(20)

When the damping ratio is ζ �= 0, the pulse signal Ai and pulse time ti of the EI input
shaper can be expressed as [19]

A1 = 0.2479 + 0.2496Vexp + 0.8001ζ + 1.233Vexpζ + 0.496ζ2 + 3.173Vexpζ2

A3 = 0.2515 + 0.2147Vexp − 0.8325ζ + 1.415Vexpζ + 0.8518ζ2 + 4.9Vexpζ2

A2 = 1 − (A1 + A3)
(21)

t2 = T
(

0.4999 + 0.46159Vexpζ + 4.26169Vexpζ2 + 1.75601Vexpζ3 + 8.57843Vexp
2ζ − 108.644Vexp

2ζ2+336.898Vexp
2ζ3
)

(22)

The EI input shaper has the same signal time delay as the ZVD input shaper, but it
allows a certain percentage of residual vibration, so it is more robust.
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4.3. Simulink Implementation of a Single-Modal Input Shaper

According to the parameters of the required pulse amplitude Ai and pulse time ti
calculated above, the input shapers of ZV, ZVD, ZVDD, and EI are constructed in Simulink
in Figure 11.

Figure 11. Input shaper module.

4.4. Multimodal Input Shaper

When the high-order modal has a great influence on the residual vibration of the
system, the single-modal input shaper cannot effectively suppress the residual vibration
of the multi-modal system, and a multi-modal input shaper is required [27]. Multiple
single-modal input shapers are convolved to form a multi-modal input shaper, which has
the advantage of suppressing the residual vibration generated by multiple modals of the
system at the same time and has good vibration suppression for systems with multiple
modal effects and robustness. The principle of multimodal input shaping is shown in
Figure 12.

Figure 12. Multimodal input shaping control principle.

4.5. Design of a Dual-Modal Input Shaper

According to the modal analysis in the previous section, the first two order modal
vibration shapes of each position point of the Delta robot have a great influence on the
residual vibration of its end effector, and the frequency bandwidth and amplitude of the
two modes are quite different, so the vibration suppression ability of the single-modal
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input shaper to the robot is reduced. Therefore, a dual-modal input shaper is designed
to overcome these drawbacks. The dual-modal input shaper is built by convolving two
single-modal input shapers. For example, the first-order modal of the system is 10 Hz, and
the second-order modal is 15 Hz; the input shaper of each order modal can be described as

ZV =

[
Ai
ti

]
=

[
A1 A2
0 t2

]
(10 Hz shaper) (23)

ZVD =

[
Ai
ti

]
=

[
A1 A2 A3
0 t2 t3

]
(15 Hz shaper) (24)

where the ZV input shaper is used for the first-order modal shaping and the ZVD input
shaper is used for the second-order modal shaping so that the ZV-ZVD dual-mode input
shaper can be established.

Convolve the single-mode input shaper given by Formulas (23) and (24), which
generate a ZV-ZVD shaper, as shown in Formula (25):

ZV − ZVD =

[
Ai
ti

]
=

[
A1 A2 A3 A4
t1 t2 t3 t4

]
(25)

According to the above, this paper establishes six dual-mode input shapers for the
Delta robot system, namely ZV-ZV, ZVD-ZVD, EI-EI, ZV-ZVD, ZV-EI, and ZVD-EI. Since
the ZVDD input shaper response time lag is too high, ZVDD is not used for the design of
the dual-modal input shaper, and it is only used as a reference.

5. Simulation and Analysis

5.1. Design of a Simulink Block Diagram

According to the modal analysis in the third section, the average value of the natural
frequency of the first two modes at each position point is selected to establish the input
shaper; ωn1 = 39.36 and ωn2 = 40.45 can be obtained, and the damping ratio is ζ = 0.05.
Substitute the above parameters into the second-order transfer function of the system
(1). Taking the unit step signal as the input signal of the system, the six dual-mode input
shapers established in the previous section are simulated and analyzed, and the simulation
time is 0.5 s. The block diagram of the dual-mode input shaper is shown in Figure 13. The
simulation results are shown in Figure 14.

It can be seen from Figure 14 that the ZV-ZV dual-modal input shaper has the best
vibration suppression performance, but the ZV-ZV dual-modal input shaper requires
precise system modal parameters. However, the modal parameters of the Delta robot
will change continuously during the movement in the workspace and there will be errors
between the simulation and the actual system, so the robustness of the dual-modal input
shaper is particularly important.

5.2. Robustness Analysis of the Dual-Modal Input Shaper

Robustness is a key index to evaluate the ability of the input shaper to suppress
residual vibration, so the designed dual-modal input shaper can be used in practical
engineering only if it has good robustness. In order to analyze the robustness of each input
shaper, a certain error value is given to the modal parameters in this paper, and then the
vibration suppression performance of each input shaper in the actual work of the Delta
robot is simulated.
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Figure 13. Block diagram construction of dual-modal input shapers.

