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Abstract: H-type motion platform with linear motors is widely used in two-degrees-of-freedom
motion systems, and one-direction dual motors need to be precisely controlled with strict synchro-
nization for high precision performance. In this paper, a synchronous control method based on model
decoupling is proposed. The dynamic model of an H-type air floating motion platform is established
and one direction control using two motors with position dependency coupling is decoupled and
converted into independent position and rotation controls, separately. For the low damping second-
order oscillation system of the rotation control loop, a new fractional order biquad filtering method
is proposed to generate an antiresonance peak to improve the phase and control gain of the open
loop system, which can ensure system stability and quick attenuation for external disturbances. In
the multiple-degree-of-freedom decoupled control loops, a systematic feedback controller design
methodology is proposed to satisfy the given frequency domain design specifications; a feed-forward
control strategy is also applied to compensate the disturbance torque caused by the platform motion.
The simulation and experimental results demonstrate that the proposed synchronization control
method is effective, and achieves better disturbance rejection performance than the existing optimal
cancellation filtering method and biquad filtering method.

Keywords: H-type linear motor air floating motion platform; Dynamic modeling; Synchronous
control; Feed-forward control; Fractional order biquad filter

1. Introduction

H-type air floating motion platform can realize two degrees of freedom large stroke
precise positioning motion and is widely applied in lithography silicon wafer stage, preci-
sion measuring equipment, and laser drilling equipment [1-3]. The platform is directly
driven by the linear motor and supported and guided by the air floating guideway, which
has the advantages of symmetrical structure and large overall stiffness. One direction of
H-type motion platform is driven by a single motor, and the other direction is driven by
double motors, which can provide larger driving force. The position of the double motors
needs to be precisely synchronously controlled, otherwise, the positioning accuracy in two
degrees of freedom cannot be guaranteed, and the poor synchronization accuracy will lead
to a stuck guide rail.

There are several existing synchronization control methods. The parallel control
method is to build two independent control loops with the same reference position, and the
synchronization accuracy of the dual motors is determined by the position tracking accu-
racy of the two loops [4,5]. In the master-slave control method, there are two independent
master and slave loops. The feedback position of the master loop is taken as the reference
position of the slave loop, and the synchronization accuracy is determined by the control
performance of the slave loop [6]. In the cross-coupling control method, a synchronous
error controller is introduced into the parallel control, which generates control signals
with the position difference of the dual motors to realize synchronous control [7-11]. The
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disturbance observer is introduced into the loop to realize synchronous control [12,13]. The
Lagrangian dynamic model of the H-type motion platform is established, which converts
the position of the double motors into the position and angle around the middle point of
the beam for control [14]. In these control methods, the position coupling between the
dual motors connected by the beam of the H-type motion platform is not considered, the
controller is difficult to design, and the system stability cannot be guaranteed [15]. To solve
this problem, a control method based on coordinate decoupling is proposed. According
to the dynamic model of the H-type motion platform, the position of the two motors is
converted into the position and rotation angle at the centroid of the entire component to
realize the position tracking and synchronous error control. The two degrees of freedom
of position and rotation are naturally decoupled, which is conducive to designing the
controller. This decoupling method is used to control the position of the dual motor driven
linear slider, but no moving part is on the beam [15]. The feed-forward control is introduced
to improve the position tracking accuracy based on the decoupled model [16], but the
research on introducing feed-forward control into the rotation control loop to improve the
synchronization accuracy is scarce. Sliding mode control is introduced into the decoupled
three-degrees-of-freedom model to realize the precise contour control of the platform [17].
For the platform with moving parts, the thrust of the double motors is distributed to control
the position at the centroid of the entire component [18]. The movement of the components
on the beam is considered, and the adaptive method is adopted to realize the position and
angle control [19-21].

The rotation model of H-type air floating motion platform is a second-order oscil-
lation system with low damping. There is a resonance peak in the amplitude-frequency
characteristic curve, and the corresponding phase decreases rapidly from 0° to —180°. The
control gain needs to be designed very small to make the gain margin of the system greater
than 0, but the control performance cannot be guaranteed. For the low damping oscillation
system, the tuned mass damping module can be used to increase the damping of the
system [22], so as to attenuate the resonance peak and reduce the phase change speed. The
mass, stiffness, and damping of the module need to be designed according to the original
system parameters. For the system with low frequency mechanical resonance, there are
resonance and antiresonance peaks in the Bode diagram of open-loop transfer function.
The low pass filter, notch filter, and biquad filter are applied to reduce the amplitude at the
resonance peak to improve the gain margin of the system [23]. The matched biquad filter
can completely eliminate the resonance and antiresonance peaks, but it is sensitive to the
changes of plant parameters and the disturbance rejection performance is poor. For the
low damping oscillation system, it is difficult to guarantee the tracking performance and
disturbance rejection performance of the closed-loop system simultaneously.

In this paper, a synchronous control method based on coordinate decoupling with
feedback and feed-forward control is proposed for H-type motion platform, and a fractional
order biquad filter is introduced into the low damping second-order oscillation system to
achieve good tracking and disturbance rejection performance simultaneously.

The main contributions of this paper are as follows, (1) The X, Y, and Rz directions
dynamic models of H-type air floating motion platform are established, and a synchronous
control method based on coordinate decoupling is proposed, which transforms the position
control of the direction with two motors into X position and Rz rotation control, and
the Rz torque feed-forward control based on the established model is also applied to
reduce the synchronization error caused by the platform motion. (2) For the low damping
second-order oscillation system in Rz rotation control, a fractional order biquad filter with
antiresonance peak is proposed, which can ensure the desired tracking and disturbance
rejection performance of the system, simultaneously. (3) A systematic feedback control
design method with the given design specifications are proposed for the X, Y, and Rz control
loops. The optimal order of the fractional order biquad filter is obtained by minimizing the
peak value of the process sensitive transfer function. Simulation and experimental results
show that the proposed control method is effective and can achieve better disturbance
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rejection performance than the existing optimal cancellation filtering method and biquad
filtering method. The difference between this paper and the previous work are: (1) after
decoupling modeling of the air bearing platform, this paper points out the low damping
oscillation characteristics of the rotation control loop, and the existence of the resonance
peak, makes the controller difficult to design. (2) Compared with the cancellation filtering
method, a new non-cancellation filtering method is proposed to realize the synchronization
control, and a fractional order filter is introduced to improve the disturbance rejection
performance of the system. (3) Compared with the existing synchronous feedback control
method, the feed-forward control is added to compensate for the synchronous disturbance
torque caused by the platform motion.

The paper is organized as follows. In Section 2, the dynamic model of the H-type
air floating motion platform is established, and the Rz disturbance torque caused by the
platform motion is modeled. Then the synchronous control method based on model
decoupling is proposed, the feedback and feed-forward controllers in X, Y, and Rz control
loops are designed. In Section 3, the proposed synchronization control method is verified
in simulation and experiment. Conclusions are drawn in Section 4.

2. Materials and Methods
2.1. Dynamic Modeling of H-Type Air Floating Motion Platform

An H-type air floating motion platform is shown in Figure 1. The platform is driven by
two motors in X-direction, and the positions of the X1 and X2 components are measured by
two grating rulers, seperately. X1 and X2 components are connected by the beam, and the
Y component is sheathed on the outside of the beam to realize the X-direction movement.
The Y component is driven by a single linear motor, and the grating ruler measures the
position to realize the Y-direction movement. In the X and Y directions, the air floating
guideway is used for supporting and guiding, which eliminates the friction and provides
the vertical and horizontal stiffness and damping to ensure the overall structural stiffness
of the system. In order to control the platform, it is necessary to obtain the transfer function
of the control plant from the control force to the feedback position. Next, the dynamic
model of the platform is established.

