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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 6 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 0 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 CO, 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 ]. 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 um [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.
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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, 6). 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, x,, and y;; the driving forces
provided by the three pairs of differential electromagnets are Fy1, Fx2, and Fy1; the ring-
shaped permanent magnet The provided restoring force is F, (which can be decomposed
into Fex and Fy); frictional resistance fy, fy; frictional resistance torque Mg. Under the action
of these resultant forces (or resultant torque), the moving plate moves to a new equilibrium
position O” (x1, x2, y1). N¢ is the detection point of sensor 1; M, is the detection point
of sensor 2; P, 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.

2ly

2h

¥ P.

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 6, and the signals detected by the sensor are x1, x,, and
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y1. To facilitate modeling, the coordinate system is transformed. It can be known from the
geometric relationship:

x=[(x1+ex1) + (x2 +exp)]/2
Y=y +ey; 1)
0 ~ tanf = (xp — x1)/2ly

where ¢y1, €x3, and ¢y are the influence of the rotation angle 6 on the detected values x1, x5,
and y;.

It can be known from the geometric relationship (as shown in Figure 4).
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Figure 4. Analysis of the influence of the rotation angle on the detection position.

In RtAODNC and RtAODINC’,

lex1| = (lp/sinwaq) - [cos Z(aq + 0) — cos Lay] 2)
In RtAODMC and RtAOD2MC’, the geometric relationship:

lexa| = (lp/sinay) - [cos Z(ag — 0) — cos Zas) 3)
In RtAOPPC and RtAOD3PC’,

ley1| = (la/sinaz) - [cos Z(ag — 0) — cos Zas] 4)

The detection position in the x direction is symmetrical, so a1 = a,. After arranging
Formulas (2)—(4) and bringing them into Formula (1), we obtain:

x=(x1+x)/2+h-(cosf—1)
y=yy+h-(cos®—1)+Isinb ®)
0 = tan® = (xo — x1)/(2lp)

The value of 6 is extremely small, so if cos 6 approaches one and sin 6 approaches zero,
then Formula (5) can be simplified as:

x = (x1+x2)/2
y=un (6)
0= (XZ — xl)/(ZZo)
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The dynamic equation of the actuator is:

m%:Fxl‘i‘FxZ_Fex_fx
my = Fy — Fey — fy @)
JO0 = —Fq-li+Fo-l1 — Mg

where m is mass of moving plate, | 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; 6 is the angle that the moving plate rotates around the
Z axis; Fy1 is the resultant force of the differential electromagnet composed of electromagnet
3 and electromagnet 4; F; 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; Fy is the component force of the restoring
force F, generated by the annular permanent magnet in the X direction; F,, is the component
force of the restoring force F. generated by the annular permanent magnet in the y direction;
fx is the friction force generated in the X direction; f; is the friction force generated in the Y
direction; My is the frictional resistance torque generated around the Z axis; [; is the distance
from the action point of Fy; 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:

2 i2 2 .
F :w~1—03«/\+w-Z—%-iA;(A:Axl;sz;Ay) ®)
(26)°  dg (20)°  dg
where 11 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; J is the magnetic
circuit reluctance coefficient; iy is the bias current of the electromagnet coil; dj is the initial
air gap between the electromagnet and the armature; A is the displacement change detected
by the sensor; i) is control current.
Displacement stiffness coefficient ky and the current stiffness coefficient k; is introduced.
Formula (8) is simplified as:

Fy = ky- A+ ki . i/\;()\ = Axq1,Axy, Ay)
kx:4~”°N2A i . 4. WNPA g ©)

@7 T @) &

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

Therefore, Ax; = —x1, Axy = —xp, Ay = 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 F, is obtained as [42].
The F, can be found in Appendix A.

F. is nonlinear. The k, 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 ¢y = 0, and
the high-order infinitesimal quantities are omitted to obtain:

FE,=ke-e (10)

where k, 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.

mx = —(2ky +ke)x + k;(ix, +ix,) —cx
J6 = ~2loliky6 + Iiki(ix, — ix, ) — cgb
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The Laplace transform of Formula (11) is:

X(s) = ety L (5) + I ()]
Y(s) = mly(s) (12)
6(s) = erraiar [l () — I (5)]

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.

2
Js®+c,s+ 2l 1k,

k.

ms® +cs+ (k, —k,)

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; Ae is position error; r is
reference input; iy is control current; A is system output; 4 is the system interference signal;
W1 is performance weight function; W5 is control function; W3 is robust weight function;

Z1,Zy and Zj are evaluation system output.
The closed-loop transfer functions from r to Ae, i), and A are:

S = AE(s) _ 1
= R(s)  TFCK
R= 38 = g =Ks (13)
A(s

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

function.
The purpose of designing the mixed sensitivity Heo controller is to reasonably select

W1, Wy, and W3, so that Formula (14) meets the requirements.
IW;S WoR WiT|L =7 <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, W; and W3 should have low-pass and high-pass filtering properties, respectively.
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To avoid increasing the actuator order, W; usually takes a constant value. According to the
above analysis, Wy, Wy and W3 are selected as:

Wi(s) =ki/(1+Ts)
Wa(s) = kz (15)
W3(S) = k35(1 + TgS)

where k1, ky, k3, T1, and T3 are the coefficients of the weighting function, respectively.
The values in Table 1 are brought into Formula (10) to calculate k., and the results are

shown in Table 2.