Figure 14. Unit step response of each dual-mode input shaper.

It can be seen from Figure 15 that all types of dual-modal input shapers can effectively
suppress the residual vibration of the first two order modals. Among them, the ZV-ZV
input shaper has the fastest response speed and no overshoot, but when the system modal
parameter error increases, its residual-vibration-suppression effect gradually becomes
worse, and its robustness is poor, as shown in Figure 15a–d. The EI-EI input shaper can also
have good robustness when the system modal parameter error increases, but at the cost of
increasing the adjustment time. Taken together, the ZVD-EI input shaper can significantly
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reduce the residual vibration of the first two order modals of the Delta robot and it has
good robustness and a short adjustment time.

Figure 15. Unit step response of each dual-modal input shaper when the system modal parameters
have error values: (a) response when the system modal parameter error value is 5%; (b) response
when the system modal parameter error value is 10%; (c) response when the system modal parameter
error value is 15%; (d) response when the system modal parameter error value is 20%.

5.3. Verification of the ZVD-EI Dual-Modal Input Shaper

The natural frequency parameter of the single-modal input shaper in this section is the
average natural frequency of the first-order modal as ωn1= 39.36. According to Figure 5,
it can be seen that the natural frequency difference of the first two order modals of the
Delta robot at each position point does not exceed 10% of the average value. Therefore,
the modal parameter error value is set to 10% for simulation analysis, that is, ωn1= 35.424,
ωn2= 36.405. Taking the unit step signal as the input signal of the system and the simulation
time is 0.5 s, the simulation results are shown in Table 5. It can be seen from Table 5 that
among single-modal input shapers, the ZV input shaper has the largest overshoot, the
longest adjustment time, and the worst robustness; the ZVDD input shaper has the smallest
overshoot but the longest adjustment time. Among the dual-modal input shapers, the
ZVD-ZVD input shaper has the shortest adjustment time but slightly higher overshoot; the
ZVD-EI input shaper has the smallest overshoot, and the adjustment time is similar to the
ZVD-ZVD input shaper. On the whole, the ZVD-EI input shaper has the advantages of
small overshoot and a short adjustment time, and its robustness and vibration suppression
ability are the best.
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Table 5. Performance of each input shaper at 10% error value.

Input Shaper Overshoot/% Adjustment Time/s

ZV 12.66 0.606
ZVD 2.28 0.156

ZVDD 0.04 0.244
EI(V=5%) 2.05 0.166
ZV-ZV 11.33 0.606

ZV-ZVD 11.53 0.682
ZV-EI(V=5%) 12.22 0.687
ZVD-ZVD 1.35 0.156

ZVD-EI(V=5%) 0.16 0.158
EI(V=5%)-EI(V=5%) 3.92 0.170

In order to further verify the superiority of the ZVD-EI dual-modal input shaper,
it is compared with the ZVD single-modal input shaper commonly used in industrial
robot vibration suppression [19–21], and the robustness and vibration suppression effect
of the traditional ZVD single-modal input shaper and the ZVD-EI dual-modal input
shaper proposed in this paper are mainly compared. As shown in Figure 16a, when there
is no modal parameter error value in the system, compared with the traditional ZVD
single-modal input shaper, the adjustment time of the ZVD-EI dual-modal input shaper is
reduced by 24.14% and the amplitude is smaller, which has better vibration suppression
performance. As shown in Figure 16c, when the modal parameter error value is 10%, the
adjustment time of ZVD-EI dual-modal input shaper is 17.2% shorter than that of ZVD
input shaper. With a certain modal parameter error value, compared with the traditional
ZVD input shaper, the ZVD-EI input shaper still has good robustness and residual vibration
suppression performance, as shown in Figure 16b–e.

Figure 16. Unit step response of the ZVD-EI dual-modal input shaper and the ZVD single-modal
input shaper: (a) response when the system modal parameter error value is 0; (b) response when
the system modal parameter error value is 5%; (c) response when the system modal parameter error
value is 10%; (d) response when the system modal parameter error value is 15%; (e) response when
the system modal parameter error value is 20%.
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5.4. Selection Principles of Dual-Modal Input Shapers

For the six dual-modal input shapers established above, the ZVD-EI dual-modal input
shaper is most suitable for application in the Delta robot system established in this paper
and has good robustness and residual vibration suppression performance.