Figure 1. H-type air floating motion platform.

The schematic diagram of H-type motion platform is shown in Figure 2, the XY
coordinate system takes the midpoint of the stroke as the origin, and the system parameters
are shown in Table 1.
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Figure 2. The structure diagram of H-type motion platform.

Table 1. The parameters of the motion platform.

Symbol Value Description
My 54.90 kg Mass of X moving component
My 25.05 kg Mass of Y moving component
m 79.95 kg Mass of the entire moving component
Ixz 7.224 kgm2 The rotational inertia of the X component around the Z-axis at its centroid
Jyz 0.296 kgm2 The rotational inertia of the Y component around the Z-axis at its centroid
5 When the Y component is in the middle of the stroke, the rotational inertia of the entire
Jz0 7.520 kgm moving component around the Z-axis at its centroid
kyg 30.0 x 10° N/m Equivalent stiffness of X horizontal air floating guideway
CxH 1000 Ns/m Equivalent damping of X horizontal air floating guideway
dyy 0.187 m The distance between the action points of X horizontal air floating force along X-direction
kym 17.0 x 10° N/m Equivalent stiffness of Y horizontal air floating guideway
CyH 400 Ns/m Equivalent damping of Y horizontal air floating guideway
di H 0.245 m The distance between the action points of Y horizontal air floating force along Y-direction
dm 1.09 m The distance between X1 and X2 motors along Y-direction
dy 1.012m The distance between X1 and X2 reading heads along Y direction
The distance between the centroid of Y component and the centroid of the entire component
Xye 0.0018 m 1 X directi
along irection
The distance between the centroid of X component and the centroid of the entire component
Xxe —0.001 m o
along X direction
XE,c —0.024 m The distance between Y motor and the centroid of the entire component along X direction
Kpy, 220 N/A X1 motor thrust constant
Kpy, 220N/A X2 motor thrust constant
Kpy 220N/A X-direction thrust constant
Ky 220N/A Rz thrust constant
K fy 230 N/A Y motor thrust constant
T 0.0015s System delay time
Parameters Varying With the Position of Y Component
dp = 3 + 7mx"j_ymv y(t) The distance between X1 motor and the centroid of the entire component along Y direction
— — m:”ﬁy(t) The distance between X2 motor and the centroid of the entire component along Y direction
m, ! The distance between X1 reading head and the centroid of the entire component along
dn =7+ ety Y () Y direction
m, The distance between X2 reading head and the centroid of the entire component along
dp =7 - mx%m,/y(t) Y direction
my The distance between the centroid of X component and the centroid of the entire component

yxC = - mx+myy(t)

along Y direction
The distance between the centroid of Y component and the centroid of the entire component

— My
Yye = wntm, y(t) along Y direction
The Measured Feedback Parameters

y Position measured by Y reading head

X1 Position measured by X1 reading head

b)) Position measured by X2 reading head

Xc Position of the centroid of the entire component along X direction
0 Angle of the entire component around the Z-axis at its centroid
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2.1.1. Y-direction Dynamic Model

As shown in Figure 3, the Y component moves along the Y-direction under the Y motor
force Fy, and its absolute position is y,. The X component moves along the Y-direction
under the Y motor stator reaction force —F;, and its absolute position is yx.

FE_ 3R

I !
Fy — yx!
A -
x”g_‘! Khye | IX

Y ;
g X !

s‘f‘; Yy ¥ | Y 7 Y‘%‘E
|

TIET

Figure 3. Y component moves along Y-direction.

The dynamic equation is:
myj/y(t) = Fy(t) = Ky iy(t — 1), (1)

Ml (£) + dcxny (1) + 4kenyx (b)) = —Fy(b). @

Since the feedback position y is the position of the Y component relative to the beam,
i.e., ¥y = yy — Yx, the transfer function between y and Y motor current i, is obtained:

]/(S) — Kf]/ (Ti’lx +m]/)52+4CXHS+4kXHefTS. (3)

iy(s)  mys?  mys? 4 deeps + 4key

2.1.2. X-direction Dynamic Model

As shown in Figure 4, the entire moving components move along X-direction under
the X motors force, and the position of X component is x,. The Y component moves under
the Y horizontal air floating force Fyy—xm, and its position is xy,.

R
R

%’_{Isz I’fz
i

Figure 4. The platform moves along X-direction.

The dynamic equation is:
myXy(t) = Fxy—xm(t), 4)

M (£) = Fe(£) + Fyrxm(£), ®)

where, Fry—xm(t) = 4eyp (Xx(t) — %y (£)) + 4kyr (x2(t) — x(t)), Fyx—xm is the air floating
reaction force of Y component on beam. Fy, is the X1 motor force, Fy, is the X2 motor force,
and F, is the total force of the two motors,

Fi(t) = Fy,(t) + Fy, (t) = Ky, iz (t—1)+ fo2~ix2(t - 1). (6)
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xc(s)

1

Since the rotation angle of the entire moving component around the Z-axis is small,
the position xy at the centroid of the X component is considered the same as the position x.
at the centroid of the entire moving component, that is, xx ~ x.. The relationship between
x¢ and the measured position x1, x; is as follows,

drz(t)x dn (t)

xc(t) = 7

x2(t). (7)

The transfer function between x. and Fy is obtained from Equations (4) and (5),
dpx1(s) + dxa(s) 1 mys2 +4cyps +4kyy

= )

Fe(s)  dr Kpyy i (8)e™™ + Kpyy iy (S)e™ ™ (mmy +my)s2 12 g2 4 deyps + dkyy

1
=7

Mty

2.1.3. Rz Dynamic Model

According to Figure 4, the entire moving component will rotate around the Z-axis at
the centroid under the X1 and X2 motors force.

]Yzéyz(t) = Txy—xr(t)/ (9)

]Xzéxz(t) + Cdetzéxz(t) + kadtzexz(t) = Tf)(t) + Tyx—xr(t) ’ (10)
where, Ty, is the torque produced by the rotation of X component relative to Y compo-

nent, Tyy—x/(t) = cdeyH2 (éxz(t) — éyz(t)) + kdesz (ze(t) — Hyz(t)), and Ty is the
reaction torque. Tj is the torque of the X1 and X2 motors force on the centroid:

To(t) = Ky, ixy (t—1)dy(t) — foz'in(t —T)-dpma (1), (11)

Although d,,1, d,,» will change with the movement of Y component, they are not in
the control loop and will not be affected by the system delay. 6y, can be regarded as the
angle of the entire moving component around Z-axis, that is, 8, = 0y,. 8, can be calculated
by the two measured positions x; and xp,

x1(t) — xz(f)_

0.(t) = 7

(12)
Since Jy, is smaller than J, in the experimental system, Jy,? can be approximately
0 in the simplified calculation. The transfer function between 6, and Ty can be obtained
as follows,
x1(s)=%(s)

fol Ixp (s)e= ™ dy (s) _foz “ixy (s)e= ™ dya(s)
IY252+CdeyHZS+kdeyH2

+Jy25? (cyrdyH?s + kypd, H?)