Table 1. Parameters of ring permanent magnets.

System Parameters Symbol Value
Air permeability mo (H/m) 47t x 1077
Relative permeability Ur 1.05
Material remanence B, (T) 1.18
Number of permanent magnets n 2
Permanent magnet thickness 6p (mm) 4
Permanent magnet inner diameter r1 (mm) 15
Permanent magnet outer diameter 7o (mm) 20.5
Permanent magnet axial air gap € (mm) 4
Permanent magnet radial displacement e (mm) O<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 b (mm) 445
The X direction sensor measures the distance Io (mm) 167
from the point to the center 0
The rotational inertia of the moving plate ] (kg~mm2) 0.004972
The magnetic permeability of air mo (H/m) 47t x 1077

Number of coil turns N 128
The cross-sectional area of the magnetic circuit S (mm?) 912
o 1.38

Magnetic circuit reluctance coefficient

X direction damping Cx 10
Y direction damping cy 10
0 direction damping co 10
Initial current ig (A) 1.2
Initial gap dy (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:

_ 296
Gx(8) = Tagos7 105763821
_ 2.96
Gy(8) = 135952 11071758 (16)
_ 0.13
Go(s) = gmomr 107150

The Y direction parameters are selected as k; = 1500, k, = 0.002, k3 = 0.01, 71 = 100,
73 = 0.01, and the calculated y = 0.9338. The controller is:

Gols) = 6.0557e05(s% + 7.145s + 898.9) )
YT (54 0.01)(s2 + 1328.37s + 33057.11)
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The X direction parameters are selected as k; = 1500, k, = 0.0004, k3 = 0.01, 71 = 100,
73 = 0.01, and the calculated v = 0.9186. The controller is:

1.7905e06(s? + 7.145s + 898.9)
(s +876.5)(s + 66.32) (s + 0.01)

Gx(s) = (18)

The 0 direction parameters are selected as k; = 2000, ko = 0.0004, k3 = 0.01, 71 = 100,
73 = 0.01, and the calculated v = 0.8411. The controller is:

Gols) = 6.6604€05(s2 4 2012.32s + 2654.52)
O (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 5(s) and W ~1(s)in the Y direction are
shown in Figure 6a. The amplitude of 7(5(s)) is extremely small in the low-frequency range,
and its maximum amplitude is less than (W7 ~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. 7(T(s)) has a large slope in the high-frequency range, and
its maximum amplitude is smaller than 7(W571(s)) in the whole frequency range, which
satisfies Formula (21). It ensures that high-frequency noise is rapidly attenuated.

F(S(s)) < E(W;l(s)) (20)
F(T(s)) < a(w;l(s)) (21)
0§ 50 ¢
20 0
~ 0 ! o
g 3 -50
(5]
S0 g
E £
5 S -100
S ! s
o | -150
-80 -200
10 10°2 10° 10?2 101 10° 10t 10?2 103 10*
Frequency(Hz) Frequency(Hz)
@) (b)

Figure 6. Amplitude—frequency curve. (a) Amplitude—frequency curve of S(s) and W1~ Ls);
(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 W ~1(s) in the X direction are
shown in Figure 7a. The amplitude of 7(5(s)) is extremely small in the low-frequency range,
and its maximum amplitude is less than c(W; ~!(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. 7(T(s)) has a large slope in the high-frequency range, and
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its maximum amplitude is smaller than 7(W371(s)) in the whole frequency range, which
satisfies Formula (21). It ensures that high-frequency noise is rapidly attenuated.

AN T =T B0 e e o
T(s)
0 Joion on:an mm oo o
o o
A S -50 -
[<F] (3]
3 s
S 5-100 |
= > LN
~
Y
=150 © S
-200
10°* 102 10° 10? 10t 10° 10! 102 10° 10*
Frequency(Hz) Frequency(Hz)
(a) (b)

Figure 7. Amplitude—frequency curve. (a) Amplitude—frequency curve of S(s) and W1~ Ls);
(b) Amplitude-frequency curve of T(s) and W5~ 1(s).

4.1.3. Analysis of the Performance of the 0 Direction Control System

The amplitude—frequency characteristic curves of S(s) and Wy ~1(s) in the 8 direction are
shown in Figure 8a. The amplitude of 7(5(s)) is extremely small in the low-frequency range,
and its maximum amplitude is less than (W7 ~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. 7(T(s)) has a large slope in the high-frequency range, and
its maximum amplitude is smaller than 7(W3~1(s)) in the whole frequency range, which
satisfies Formula (21). It ensures that high-frequency noise is rapidly attenuated.