The dual-modal input shaper designed in this paper can also be applied to other
robots with multiple dominant modal and industrial equipment controlled by controllers
and motors. When the vibration frequency band of the first-order modal of the system is
narrow and the vibration frequency band of the second-order modal is wide, the ZV-EI or
ZV-ZVD dual-modal input shaper can be used for residual vibration suppression. When the
vibration frequency band of the first-order modal of the system is wide and the vibration
frequency band of the second-order modal is narrow, the EI-ZV or ZVD-ZV dual-modal
input shaper can be used for residual vibration suppression. Among the above six input
shapers, the ZVD-EI dual-modal input shaper has the best robustness and comprehensive
performance. The ZV-ZV dual-modal input shaper has the shortest adjustment time but
the worst robustness and is suitable for systems where the vibration frequency bands of
each modal of the system are narrow. Therefore, the most suitable dual-modal input shaper
can be selected for residual vibration suppression according to the vibration frequency
bandwidth of each order modal of the system, the expected vibration amplitude, and the
adjustment time.

6. Conclusions

(1) A design method of a dual-modal input shaper was presented to solve the poor effect
of the traditional input shaper on residual vibration suppression caused by the change
of the dynamic characteristics of the Delta robot in its workspace. Through simulation
analysis, it is found that among the six dual-modal input shapers established in this
paper, the ZVD-EI dual-modal input shaper has the best robustness and residual
vibration suppression performance.

(2) The simulation verification in Simulink shows that compared with the traditional
ZVD single-modal input shaper, when the system modal parameters are accurate,
the adjustment time of the ZVD-EI dual-mode input shaper is reduced by about 24%;
when the parameter error value is 10%, the adjustment time of the ZVD-EI dual-modal
input shaper is reduced by about 17%. Compared with other input shapers, the ZVD-
EI dual-modal input shaper has better robustness and comprehensive performance
and can effectively reduce the residual vibration of the Delta robot.

(3) By analyzing the usage principles of the established dual-modal input shaper, different
dual-modal input shapers in different robots and industrial equipment can be selected
for residual vibration suppression according to their system characteristics. In the
future, the ZVD-EI dual-modal input shaper algorithm will be applied to the Delta
robot prototype to further improve its residual vibration suppression performance
and make this method apply better to actual engineering.
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Abstract: The magnetic suspended dual-rotor system (MSDS) has the advantage of a high power
density. The system can be used in high-speed rotating machinery. The major purpose of this study is
to predict the unbalance response of the MSDS considering the nonlinear bearing characteristics of
active magnetic bearings (AMBs). Firstly, the nonlinear bearing model was established by a non-linear
magnetic circuit method (NMCM). The model considers magnetic flux leakage, magnetic saturation,
and working position flotation accurately. Then, the dynamic model of the system was established
by using the finite element method and solved by the Newmark-β method. Finally, the effects of
external load, rotational speeds, and control parameters were studied. Axial trajectory diagrams,
stability zone diagrams, and waterfall diagrams were employed to analyze the dynamic behaviors
of the MSDS. The results indicate that the external load, rotational speeds, and control parameters
have a significant impact on the unbalance response of the system. Super harmonics of rotational
frequencies and their combined frequencies may be excited by heavy load conditions. Appropriate
control parameters can suppress the nonlinear phenomena. The obtained results of this research will
contribute to the design and fault diagnosis of MSDSs.

Keywords: magnetic bearings; nonlinear bearing characteristic; unbalance response; dual-rotor
system; finite element method

1. Introduction

Dual-rotor system is the core component of aeroengines and gas turbines. Active
magnetic bearings (AMBs) have many advantages over conventional bearings, such as
contactless operation, lubrication-free operation, and controllable dynamic bearing proper-
ties [1]. The substitution of AMB for mechanical bearings to support dual-rotor systems,
namely, the magnetic suspended dual-rotor system (MSDS), can improve the power density
of the system [2].

The traditional research on the dynamics of magnetic suspended bearing-rotor system
were mostly based on the linearized AMBs bearing model, in which the nonlinear factors
such as magnetic leakage and the saturation of AMBs were ignored, and the dynamics of
system were studied based on the linearized bearing model near the equilibrium position [1].
However, in the dual rotor system, the load and vibration of the rotor is complex, the
operation state of the rotor will no longer satisfy the assumption of ignoring those nonlinear
factors, and the accurate response of the rotor system cannot be predicted by using the
traditional, linearized AMBs bearing model. Therefore, the dynamics of the AMB rotor
system with nonlinear bearing models of AMBs need to be studied.