(Jx28% + cxpidH?s + kyprdx H2) (Jy252 + cyndy H?s + kypdy H?) }
Jy=82+cyndy H2s+kypdy H

(13)

(]Xzs2 + ]stz + Cdetzs + kadtz) (]stz + Cdeszs + kdesz) }

_]Y252]Y252
1

Jxz52+ ]y 252 +cxpdy H2s+kyprdy H?

2.1.4. The Disturbance Torque Model in Rz from X Moves

According to Figure 4, when the platform moves along the X-direction and the Y
component is not located in the middle of the beam, the air floating reaction force —Fy,—xm
of the Y component on the beam and the inertia force of the X component do not pass
through the centroid of the entire component, resulting in the disturbance torque in Rz.
Assuming that the disturbance torque is T;_,,,, the opposite driving torque —T;_,,, is
introduced into the control loop to act on the X component to remain the angle of the X
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component at 0. When the X component does not rotate, the torque of beam to Y component
is 0 and Y component will not rotate. The dynamic equation of X component is:

- Td—xm(t) + Txl—xm(t) + Tx27xm(t) =0, (14)

where, Tyj_yp, is the torque of inertia force of X component on the centroid of the entire
component, Ty (t) = MxXx(t)-Yxc(t). Tao—xm is the torque of —Fy,—yy on the centroid
of the entire component. Then, the disturbance torque is obtained as,

x1(t) —x2(t)

0.() = == (15)

2.1.5. The Disturbance Torque Model in Rz from Y Moves

According to Figure 3, when the Y component moves along the Y-direction, the
eccentric drive in X-direction will produce the disturbance torque in Rz. Assuming that
the disturbance torque is T;_,,, the opposite driving torque —T;_,, is introduced into the
control loop to act on the X component to remain the angle of the X component at 0. The
dynamic equation of Y component is

]Yzéyz(t) = ylfym(t) + Ty27ym(t) + Ty37ym(t) 4 (16)

where, Tj1_y, is the torque of Y motor force on the centroid of the entire component,
Ty1—ym (t) = Fy(t)x Fye- Tya—ym is the torque of the inertia force of Y component on the centroid

of the entire component, Ty —ym(t) = —myy, (£)xyc. Tyz—ym is the air floating torque of the
beam to Y component, T3y (t) = Cdesz (éxz(t) — éyz(t)) + kdesz (GXZ(t) — Gyz(t)).

Since () = 0, then Tys_y (t) = —cyndy H20y2 (t) — kyridy H?6,2 (t).
After introducing —Tj_,,, the angle of the X component is 0, the dynamic equation of
X component is:

_Tdfym(t) + Txlfym(t) + sz—ym(t) + Tx3—ym(t) =0, (17)

where Ty, is the torque of the Y motor stator reaction force on the centroid of the entire
component, Ty (t) = —Fy(t)xpyc. Ty2—ym is the torque of inertia force of X component
131/(1‘)7113(3(,“52
mys2+dcyys+ak,y
Ty3—ym is the air floating torque of Y component to the beam, Ty3 () = —Ty3—ym(t).

Then the disturbance torque is obtained as,

on the centroid of the entire component, Txz yu(t) = My, (t)Xxe = —

2 2
—_ My S Jyzs
Tdfym (S) - Fy (S)( Mys2+dey gs+4k,y Xxe + ]yZSZ-‘rCde}/HZS-‘rkdeyHZ xFyC+

cyndy H?s+k,pd, H?

(18)
]yZSZ+CdeyHZS+kdeyH2 xyc)

2.2. Synchronous Control Method Based on Model Decoupling

The Y and X directions of H-type motion platform are naturally decoupled and can be
controlled separately. The Y control plant is the transfer function from Y feedback position
to Y control current, as shown in Equation (3).

In the X and Rz direction dynamic modeling, it can be seen from Equations (8) and
(13) that the two measured positions x; and x; are coupled with each other due to the
beam connection. If x; and x; are controlled directly, the transfer functions from iy, to
x1 and from iy, to x2 can not be obtained, and the controller is difficult to design. Since
the X position x. and the Rz angle 6, at the centroid are two naturally decoupled and
independent degrees of freedom, this paper transforms the two positions x; and x;, into
the position x, and the angle 6, for control. It can be seen from Equations (8) and (13)
that the transfer functions from x. to Fy and from 0, to Ty are clear. Based on these, two
controllers can be designed to realize the X position control and the Rz rotation control,
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and the reference angle in Rz loop is 0 to realize the synchronous motion control of the
dual motors.
In order to realize the position and rotation control, the X thrust constant K fx and the

Kfxy

K
Rz thrust constant K¢y are established, and design K¢, = Krg = % According to

Equations (6) and (11), the X force Fy and Rz torque Ty are:
Fx(t) = fol 'ixl (t — T) + fo2'ixz(t — T) = fo-ix(i' — T), (19)

To(t) = fol'ixl (t—1)dy(t) — foz'ixz(t —T)dpa(t) = ng'i@(t —-T) . (20)

The position control signal iy and rotation control signal iy need to be converted into
the control signals iy, and iy, to drive the dual motors.

s fo‘drn2(t+T) Kf(? s
ORI s o [ a
i, () dp | KerdmHD) Ko | | gy |7

? Kfx, Kxy

where the time-varying signals d,,,;; and d,,» are advanced to compensate the delay effect,
so as to ensure that the resultant force of the two motors can pass through the centroid of
the entire component when the Y component moves.

In order to realize the closed-loop control, the two measured positions x1 and x; need
to be converted into the position x, and the angle 6, and fed back to the two control loops,
respectively. According to Equations (7) and (12), the conversion between x, 8, and x1, x»
can be obtained as

0 ]-a[ Y]] @

According to Equations (8), (13) and (19), (20), the X and Rz control plants are ob-
tained as

2
Py =2 o e FRame P 23)
ix(s)  (mx+my)s? i Fify s% +dcyps + 4kyn
0 K
Py(s) = 2 (s) _ f0 (24)

i@(s) (]Xz + ]Yz)sz + CdexHZS +kadxH2'
The control system of the H-type motion platform is established as Figure 5.
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convert i The H-type motion
> Cy, () platform
Ay CTTTTTTTTTTTTTTTT ' ‘
Vi + Iy, i Py
‘ Cp., (5) e’ K, Y component

Figure 5. The block diagram of the platform control system.

2.2.1. Rz Controller Design
Rz Control Plant

It can be seen from Equation (24) that the Rz control plant is a second-order oscillation
system with time delay and it can be transformed into the following equation,

_0:(5) _ Kre —Ts
P9 (S) - ie(S) - ]252+CdeXH2S+kXHd"H2 ¢ (25)
_ K (27foo)? —s

" kepdyH? s2+2§92nfn,es+(2nfn,9)ze
where, J; = Jx: + Jyz = Jxz0 + Jyz0 + mrtimnzyl/zl foo = 2= kaini;HZ’ Co = %- Due to
the low damping of the air floating guideway, there is a resonance peak in its amplitude-
frequency curve, and the phase-frequency curve decreases 180° rapidly near the natural
frequency, then the phase-frequency curve of the open-loop transfer function is prone
to have a —180° phase crossover point. The controller gain should be designed small
enough to ensure that the peak is below 0 dB and the system has gain margin. In the
existing literature, the biquad filter is introduced to eliminate the peaks and troughs in the
open-loop transfer function, which makes the open-loop transfer function smooth, but the
disturbance rejection performance of the system is very poor [23].