50

0
o )
) 3
[«5) (5]
g 3 -50 ;
= =
oD o0
[+ [5+]
= >
-100 +
-150
107 102 10° 102 10! 10° 10 102 103 10*
Frequency(Hz) Frequency(Hz)
(a) (b)

Figure 8. Amplitude-frequency curve. (a) Amplitude—frequency curve of S(s) and W;~1(s);
(b) Amplitude—frequency curve of T(s) and W5 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 %b.
The 0 direction simulation: At 0.2 s, a signal of 0.1 mrad is input in the 6 direction. The
system response results are shown in Figure 9c.

014 |
E = = -input signal Ej = = ‘input signal
S output signal | | 012 + € output signal
Y S
g E 0.1 §
= 0.08
5]
éooe
2 0.04
50
0.02
0
. . . . . . . . . -0.02 . . . . . . . . .
01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Time/s Time/s
(a) (b)
0.12
01 L
0.08 - — — “input signal
=2 output signal
E 0.06 |
i)
2
< 0.04 |
0.02 |
0
-0.02 . . . . . . . . .
0 01 02 03 04 05 06 07 08 09 1
Time/s
(c)

Figure 9. Step response. (a) Step response of Y direction; (b) Step response of X direction; (c) Step
response of 8 direction.

The performance indicators of the step response curve (Figure 9) in the Y, X, and 6
directions are shown in Table 3.

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

.. Maximum . .
Direction Overshoot Regulation Time Steady-State Error
Y direction 25.9% 0.37s 0
X direction 19.1% 0.18s 0

0 direction 0 0.22s 0




Actuators 2023, 12,4

12 of 20

0.08 -

| Displacement/ mm
o o o 9o
Q (o] o
N o N D

e

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 0 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.
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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 8 direction with 20%
parameters change.

The performance indicators of the step response curve (Figure 10) in the Y, X, and 6
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.

. . Maximum . .
Direction Overshoot Regulation Time Steady-State Error
Y direction 21% 0.38 s 0
X direction 24.7% 0.19s 0
0 direction 0 0.21s 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 6 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 6 direction.

0.03

0.02 - —

0.01 ¢

Extemnal interference signal/ mm or mrad

-0.01

1 11 12 13 14 15 16 17 18 19 2
Time/s

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 6
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 0 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 8 direction with disturbance.

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

. . Maximum ) .
Direction Overshoot Regulation Time Steady-State Error
Y direction 20% 0.24 s 0
X direction 20% 0.14s 0
0 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 inputin 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.
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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



Actuators 2023, 12,4

16 of 20

direction of 6. This is because the motion of the actuator in both directions X and 6 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.
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Figure 15. Step response of X direction. (a) The position and current signals in the X direction are
shown; (b) The 6 interfering position signal and current signal in the X direction are shown.
When the system is stable, a step signal in the direction of 8 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 6 direction reaches the steady value in 0.29 s.
According to Figure 16b, after we input 6 signal, a fluctuation of 0.059 mm appears in the X
direction. This is because the motion of the actuator in both X and 0 directions is driven by
X direction 2 to the differential electromagnet, and there is coupling.
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Figure 16. Step response. (a) The position and current signals in the 8 direction are shown; (b) The X
direction interfering position signal and current signal in the 0 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 0 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% 0.28s 1.6%
0 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 Regulation Steady-State
Overshoot Time Error
Simulation 25.9% 0.37 s 0
Y direction Experiment 34% 0.38s 0.39%
| Difference value | 8.1% 0.01s 0.39%
Simulation 19.1% 0.18 s 0
X direction Experiment 3.1% 0.28 s 1.60%
| Difference value | 16% 0.10s 1.60%
Simulation 0% 0.22s 0
0 direction Experiment 0% 0.29s 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 0 directions are 8.1%, 16%, and 0%, respectively. The differences in adjustment time are
0.01s,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 6 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 0 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.
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3. When the external pulse disturbance is added to the system, the steady-state values
of Y, X, and 6 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 8, 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.
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Appendix A

F. = {47r poBrndpe(r2 — r2)[mr3(1+ Ve + e2) +2(ry + rz)éz][éln(rz —12)e+1.632(ry +12)(e* +e )]}2
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—r3)e + 1.632u(r1 + 12) (2 + €)] }2;

N

where ¢ is an axial air gap, e is radial displacement, ¢ is the width of the ring permanent
magnet, B, is the remanence of permanent magnet material, # is the number of permanent
magnets, p is the thickness of permanent magnet, y, is the relative permeability of the
magnetic ring, yg is air permeability, r; is the inner radius of the annular permanent magnet,
1y is the outer radius of the ring permanent magnet.

dpge3(r3 — rl){B,ncSWT(r2 — )3 (14€) +2(r1 +12)85] (47 (r3 — 11)e 1 4+ 1.632(r1 + rz)]}z/{{yﬂr(r%
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