Recently, the nonlinear bearing characteristics of AMBs have attracted the attention
of researchers. C. Yu et al. and Cy A et al. considered the effects of magnetic leakage and
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magnetic saturation in hybrid magnetic bearings, respectively, using a dynamic magnetic
circuit model [3,4]. A new mathematical modelling method of studying the suspension force
was proposed by W. Zhang et al. The method is based on an exact segmentation of magnetic
fields and enables the accurate calculation of edge flux and leakage coefficients [5]. Wang
et al. proposed a non-linear magnetic circuit method (NMCM) to establish an analytical
bearing capacity model for AMBs. The model considers the fringe flux, leakage flux, and
the magnetic saturation. Experiments indicate that the accuracy of the model is high for
different air gap lengths and eccentric distances [6]. Based on Wang et al., Wajnert et al.
established an accurate bearing capacity model of hybrid magnetic bearings by using the
NMCM and verified the efficiency of the model with experiments [7]. In general, due to
magnetic leakage and magnetic saturation, the bearing characteristics of magnetic bearings
exhibited significant nonlinearity. Accurate nonlinear bearing models of AMBs can be
established by methods such as the NMCM.

Nonlinear factors can lead to more complex rotor dynamics, which is significantly
different from the dynamic behaviors predicted using simple linearized models. Lu [8],
Wang [9], Zhang [10,11], and Su et al. [12] studied the dynamic response of rotor system
with nonlinear disturbances (e.g., shaft cracks, rotor rubbing, fluid exciting, and base shock).
The results indicate that the system response is significant in the frequency domain, and
many harmonic signals are excited in addition to the rotational frequency. Additionally,
considering the nonlinearity of squeeze film damper and rolling bearing, the resonance char-
acteristics of the system response become significantly different, and operating parameters
such as rotational speed and load can affect the nonlinear behaviors of the system [13–15].
Compared to mechanical bearings, AMBs have different non-linearities, and the introduc-
tion of control laws can lead to richer dynamic behaviors. The nonlinear behaviors with
large air gaps [16], time-varying stiffness [17–19], magnetic flux saturation and current
saturation [20–22] are discussed, and it is shown that the control parameters can affect the
nonlinear dynamic characteristics.

The motivation for this paper is to investigate the unbalance response of an MSDS
considering nonlinear bearing characteristics of AMBs. Firstly, a non-linear bearing model
for an AMB is established, Further, an MSDS dynamics model with a PID controller is
built. Finally, the effects of external loads, rotational speed, and control parameters on the
unbalanced response of the MSDS are analyzed.

2. System Model

A finite element model of an MSDS was designed for the study (Figure 1), where the
dual-rotor system is discretized into nine nodes, including five nodes of the inner rotor and
four nodes of the outer rotor, and the two coaxial rotors interlink through a mechanical
inter-shaft bearing, and the rotors are supported by three AMBs.

Figure 1. Finite element model of the MSDS.

The Finite Element Method was used in this research to build the mathematical model
of the MSDS. In the following research, the MSDS, in which the magnetic flux leakage
and magnetic saturation of AMBs have been ignored and the electromagnetic forces are
regarded as linear forces, is called the conventional MSDS. The opposite one is called the
nonlinear MSDS. The effects of torsional vibration and axial vibration are ignored; only
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the freedom of radial vibration is considered, and the effects of the rotors’ gravity on the
system are not considered. Moreover, the inter-shaft bearing is expressed as a linear spring
and viscous damping. The main parameters of the structure are shown in Table 1.

Table 1. The main parameters of the MSDS.

Physical Parameter Value Physical Parameter Value

Length of inner rotor (m) 0.706 Outside and inside radius of disk 2 (m) 0.125, 0.0125
Length of outer rotor (m) 0.5011 Outside and inside radius of disk 3 (m) 0.125, 0.02

Outside and inside radius of inner rotor (m) 0.0125, 0.0075 Outside and inside radius of disk 4 (m) 0.125, 0.02
Outside and inside radius of outer rotor (m) 0.02, 0.015 Thickness of disk (m) 0.0273

Density of rotating shaft (kg/m3) 7850 Density of disk (kg/m3) 7928.56
Elastic modulus (Pa) 2.1 × 1011 Eccentric distance of disk 2 and disk 4 (m) 6 × 10−5, 5 × 10−5

Poisson’s ratio 0.3 Inter-shaft bearing stiffness (N/m) 1 × 106

Outside and inside radius of disk 1 (m) 0.125, 0.0125 Inter-shaft bearing damping (N·s/m) 100

2.1. Magnetic Bearing Modeling

In this research, an eight-pole AMB with differential drive mode was used, the basic
control loop in the y direction is shown in Figure 2. A PID strategy was applied to the
controller, where Ib and Ic are the bias and control currents of the coil, respectively, and g0
is the air-gap length. The power amplifier Aa = 0.6; the displacement sensor As = 800.

Figure 2. Basic control loop.

To consider the effects of the nonlinear factors on AMBs in this research, electromag-
netic forces were applied to the system as external forces. Therefore, the discussion is
divided into two cases.