A fractional biquad filter [24] is introduced into the system and its transfer function is:

2
frr—biq6” 5% + 201 -biq—627T fir—biq—65 + (Zﬂf nlfbiqff))

fnlfbiqfe2 249 . 2 . 7 2 . 2
s°+ €27b1q79 nfn27b1q79s + nfn27b1q79

Chig—0 = (26)

The difference between this filter and the biquad filter is that an adjustable order r is
introduced into the s term of the denominator polynomial, which can be regarded as the
combination of the second-order differential term and the fractional second-order low-pass
filter [25]. In order to make the fractional second-order low-pass filter meet the standard
form of the second-order low-pass filter, that is, the logarithmic amplitude frequency

1—-r
characteristic at the natural frequency is —3 dB [26], design {5 piq—o = %,
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where f,» piq—¢ is the natural frequency and determined according to the position of
high frequency noise in the Bode diagram of the control plant in the experimental system.
Design {1 piq—9 = (g in the molecular polynomial, there is a trough in Cpiq¢ and its
waveform is the same as the resonance peak of the control plant. Design f,,1 piq—¢ as an
adjustable parameter and f,1 piq—6 < fu—e- The filtered control plant is:

Pyq(s) = Py(s) Cpiq—0(5)
2
_ Kro Fao? S +201 biq-027 fu1—biq—05+ (270 fu1—big—o) )
kadXHz fnlfbiquz 52+2€@227Tfn_95+(27‘[fn_9)2 s (27)

(znfn27biq79)
24202 biq-027 fr2—biq—05" + (27 fuz—biq—6)

—Ts

5 €

and is a combination of the biquad filter and the fractional second-order low-pass filter.
There is a trough and a peak in its amplitude-frequency curve, and the trough is located
on the left side of the peak. Its phase-frequency curve first increases and then decreases at
fn—g and there is no —180° phase crossover point. Therefore, the amplitude of the peak
does not need to be limited below 0 dB, and the system gain can be improved.

Rz Feedback Controller Design

27tfi g
S

The Rz feedback controller is a PI controller, Cp_g = kj, ¢ (1 + ), ky_g is the

controller gain and f;_j is the integration frequency. Under the condition that the order
r of Cpiq—g is given in advance, the system has three adjustable parameters k, ¢, fi ¢
and fy1piq—e, Which can satisfy three frequency domain design specifications. When the
design specifications are gain crossover frequency f., phase margin ¢,,, and gain margin
h, the open-loop transmission function Go(s) = Cpy(s)-Py_q(s) of the system can meet
the following constraints [27,28].

1.  The phase margin at the gain crossover frequency f; is @,.
£Go(j27tfe) = £Cprg(j27fc) + £Po-n(j27Tfc) = =70+ @ - (28)
2. The amplitude at the gain crossover frequency f is 1.
Go(j27tfe)| = |Cpi—o(j27fc) Po-n(27fc)| =1 . (29)
3. The phase at the phase crossover frequency fy is —7t.
LGo(j27tfx) = LCprg(j270fx) + £LPy-n(27fx) = —7T. (30)

4. The gain margin at the phase crossover frequency fy is hy.

hm

|Go(j27fx)| = |Cpr-g(j27tfx) Po—q (j27fx)| = 10~ 2. (1)
From Equation (28), we can obtain,
fiig = —fctan(om — Ayp). (32)

where, Ay = Zcbiq_g (j27ffc) + ZPy (j27rfc) .
From Equation (29), we can obtain,

ko= Jo (33)

o= -
Bg-/ fi—o® + fc?

where, By = |Chiq_g(j27fc)| | Po(j27tfc)| -
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From Equation (30), we can obtain,

fi*@ = fx tal’l(Dg). (34)

where, D@ = LCbiq,g(jZfo) + 4P9 (j27rfx) .
From Equation (31), we can obtain,

_
kp_o = _ A0 (35)

o= .
Eg-/fi—o® + fx?

where, Eg = |Chiq_o(j27fx) ‘ |Pp(j27fy)| -
By substituting Equation (32) into (33), the explicit expression of k,, ¢ with respect to
fn1-biq—6 can be obtained,

1
kp—g = . (36)
Bg'\/tanz((pm —Ag) +1

By substituting Equation (32) into (33), the equation of fy and f;;1 piq¢ can be obtained,

frtan(Dyg) = —fctan(@n — Ag). (37)

By substituting Equations (32) and (36) into (35), the other equation of fy and f;1 piq—¢
can be obtained,
hm
1 10~ 20
_ f107 A . (38)
Bg-\/tan2((pm—A9)+1 E9~\/(fctan(g0m*A9))2+fx2

It is difficult to obtain the analytical solutions of f, and fnl_biq_g as Equations (37)
and (38) are complicated. Graphical methods can be used to find the intersection of two
equations, and the implicit plots function “ezplot” in MATLAB can be used to draw the
curves of the two equations to find the intersection, that is, the solution of the equations.
Then, fx and f;,1_piq—¢ can be obtained. f;_g can be obtained by substituting f;;1piq—g into
Equation (32). k;,_g can be obtained by substituting f,;1 piq—¢ into Equation (36). To sum
up, ky_g, fi—g, and fy1 piq—e can be determined.

Rz Feed-Forward Controller Design

In order to realize the synchronous movement of the X-direction double motors, the
Rz reference input is 0. It is unnecessary to introduce the feed-forward control with input
compensation. According to Sections 2.1.4 and 2.1.5, when the platform moves along the
X and Y directions, the Rz will be affected by the disturbance torque, the feed-forward
control with disturbance compensation can be introduced to reduce the angle error, and
the feed-forward torque model is opposite to the disturbance torque model.

When the platform moves along the Y-direction, the disturbance torque model is
shown in Equation (18), in which the feed-forward force F, can be obtained by Equation (3),
then the feed-forward controller is designed as,

2
4c,ps+4k 2,Ts
Caee_. a(s) = 1 MyS”+4CyH xH m, s%eTs.
dff—ym 0(s) Kro (my+my)s2+dceps+akey y
2 2
My S ]YZS
mx52+4cst+4ka Xxe + ]Y252+CdeyH25+kdesz xF]/C
CdeyHZS+kdeyH2 x
]YZSZ-‘rCdeyHZS-‘rkdeyHZ ye

(39)
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The feed-forward current signal to be introduced into the Rz control loop is

. _ _ 1 mxsz+4cst+4ka Ts
13ff— _plS) = _ _o\S) = &7 myaye-”-
dff—ym 9( ) ]/refcdff ym 9( ) Ko (mx+m}/)sz+4cxﬂs+4kxﬂ ¥y
2 2
MyS Jyzs
mxsz+4cst+4ka Xxe + ]yZSZ+CdeyHZS+kdeyH2 xFyC (40)
CdeyHZS+kdeyH2

X
IYZSZ+CdeyH25+kdeyH2 ye

When the platform moves along the X-direction, the disturbance torque is shown in
Equation (15). In order to compensate for the time-delay in the system, the feed-forward
compensation torque can be calculated by the route planned in advance in the XY direction,
and the feed-forward controller is designed as,

1 My, *st

_ 1 TS 41
Kyg (1mys? + 4cyps + 4kyH) (my + my) ¢ (41)

Cdff—xm—@(s)