(a) The nonlinear electromagnetic force model: Based on the NMCM, which divided
the magnetic field as shown in Figure 3a, the flux areas correspond to the magnetic resis-
tance of the air gap, leakage, yoke, poles, and rotor (corresponding to Rg, Rk, Ry, Rp, and Rr,
respectively). Then, the equivalent magnetic circuit (EMC) for one pole pair was obtained,
as shown in Figure 3b, and the expression for the electromagnetic force in the x direction
was deduced [6]

fx =
cos α

μ0 Ap
(Φ2

1 − Φ2
3) (1)⎧⎨⎩ Φ1 = N(Ib+Ix)Rk

(Rg1+Rg2+Rr)(Rk+Ry+2Rp)+Rk(Ry+2Rp)

Φ3 = N(Ib−Ix)Rk
(Rg3+Rg4+Rr)(Rk+Ry+2Rp)+Rk(Ry+2Rp)

(2)

where, μ0 is the permeability of vacuum; α is the angle between the central lines of the pole
and pole pair, α = π/8; Ap is the sectional area of the stator poles; N is the coil turn; Φ1 and
Φ3 are the magnetic flux crossing the air gaps between the pole pairs and the rotors on the
right and left, respectively.
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(a) (b) 

Figure 3. The nonlinear electromagnetic force modeling process by using NCMC. (a) Magnetic field
division. (b) EMC for one pole pair based on NMCM.

The electromagnetic force can be obtained after calculating each magnetic resistance
value. Therefore, the NMCM was used to model and solve individual reluctances.

The air-gap magnetic resistance model is shown in Figure 4a. According to the
magnetic flux distribution, the air-gap magnetic flux can be divided into edge flux tube,
a, and main flux tube, b. Using a calculation, the permeability of both of them can be
obtained, and Rg can be further calculated. Similarly, the magnetic flux of the leakage
magnetic resistance model can be divided into regions 1, 2, and 3, as shown in Figure 4b.
After calculating the permeability of each region, Rk can be calculated. In the calculation of
Ry, Rp, and Rr, the effects of variation in magnetic permeability of soft magnetic materials
are considered by using a power function to fit the B–H curve. The soft magnetic material
B–H curve fit is shown in Figure 4c.

Figure 4. Each reluctance calculation by using NMCM. (a) The air gap reluctance model; (b) the
leakage reluctance model; (c) the magnetization curve points of soft magnetic materials and their
fitting curve.

The same method can be used to obtain the electromagnetic force in the y direction.
(b) The conventional electromagnetic force model: Factors such as magnetic flux leak-

age and magnetic saturation on the bearing characteristics of AMBs were not considered.
Therefore, in Figure 4, Ry, Rp, Rr, and Rk are ignored, and only the air-gap reluctances exist.
Additionally, the AMB worked in a linear range, and the linearized electromagnetic force
in a certain direction (such as x direction) is given by [23].

fx = kxx + kii (3)⎧⎪⎨⎪⎩
kx = − μ0 Ap N2 I2

b cos α

g3
0

ki =
μ0 Ap N2 Ib cos α

g2
0

(4)
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where, kx and ki are the displacement stiffness and current stiffness of the AMBs, respectively.
Based on Equations (1) and (3), the electromagnetic force of the AMB under conven-

tional and nonlinear conditions can be obtained. For g0 = 2.0 mm, the bearing capacity
curves calculated by the two electromagnetic force models and finite element method (FEM)
are shown in Figure 5.

Figure 5. Bearing capacity curves. (a) e = 0; (b) e = 20%.

In Figure 5, e is the ratio of radial eccentricity to normal air-gap length. The results
of the nonlinear electromagnetic force model and FEM are in good agreement, and these
two results are obviously different from those of the linear electromagnetic force model,
especially when the control current was large.

2.2. Dynamical Equations of the MSDS

In Figure 1, the shaft element is described by the Euler–Bernoulli beam element, which
has four degrees of freedom at each node, including two translations and two rotations.
The generalized displacement vectors of the inner rotor are{

q1i =
{

x1 θy1 x2 θy2 · · · x5 θy5
}T

q2i = {y1 − θx1 y2 − θx2 · · · y5 − θx5}T (5)

where xk and yk (k = 1, 2, ..., 5) denote translations of notes 1–5, while θyk and θxk (k = 1,
2, ..., 5) denote the rotations of nodes 1–5, respectively.

Then, the motion equations of the inner rotor can be expressed as{
Mi

..
q1i + ωi Ji

.
q2i + Kiq1i = 0

Mi
..
q2i − ωi Ji

.
q1i + Kiq2i = 0

(6)

where MI, Ji, and Ki are the mass, polar rotational inertial, and stiffness matrices of the
inner rotor system, respectively, and ωi is the rotation speed of the inner rotor.

Similarly, the motion equations of the outer rotor are{
Mo

..
q1o + ωo Jo

.
q2o + Koq1o = 0

Mo
..
q2o − ωo Jo

.
q1o + Koq2o = 0

(7)

where Mo, Jo, and Ko are the mass, polar rotational inertial, and stiffness matrices of the
outer rotor system, respectively. ωo is the rotation speed of the outer rotor.

Based on the above analysis, the generalized displacement of the dual-rotor system
can be further express as

q = {q1iq1oq2iq2o}T (8)
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Therefore, the motion equations of the system can be expressed as

M
..
q + C

.
q + Kq = F (9)

where M, C, and K are the total mass, damping, and stiffness matrices of the system,
respectively. F is the external incentive force vector.

F = fa + fq (10)

where f a is the electromagnetic force vector; f q is the other external incentives vector. In
addition, the stiffness and damping of the inner-shaft bearing should be added to the
corresponding nodes.

Secondly, the electromagnetic forces of the AMBs should be added to the correspond-
ing nodes.

F = F0 +

⎡⎢⎢⎢⎢⎣
· · ·
fx,k
· · ·
fy,k
· · ·

⎤⎥⎥⎥⎥⎦ (11)

where F is the generalized external force vector after considering the AMBs, F0 is the
generalized external force vector without considering the AMBs, and f x,k and f y,k are the
electromagnetic forces in the x and y directions of the kth node, respectively.

3. Model Validation

Based on the published results in [24], the established dynamic model was verified.
When the AMBs are worked in a linear interval, the nonlinear factors have little influence
on the bearing characteristics, which can be ignored, and the dynamic responses of the two
systems are basically consistent in this moment [17]. A comparison between the numerical
simulation and experimental results in [24] was conducted.

The finite element model of the dual-rotor system in reference is shown in Figure 6.

Figure 6. Yang’s finite element model of the dual-rotor system [24].

According to the dual-rotor structure in the literature [24], mechanical bearings 1, 3,
and 4 were replaced by AMBs, but the other structural parameters of the rotor system re-
main unchanged. The replaced dual-rotor system is an MSDS, and the structure parameters
of the AMBs are shown in Table 2.

To ensure that the bearing characteristics of the system remain unchanged after replace-
ment, the control parameters are KP = 50, KI = 0.001, and KD = 0.027. At ωi = 252.6 rad/s
and ωo = 301.2 rad/s, the unbalanced response of disk 1 in the vertical direction is shown
in Figure 7. By comparing the results in Figure 7, it can be seen that the numerical results
are in good agreement with the experimental results in [18].
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Table 2. Structure parameters of AMBs.

Name Parameters Name Parameters

Theoretical value of maximum bearing
capacity Fmax (N) 500 Inner diameter of the stator D (mm) 50

Theoretical value of saturated magnetic
flux density Bpmax (T) 1.3 The width of the pole WP (mm) 10

g0 (mm) 0.5 The height of the pole h (mm) 23
Coil turn N 172 The width of the stator yoke Wy (mm) 12

Ib (A) 3 Axial length of the stator La (mm) 42

  
(a) (b) (c) 

Figure 7. Displacement response of the dual-rotor system (ωi = 252.6 rad/s; ωo = 301.2 rad/s).
(a) Yang’s experimental result; (b) numerical result of the conventional MSDS; (c) numerical result of
the nonlinear MSDS.

At ωi = 184.1 rad/s and ωo = 276.1 rad/s, a frequency diagram of the unbalance
response of disk 1 in the vertical direction is shown in Figure 8. It can be seen that the
numerical calculated frequency components have a good consistent with the experimental
results [18], except for the amplitude of frequency components, which are mainly related to
the position of unbalance and the initial conditions.

   
(a) (b) (c) 

Figure 8. Displacement response of the dual-rotor system (ωi = 184.1 rad/s; ωo = 276.1 rad/s).
(a) Yang’s experimental result; (b) numerical result of the conventional MSDS; (c) numerical result of
the nonlinear MSDS.

From the above comparison results, the numerical results have a good agreement with
the experimental results, and the dynamic models of the MSDS established in this research
are correct.

4. Unbalance Response Analysis

According to [14], the load has a great influence on the bearing characteristics of AMBs;
when the rotor system is subjected to a large external load, the AMBs will be deviated
from the linear working interval and present strong nonlinear features, then the unbalance
response of the rotor system will also tend to be complex. In this research, the dynamic
characteristics of the nonlinear MSDS in Figure 1 are discussed by applying loads to the
inner and outer rotors’ disks, respectively.
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4.1. The Effect of Load on the System

To explore the effect of inner rotor’s loaded on unbalance response of the nonlinear
MSDS with the control parameters and operation parameters KP = 40, KI = 100, KD = 0.05,
ωi = 200 rad/s, rs = 1.2, and g0 = 2.0 mm, the stable unbalance response was analyzed by
the Newmark-β method.