The feed-forward current signal to be introduced into the Rz control loop is:

idff—xm—é’ (S) = xref]/refcdff—xm—e gsz)

_ 1 Mxhty”S TS . LTSN
= Ko (mys2+acyms+aky) (mxtmy) (ax(s) ™) (Yret(s)-€™)

(42)

2.2.2. X and Y Controller Design

It can be seen from Equation (22) that the X control plant is a Resonance-Antiresonance
model [29] with time delay and it can be transformed into the following equation,

P o xg(s) - fo my52+4CyH5+4kyH —Ts
X(S) T ix(s) T (m +m )sz MY 244 4k
X Y mx+m1js + CVHS+ yH , (43)
_ 1 frfx2 52+2€ar—x277far—x5+(27Tfar—x)2 e*TS
kxs? far—x? 2420, 227 fr x5+ (27 frx)?
1 [ Cyn 1 [k (matmy) (mymy )

Where; farfx =7 "y’ éarfx - \/WI frfx =7 iy ’ garfy = C]/H kymemy s

ky = mgmy . The biquad filter is introduced in the control loop to match and cancel the

. ’17i7X22+27i7X2 nfifx+2 nfifx2
resonance and antiresonance term, Cpiq—» = fuz big zs G1ig-<270fn biq x5+ (2701 _big )2
f}‘ll*blq*X 52+2€27biq—x2nfn27biqfxs+(27Tfn27biqfx)
and design fnlfbiqfx = fr—x lebiqfx = Cr—x, fanbiqfx = far—x and ngbiqfx = Car—x-
The second-order low-pass filter is introduced in the loop to suppress the high-frequency
2
(27Tfn—lp273()
52+2glp2—x2ﬂfn—lp27xs+(27Tfn—lp27x)
according to the position of high frequency noise in the experimental system. The filtered
control plant is

noise, Cipp—x =

7, Qp2—x = 0.707 and f;, 12 is determined

1 (znfn—IPZ—x)z

kys2 9 2
5% + 2€1p27x27-[fn71p27x5 + (znfnflp27x)

Pe_q(s) = e ™, (44)

The X feedback controller is the PID controller, Cpip—x = kp—x (1 + ZNJS(J + zn;d—x .
kp—x is the controller gain, f;_, is the integration frequency, and f;_, is the differential
frequency. Since there are three control parameters, the open-loop transfer function of
the system can meet three design specifications. When the design specifications are gain
crossover frequency f., phase margin ¢,;, and gain margin /,,, the calculation method of
control parameters in X-direction is shown in the Appendix A..

The system implements the point-to-point motion in X-direction and the reference
position x,¢ is a fourth-order planning path. The feed-forward control with input com-
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pensation is introduced to improve the position tracking accuracy, and the feed-forward
controller is the inverse model of the X control plant,

Mxiity 2
mx+mys + 4CyHS + 4kyH My + 1my 2,78

mys? 4 dcy s + 4kyp Ky

Cir—x(s) = (45)

The feed-forward current signal of X loop can be calculated by using the acceleration
signal planned in advance [30].

myy 9
merleS + 4CyH5 + 4kyH My + my

mys? + deygs + 4kyy Kyx

it x(S) = XrefCer_x(5) = Arefe™. (46)

It can be seen from Equation (3) that the Y control plant Py is the same as Py in form
and it can be transformed into the following equation,

Py (s) y(s)  Kpy (metmy)s?+acoys+akey g
Y T ay(s) T omys? mys?+doxps+aken -
2 .
1 feP 52+2§ar,y27rfar,ys+(anar,y o TS (47)
2
ar—y 52+2Cr*y2ﬂfrf}/5+(2n’fr—y)

N—

2
kys

where, far—y = %\/ mkxfl-’!ny, gar—y = \/ﬁ; fr—y = %\/%/ gar—y = ﬁr
ky = 12% Then the biquad filter and second-order low-pass filter are used for filtering, and
the Y feedback controller is the PID controller. Under the same design specifications, the
feedback control parameters can be determined according to the design method in the
Appendix A.. The feed-forward control with input compensation is introduced into the Y
loop, and the feed-forward controller is:

mxsz + 4cyys + dkyy ﬂsz s
My + 1my)s? + 4c,ps + 4k Kyy

Cit—y(s) = ( (48)

The feed-forward current signal can be calculated by using the acceleration signal
planned in advance.

M52 + 4c s + Ak My
My + my)s% + 4cyps + 4o Ky

ity (5) = YretCri—y () = ( Arefe". (49)

3. Results
3.1. Simulation Illustration

In this section, Sim-Mechanics is used to build the mechanical model of an H-type
motion platform to verify the proposed synchronization control method. Sim-Mechanics
is a mechanical simulation module in MATLAB Simulink. It can establish the rigid body
model of the mechanical system to realize electromechanical co-simulation with the control
module in Simulink. The simulation runs in a Simulink environment with a fixed step
size. In order to show the advantages of the proposed method in disturbance rejection
performance, the control effect of the proposed mismatched filtering method is compared
with the matched filtering method in the literature. The control effect of the proposed
fractional order biquad filter method is compared with that of the integer order biquad
filter method to show the advantage of the fractional order filter.

As shown in Figure 6, the mechanical model is constructed according to the exper-
imental parameters in Table 1, and the control system is built in Simulink. The control
period is 5.0 x 10™*s.
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Figure 6. The Sim-Mechanics mechanical model in the simulation.

3.1.1. Simulation of Feedback Control Effect

The Bode diagram of the Rz control plant is shown in Figure 7; there is a resonance
peak in the amplitude-frequency characteristic curve, and the phase decreases rapidly from
0° to —180° at the resonance frequency. When the Y component is located in the middle
and one side of the beam, the plants are shown as the black and blue line, respectively. The
frequency of the resonance peak of the blue line is 1 Hz lower than the black line, because
when the Y component deviates from the middle position, the rotational inertia of the
entire moving component increases.

-100 T
= N
i
3

60 62 64
Z-150 -
)
§ — Rz plant Ypos=0.0m
— Rz plant Ypos=0.12m
-200 i : . ;
180

E;
=
o Or
) ﬁ
<
(=W

-1 80 1 1 1 1

10° 10! 107 10°
Frequency [Hz]

Figure 7. The Bode diagram of the Rz control plant in the simulation.

The design specifications are f. = 10 Hz, ¢, = 82°, and h,;, = 10 dB. Design fnz_biq_g
= 300 Hz. The control parameters are calculated based on the control plant when the Y
component is in the middle position. With the order r = 1, the parameters k, ¢, f; o, and
fnl_biq_g are calculated according to the method described in Rz Control Plant. As shown
in Figure 8a, the values of fy and f;,1 piq— can be obtained from the the intersection point of
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Equations (37) and (38), fx =109.935 Hz and f;;1 piq—¢ =38.659 Hz. f;1 piq-s is substituted
into Equation (32) to get f; g =808.683 Hz. f,;1 piq_¢ is substituted into Equation (36) to
get k,_g =75545.3. The parameters of Rz feedback controller are determined. On this
basis, in order to obtain the maximum amplitude of the process sensitive transfer function
Gps—o = Py/(1+ Go), the frequency fpsm at the peak point of Gps_¢ should be calculated.
Since the derivative of |Gp5_9| at fpsm is zero, the equation about fpsm can be obtained
as Equation (50). As shown in Figure 8b, the value of f,sm can be obtained from the
intersection point of Equation (50) and 0 axis, fpsm = 70.504 Hz. Then the logarithmic
amplitude at the peak point can be obtained as Gpsm ¢ = -121.43 dB.

| Gps—q|
s—0
P =0. (50)
af
f :f psm
-8
120 T T 510 i
f, versus ,l.ll»lm]»(/ by Equation (38) Equation (50) of f
. psm
/\ Versus, /nlrlww by Equation (37) 0
2
s
g0
g
o
L L L 5 .
30 35 40 45 50 65 70 75
'fnl»biq-H (Hz] G)sm [He]

(a) (b)

Figure 8. fx, fu1 piq—¢, and fpsm are determined by graphical method. (a) fx versus fu1 piq—¢;
(b) The solution of the equation of fpsm.