When the disk 1 was non-loaded, the time-domain response, shaft center trajectory,
and frequency response of the two systems at disk 1 were calculated and are shown in
Figure 9.

   
(a) 

   
(b) 

   
(c) 

Figure 9. Unbalanced responses of the disk 1 (ωi = 200 rad/s, FL = 0 N). (a) Unbalanced response of
the conventional MSDS. (b) Unbalanced response of the nonlinear MSDS. (c) Bearing capacity curves
of AMB 1, AMB 2, and AMB 3.

It can be seen from Figure 9a,b that the unbalance response of those two systems are
basically identical, as there are only rotation frequencies f i and f o in the spectrum diagram.
In Figure 9c, the bearing force of each AMB in the nonlinear MSDS is smaller than that of
the conventional MSDS under the same current.

When disk 1 was loaded with 200 N in the vertical direction, the unbalance responses
of the two systems were calculated and are shown in Figure 10.
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(a) 

  
(b) 

  
(c) 

Figure 10. Unbalanced responses of the disk 1 (ωi = 200 rad/s, FL = 200 N). (a) Unbalanced response
of the conventional MSDS. (b) Unbalanced response of the nonlinear MSDS. (c) Bearing capacity
curves of AMB 1, AMB 2, and AMB 3.

It can be seen from Figure 10 that the unbalance response of the conventional MSDS is
basically unchanged after the load is applied, and only the rotor is not fully returned to the
balance position due to the flexibility of the rotor and the overall stiffness of the system.
Additionally, in the nonlinear MSDS, the vertical current and electromagnetic forces of
AMB 1 increased significantly, and a nonlinear relationship between the electromagnetic
force and the movement of the rotor presented, which lead to significance changes in the
unbalance response of the system. In Figure 10b, it can be seen that not only frequencies
f i and f o appear, but also more combined frequency components appear in the spectrum
diagram of the nonlinear MSDS, whose frequency values can be expressed as mf o ± nf i
(m, n = 0, 1, 2, ...).

Figure 11 shows the shaft center trajectory of the inner rotor in the two systems. It
can be seen that the shaft center trajectory at each node of two systems is also different,
especially near the AMB 1. This phenomenon is also caused by the nonlinear bearing
characteristics of the AMBs.
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(a) (b) 

Figure 11. Shaft center trajectory diagrams of the inner rotor (ωi = 200 rad/s; FL = 200 N). (a) The
conventional MSDS, (b) the nonlinear MSDS.

In addition, Figure 12 shows the current responses of AMB 1 in the vertical direction
when disk 1 was loaded with 200 N. It can be seen that the maximum current value of the
nonlinear MSDS is closer to the system’s designed limit (−3A). Moreover, the amplitude of
current in the nonlinear MSDS is larger than that in the conventional MSDS.

  
(a) (b) 

Figure 12. Current in the vertical direction of the AMB 1 (ωi = 200 rad/s; FL = 200 N). (a) The
conventional MSDS. (b) The nonlinear MSDS.

The waterfall plots of frequency responses of the two systems under different loads
are shown in Figure 13.

   
(a) (b) (c) 

Figure 13. Waterfall plots of frequency responses under different load. (a) At disk 1 of the conven-
tional MSDS. (b) At disk 1 of the nonlinear MSDS. (c) At disk 4 of the nonlinear MSDS.
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In Figure 13a, only rotation frequencies f i and f o are found with the increase in the
load in the conventional MSDS. However, in the nonlinear MSDS, as the load increases, the
nonlinear bearing characteristics of the AMBs become more severe, and some combined
frequency components appear in the system, such as f o – f i, f o + f i, 2f i, and 2f o. Additionally,
the larger the load is, the more combined frequency components that will appear. It can be
seen in Figure 13c that the same situation occurs for disk 4: with the increase in the load,
more combined frequency components appear. The unbalance responses of other disks
also show the same phenomenon as disk 1 does, which are not shown here.

From the above analysis, in the nonlinear MSDS, when the system is attached to a large
external load, the AMBs show clear nonlinear bearing characteristics, and the response
of the dual-rotor system appears to be obviously nonlinear, and the frequency response
components of the system become more complex.

When the outer rotor’s disks are loaded, the responses of the system are similar, which
are not shown in here. Because the response laws of the four disks are similar, only the
response at disk 1 was analyzed in the following research.

4.2. The Effect of Operation Parameters

With the control parameters KP = 40, KI = 100, and KD = 0.05, when rs = 1.2 and
FL = 200 N, the waterfall plots of frequency responses at disk 1 of the two systems under
different rotation speeds were calculated and are shown in Figure 14.

 
(a) (b) 

Figure 14. Waterfall plots of frequency responses of the disk 1 under different rotation speeds. (a) The
conventional MSDS. (b) The nonlinear MSDS.

In the conventional MSDS, only rotation frequencies f i and f o appear in the waterfall
diagram under different rotation speed. However, it can be seen from Figure 14b that other
combined frequency components also appear in the nonlinear MSDS, but the combined
frequency components will not always be excited by the load. When the rotation speed is
in a range from [150, 200] rad/s to [270, 320] rad/s, the vibration of the system increases
and the nonlinear bearing characteristics of the AMBs in this range become more severe;
more combined frequency components appear in the waterfall diagram. The results mean
that the rotation speed and external load have a large influence on the responses of the
MSDSs, and the effect is reflected not only in the frequency components of rotor steady-state
responses, but also in the stability of the system.

With the same control parameters as Figure 14, when rs = 1.2, Figure 15 shows the
stable operation area of the two systems when ωi is [100, 400] rad/s.

It can be seen in Figure 15, the maximum load capacity of the system varies with the
rotation speed, which indicates that the stable operation area of the system is related to the
rotation speed. Moreover, the stable area of the nonlinear MSDS is smaller than that of the
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conventional MSDS under the same operating conditions, which means the stability of the
nonlinear MSDS is worse.

  
(a) (b) 

Figure 15. The stable operation area of the two systems under load conditions. (a) The conventional
MSDS. (b) The nonlinear MSDS.

From above analysis, the nonlinear responses of the MSDS are determined by the exter-
nal load and rotation speed, and only when the amplitude of the vibration responses is large
will the combined frequency components appear. Additionally, the stability of the nonlinear
MSDS is worse than that of the conventional MSDS under the same operating conditions.

4.3. The Effect of Control Parameters

When the structural parameters and operating conditions of the MSDS are determined,
the system response can be changed by adjusting the control parameters. With heavy load
conditions, the effect of the PID control parameters on the system nonlinear unbalance
response is investigated in this section

With the same operating parameters as Figure 14, when KI = 100 and ωi = 200 rad/s,
the frequency response waterfall plots of the system at disk 1 at different KP or KD values
are shown in Figure 16, respectively.

 
(a) (b) 

Figure 16. Waterfall plots of frequency responses of disk1 under different control parameters. (a) KP;
(b) KD.

In Figure 16a, the f o − f i component of the vibration responses is obvious when KP
is small; with the increase in KP, the amplitude of the system increases, more frequency
combined components appear, and the 2f i, f o + f i and 2f o components of the vibration
responses become larger.
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It can be seen from Figure 16b that when KD is small, the vibration suppression ability
of the system is limited and the nonlinear bearing characteristics of AMBs become serious;
the rotation frequencies 2f i and f o + f i are obvious in the waterfall diagram. The response
amplitudes of these frequency components decrease with the increase in KD, meanwhile,
the nonlinear bearing characteristics are minimized.

Therefore, control parameters KP and KD can affect the dramatic level of the non-
linear response characteristics of the system under heavy loads. A larger KP and a smaller
KD induce more combined frequency components and increase the amplitude of the
components, making the unbalance response of the system more complex.

The effect of KI on the system response is mainly reflected in the low-frequency
segment, and it can be ignored in the high-frequency segment; the research results are not
shown here.

5. Conclusions

In this paper, the unbalance response of an MSDS based on the nonlinear bearing
characteristics of AMBs was investigated. A finite element model of the system was built,
and the Newmark-β method was employed to obtain the stable unbalance response of
the system. Accordingly, the time-domain response, shaft center trajectory, and frequency
response of the system with different operation parameters and control parameters were
studied. The results indicated that the external load, speed, and control parameters have
influences on the unbalance response of the system. The specific conclusions are as follows:

(1) Combination frequencies (mf o ± nf i) may exist in the responses of the nonlinear
MSDS under heavy loading conditions, which could excite the nonlinear bearing
characteristics of the AMBs, and the effects of the inner and outer rotors’ disks that
are loaded are basically identical. Moreover, the stability of the nonlinear MSDS is
worse than that of the conventional MSDS under the same operating conditions.

(2) KP has an influence on the amplitude of the nonlinear system; when the amplitude
of the system becomes larger, the unbalance response of the system becomes more
complex, and a small KD will lead to more combination frequencies. The results
obtained in this paper may contribute to the construction of models based on the non-
linear bearing characteristics of AMBs and restraining the negative effect of nonlinear
bearing characteristics on the system.
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