The control parameters and the peak value of the process sensitive transfer function
are calculated under different orders, and the results are shown in Table 2. For comparison,
when the order r = 1, f1 piq—¢ is designed to match the natural frequency f, 4 of the
control plant based on the method of the literature, the process sensitive transfer function
gets the peak value at f,,_g, and the data is in the last row of the table. It can be seen that
the system has the best disturbance rejection performance when the order is 0.7. Compared
with the fixed integer order biquad filter, the introduction of fractional order provides
another degree of freedom for parameter tuning, and the order can be selected to achieve
better disturbance rejection performance. Figure 9 are the Bode diagrams of the open-loop,
close-loop, and process sensitive transfer functions of the theoretical continuous model with
r=10andr=07 and r = 1.0, fy1 biq—6 = fu—e, the solid line is the Sim-Mechanics model
and the dashed line is the theoretical model. There are errors between the simulated model
and the theoretical open-loop Bode diagrams. The specification errors of the proposed
method with ¥ = 1.0 and r = 0.7 are shown in Table 3 and the design specifications of Rz
simulated model are satisfied. The reasons for the error are analyzed as follows: (1) The
discretization of the continuous model results in errors. In the theoretical model, the
controller parameters are calculated and the open-loop Bode diagram is drawn based on
the continuous dynamic model and feedback controller model. In the simulated model,
the control plant is the discretized model after zero-order-hold discretization, the feedback
controller is the discretized model after Tustin discretization, and the fractional term s”
is discretized by the impulse response invariant discretization method. There are errors
between the Bode diagrams of continuous and discretized models. (2) The existence of
unmodeled factors in the control plant will also cause errors. In the mechanical model of
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simulation, the force acting point of the Y motor does not coincide with its centroid along
the X and Z directions, which leads to eccentric driving and causes antiresonance and
resonance peaks in the high frequency part. This factor is not considered in the Y-direction
theoretical dynamic model, which leads to the deviation of the high frequency part of the
open-loop Bode diagram between the simulated and theoretical model. In the X and Rz
directions, the force acting point of the X motor does not coincide with the centroid of X
moving component along Y and Z directions, which leads to the error of the simulated and

theoretical model.

Table 2. Calculation results of the control parameters.

r kp_g fi_e (HZ) fnl-biq-e (HZ) Gpsm-0 (dB)
1.0 75,545.300 808.683 38.659 —121.430
0.8 324,727.973 199.790 32.481 —127.462
0.7 494,237.255 135.381 32.382 —128.250
0.6 681,282.334 101.793 34.039 —127.392
1.0 75,545.300 808.683 Fl—biq—6 = fuo ~99.270

Rz simulated Gel f
Rz simulated Gel proposed method 7= 1.0
Rz simulated Gel proposed method » = 0.7
L L

/

nl-bigf 7 n-d
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= 0 9.996 =
3 & 3
£ ——— Resimulated Gof, =, Z-30r
§0 . ical Gof, =1, Eﬂ
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p= Rz theoretical Go proposed method 7 = 1.0 =
Rz simulated Go proposed method = 0.7 60 F
------- Rz theoretical Go proposed pethod = 0.7
180 180
o8 o8
() Q
=, =,
(5] 0 [ © 0 L
2 2
< <
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-180 I 179,944 79923 1] -180 I
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(©)

Figure 9. Rz open-loop, close-loop, and process sensitive Bode diagram in the simulation. (a) The open-loop Bode diagram;
(b) The close-loop Bode diagram; (c) The process sensitive Bode diagram.
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Table 3. The specification error between the Rz simulated and theoretical open-loop Bode diagrams.

r Specification Theoretical Model Simulated Model Absolute Error
Gain crossover 10.254 Hz, 10.254 Hz 0.0
10 frequency
’ Phase margin 81.799° 81.843° 0.044°
Gain margin 9.990 dB 10.108 dB 0.118 dB
Gain crossover 10.254 Hz 10.254 Hz 0.0
07 frequency
' Phase margin 81.855° 82.006° 0.151°
Gain margin 9.996 dB 10.024 dB 0.028 dB

In the control method of the literature, f;1 piq-6 = fu—g, the trough in the filter and
the peak in the plant match and cancel each other. As shown in Figure 9a, the amplitude-
frequency and phase-frequency curves of the open-loop transfer function are smooth, and
the system has enough gain margin and phase margin to ensure stability. As shown in
Figure 9c, there is a peak in the process sensitive transfer function at the peak frequency of
the plant. The reason is that Gps_g is the combination of the plant Py and the sensitivity
transfer function Gg_y = 1/ (1 + Gy ). Since there is a peak in Py, and G, is a smooth curve
and 1 + G, is also a smooth curve, there will be a peak in the combination of Py and Gg_,
and the attenuation ability of the system to the disturbance input in front of the control
plant is weak, so the system has poor disturbance rejection performance.

In the proposed Rz control method, as shown in Figure 9a, the open-loop amplitude
frequency curve is not smooth due to the existence of trough and peak. The troughs are on
the left side of the peak and there are three 0 dB gain crossover points, but the phase near
the natural frequency of the plant is greatly improved. Under the design specifications,
the phase margins at the three gain crossover points are sufficient, and the gain margin at
the phase crossover point is 10 dB, so the system stability can be guaranteed. As shown in
Figure 9c, the peak value of the process sensitive transfer function in the proposed method
is obviously smaller than the method of the literature. The reason is that there is a peak at
the natural frequency of the plant in G,, and its logarithmic amplitude is greater than 0dB,
which can attenuate the peak value of Py in G5, so the attenuation ability of the system
to the disturbance input in front of the control plant is improved.

The three groups of control parameters are applied to the Rz loop in the simulation
model, and the step input response and step disturbance response diagrams are shown in
Figure 10a,b. From the step input response curve, it can be seen that the response curve
of the trough and peak cancellation filtering method of the literature is relatively smooth
and without overshoot. There are fluctuations and overshoots in the proposed method,
and the fluctuations and overshoots of the fractional order biquad filter are smaller than
those of the integer order filter. From the step disturbance response curve, it can be seen
that the peak value of the disturbance is the largest and the oscillation time is longer
in the method of the literature. The proposed control method can quickly attenuate the
fluctuation caused by the disturbance. Compared with integer order, the peak value of
fractional order disturbance response is smaller and the fluctuation is less. The proposed
fractional order filtering method has better disturbance rejection performance. To sum up,
the step response effect of the method in the literature is better than that of the proposed
method, but its disturbance rejection performance is worse than the proposed method.
Since the reference input in Rz loop is 0 and remains unchanged, the system requires
higher disturbance rejection performance, so the proposed method is more suitable for the
synchronous control of the dual motors.
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Figure 10. Rz step input and disturbance response in the simulation. (a) Step input response; (b) Step
disturbance response.

The Bode diagram of the X control plant is shown in Figure 11a, when the Y com-
ponent is located in the middle and one side of the beam, the plants are shown as the
black and blue lines respectively, which are basically the same, since the change of the Y
component position will not affect the mass of the entire component and the X control plant
will not change. The design specifications are f. = 36 Hz, ¢, = 40°, and h;, = 10 dB. De-
sign fy,_1p2—x = 600 Hz, the feedback controller parameters are calculated according to the
method described in Appendix A.. Calculate k,—; from Equation (A12), k—x = 7.296 x 106.
The intersection point of Equation (A13) and axis 0 is found by graphic method and
the phase crossover frequency is obtained, fy = 110.051 Hz. Then calculate f; , from
Equation (Al14), f;_, = 14.663 Hz. Then f;_, is substituted into Equation (A18) to get
fi—x =3.991 Hz. The X open-loop Bode diagram is shown in Figure 11b, the black line is the
Sim-Mechanics model, and the blue dashed line is the theoretical model. The specification
errors between the X simulated and theoretical open-loop Bode diagrams are shown in
Table 4 and the design specifications of the X simulated model are satisfied.

50

g -100 F = 36.115,
= = -0.048 109.810,
- 2 0 -10.080
£ 150} &
&n
§ — X plant Ypos=0.0m £ X simulated Go

200l ——X plant Ypos=0.12m = s0F 0 o X theoretical Go

180 | 180 |-
g Z
0 A
) £ 36.115,
-140.026
-180 I I I ] -180 i 1 | 179,897
10° 10! 107 10° 10° 10! 102 10°
Frequency [Hz] Frequency [Hz]
(a) (b)

Figure 11. The X control plant and open-loop Bode diagram in the simulation. (a) The control plant
Bode diagram; (b) The open-loop Bode diagram.
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Table 4. The specification error between the X simulated and theoretical open-loop Bode diagrams.

Specification Theoretical Model Simulated Model Absolute Error
Gain crossover frequency 36.115 Hz 36.115 Hz 0.0

Phase margin 39.974° 39.609° 0.365°

Gain margin 10.080 dB 9.957 dB 0.123 dB

In the Sim-Mechanics model, the Bode diagram of the Y control plant is shown in
Figure 12a. The design specifications are same with X-direction, design f,, 1p>, = 600 Hz
and the PID controller parameters are calculated, k., = 2.187 x 100, fz-_y =3.991 Hz, and
fa—y =14.663 Hz. The open-loop Bode diagram of the system is shown in Figure 12b, the
black line is the Sim-Mechanics model, and the blue dashed line is the theoretical model.
The specification errors between the Y simulated and theoretical open-loop Bode diagrams
are shown in Table 5 and the design specifications of Y simulated model are satisfied.

50
2 -100 o 36.115,
= = -0.048 109810,
2 g 0 10,080
= =
2150 2 i
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= = s0F 0 ot Y theoretical Go
=200
180 ‘ ' ' ] 180
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E 2
E = 36.115,
140026 |
' 1109.810,
_180 ‘ I [ T -180 I 179897
10° 10! 107 10° 10° 10! 107 10°
Frequency [Hz] Frequency [Hz]
(a) (b)

Figure 12. The Y control plant and open-loop Bode diagram in the simulation. (a) The control plant
Bode diagram; (b) The open-loop Bode diagram.

Table 5. The specification error between the Y simulated and theoretical open-loop Bode diagrams.

Specification Theoretical Model Simulated Model Absolute Error
Gain crossover frequency 36.115 Hz 36.115 Hz 0.0

Phase margin 39.974° 40.003° 0.029°

Gain margin 10.080 dB 9.582 dB 0.498 dB

3.1.2. Simulation of Feed-Forward Control Effect

The Y reference position y,.¢ is a fourth-order point-to-point motion path, the peak
values of position, velocity, acceleration, jerk, and spasm are 0.13 m, 0.25m/s, 5.0 m/ s2,
1000.0 m/s3, and 10,000.0 m/s*. The Y tracking error is shown in Figure 13. The black line is
the position tracking error under the feedback control, and the peak value is 1.898 x 10~* m.
The blue line is the position tracking error after introducing the feed-forward control
according to Equation (49), and the peak error is 1.536 x 10~7 m. The tracking accuracy is
greatly improved, which indicates that the Y feed-forward control model is correct.
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Figure 13. Comparison of Y position errors with and without feed-forward control in the simulation.
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The X reference position x,¢ is a fourth-order point-to-point motion path, the peak
values of position, velocity, acceleration, jerk, and spasm are 0.15 m, 0.25m/s, 5.0 m/ s2,
1000.0 m /s, and 10000.0 m/s?*. The X tracking error is shown in Figure 14. The black line is
the position tracking error under the feedback control, and the peak value is 1.899 x 10~* m.
The blue line is the position tracking error after introducing the feed-forward control
according to Equation (46), and the peak error is 2.838 x 10~ m. The tracking accuracy is
greatly improved, which indicates that the X feed-forward control model is correct.
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Figure 14. Comparison of X position errors with and without feed-forward control in the simulation.

In the Rz loop, the proposed control method with r = 0.7 in the fractional order filter
is applied. The platform executes point-to-point motion in X and Y directions, and the Rz
feed-forward compensation method of disturbance torque is verified.

1. X component is stationary and Y component moves.

As shown in Figure 15, the black line is the Rz angle error under the feedback control,
which shows that the Y component motion will cause the synchronization error, and the
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peak error is 1.195 x 1078 rad. The red line is the Rz angle error with torque feed-forward
control according to Equation (40), which can reduce the synchronization error caused by
the disturbance torque, and the peak error is 2.381 x 10~ rad. The synchronization error
is significantly reduced, which proves that the Rz torque feed-forward is effective when Y
component moves.

%1078

Rz tb - Y move
Rz tb+ff - Y move T

Rz angle error [rad]

0.2 0.4 0.6 0.8
t[s]

Figure 15. When X component is stationary and Y component moves, the Rz angle error with and
without feed-forward control in the simulation.

2. X component moves and Y component is stationary.

The Y component is stationary in the middle position of the beam, and the Rz angle
error under the feedback control is shown as the black line in Figure 16a, and the angle
error is almost zero. It can be seen that when Y component is in the middle position, the X
component motion will not cause the angle error. When the Y component is located at one
side position of the beam, the Rz angle error under the feedback control is shown as the
black line in Figure 16b, and the peak error is 4.180 x 1078 rad. It can be seen that when the
Y component is not located in the middle position, the X component motion will cause the
angle error, which is consistent with the disturbance torque model mentioned above. The
red line is the Rz angle error with torque feed-forward control according to Equation (42),
and the peak error is 1.140 x 108 rad. The synchronization error is significantly reduced,
which proves that the Rz torque feed-forward is effective when the X component moves.

x10716 %1078
—Rztb-XmoveY =0.0

Rz fb- X move Y = 0.12
Rz fb+{f- X move Y =0.12

Rz angle error [rad]
o

Rz angle error [rad]
o

1 L 1 _5 L L L 1
0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8

t[s] £[s]
(a) (b)

Figure 16. When X component moves, the Rz angle error with and without feed-forward control in
the simulation. (a) Y component is stationary in the middle position of the beam; (b) Y component is
stationary in the one side position of the beam.
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3.2. Experimental Verification and Analisys of Results
3.2.1. Experimental Setup

In this section, the proposed synchronization control method is verified on the H-type
air floating motion platform. The experimental setup is shown in Figure 1. The controller
is equipped with a real-time network card supporting EtherCAT communication. The
controller communicates with the three motor drivers through EtherCAT bus to drive
the motors, and the position signal is measured by the grating ruler and fed back to
the controller to realize the closed-loop control. The RELM grating ruler is used in the
platform and the overall accuracy is achieved £1 um. The grating pitch is 20 um and
the resolution after subdivision is 4.883 nm. The system software includes a monitoring
software (Twincat 3.0 Scope View) and a real-time control software (Twincat 3.0 eXtended
Automation Engineering). The control algorithm is implemented by using C/C++ code-
based modules and the sampling period is 5.0 x 107 s.

3.2.2. Experimental Verification of Feedback Control Effect

In the experimental system, the Bode diagram of the Rz control plant is shown in
Figure 17a, when the Y component position is 0.0 and 0.12 m, the plants are shown as
the black and blue line, respectively. The frequency of the resonance peak of the blue
line is 1 Hz lower than the black line, because when the Y component deviates from the
middle position, the rotational inertia of the entire moving component increases. The Rz
feedback control parameters are determined by the method of the simulation model to
satisfy the same design specification. Figure 17b-d are the Bode diagrams of the open-loop,
close-loop, and process sensitive transfer functions with r = 1.0 and » = 0.7, and r = 1.0,
fnl_biq_g = fu—p. In Figure 17b. The solid line is the experimental model and the dashed
line is the theoretical model. The specification errors in proposed method with » = 1.0
and r = 0.7 are shown in Table 6. It can be seen that the dashed line satisfies the design
specifications. Due to the discrete implementation of the continuous transfer function and
other unmodeled factors, the gain margin of the experimental model deviates from the
theoretical model in the high frequency part, but the stability of the system is not affected.

The three groups of control parameters are applied to the Rz loop of the experimental
system, and the step input response and step disturbance response diagrams are shown in
Figure 18a,b. From the step input response curve, it can be seen that the response curve
of the trough and peak cancellation filtering method of the literature is relatively smooth
and without overshoot. There are fluctuations and overshoots in the proposed method,
and the fluctuations and overshoots of the fractional order biquad filter are smaller than
those of the integer order filter. From the step disturbance response curve, it can be seen
that the peak value of the disturbance response is the largest and the oscillation time is the
longest in the method of the literature. The proposed control method can quickly attenuate
the fluctuation caused by the disturbance. Compared with integer order, the peak value of
disturbance response is smaller and the fluctuation is less in the proposed fractional order
filtering method. The proposed fractional order filtering method has better disturbance
rejection performance. To sum up, the step response effect of the method in the literature is
better than that of the proposed method, but its disturbance rejection performance is worse
than the proposed method. Since the Rz reference input is 0 and remains unchanged, the
system requires higher disturbance rejection performance, so the proposed method is more
suitable for the synchronous control of the dual motors.
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Figure 17. The Rz control plant, open-loop, close-loop, and process sensitive Bode diagram in the experiment. (a) The
control plant Bode diagram; (b) The open-loop Bode diagram; (c) The close-loop Bode diagram; (d) The process sensitive
Bode diagram.

Table 6. The specification error between the Rz simulated and experimental open-loop Bode diagrams.

r Specification Theoretical Model = Experimental Model  Absolute Error
Gain crossover 10.010 Hz 10.010 Hz 0.0
10 frequency
’ Phase margin 81.993° 81.454° 0.539°
Gain margin 9.978 dB 15.476 dB 5.498 dB
Gain crossover 10.010 Hz 10.010 Hz 0.0
07 frequency
’ Phase margin 81.995° 81.569° 0.426°
Gain margin 9.988 dB 15.503 dB 5.515dB
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Figure 18. Rz step input and disturbance response in the experiment. (a) Step input response; (b) Step disturbance response.

The Bode diagram of the X control plant is shown in Figure 19a, when the Y component
position is 0.0 and 0.12 m, the plants are shown as the black and blue lines respectively,
which are basically the same. It can be seen that the change of Y component position
will not affect the X control plant. The design specifications and control parameters of
the X simulation model are adopted here. The open-loop Bode diagram of the system is
shown in Figure 19b. The black line is the experimental model and the blue line is the
theoretical model. The specification errors are shown in Table 7. It can be seen that the
design specifications of X experimental model are satisfied.

T T T 50
— X experimental plant Ypos=0.0m
% 2100 - — X experimental plant Ypos=0.12m | = 36.006,
= = 0004 109972,
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Frequency [Hz] Frequency [Hz]
(a) (b)

Figure 19. The X control plant and open-loop Bode diagram in the experiment. (a) The control plant Bode diagram; (b) The
open-loop Bode diagram.

Table 7. The specification error between the X experimental and theoretical open-loop Bode diagrams.

Specification Theoretical Model  Experimental Model Absolute Error
Gain crossover frequency 36.006 Hz 37.349 Hz 1.343 Hz

Phase margin 39.996° 38.169° 1.827°

Gain margin 9.996 dB 9.368 dB 0.628dB

The Bode diagram of the Y control plant is shown in Figure 20a. The design specifica-
tions and control parameters of the Y simulation model are adopted here. The Y open-loop
Bode diagram is shown in Figure 20b. The black line is the experimental model and the



Entropy 2021, 23, 633 25 of 31

blue line is the theoretical model. The specification errors are shown in Table 8. It can be
seen that the design specifications of Y experimental model are satisfied.
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Figure 20. The Y control plant and open-loop Bode diagram in the experiment. (a) The control plant
Bode diagram; (b) The open-loop Bode diagram.

Table 8. The specification error between the Y experimental and theoretical open-loop Bode diagrams.

Specification Theoretical Model  Experimental Model Absolute Error
Gain crossover frequency 36.006 Hz 35.884 Hz 0.122 Hz

Phase margin 39.996° 39.824° 0.172°

Gain margin 9.996 dB 10.402 dB 0.406 dB

3.2.3. Experimental Verification of Feed-Forward Control Effect

In point-to-point motion experiments, the X and Y reference paths are same with the
simulation model. The X tracking error is shown in Figure 21. The black line is the position
tracking error under the feedback control, and the peak value is 1.985 x 10~% m. The blue
line is the position tracking error after introducing the feed-forward control according
to Equation (49), and the peak error is 4.790 x 107® m. The tracking accuracy is greatly
improved, which indicates that the Y feed-forward control model is correct.
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Figure 21. Comparison of Y position errors with and without feed-forward control in the experiment.
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The X tracking error is shown in Figure 22. The black line is the position tracking
error under the feedback control, and the peak value is 1.669 x 10~* m. The blue line
is the position tracking error after introducing the feed-forward control according to
Equation (46), and the peak error is 3.553 x 107 m. The tracking accuracy is greatly
improved, which indicates that the X feed-forward control model is correct.

%107

—X1b
— X fb+ff

[a—
T

X tracking error [m]
o

1
—
T

0 0.2 0.4 0.6 0.8 1
t[s]
Figure 22. Comparison of X position errors with and without feed-forward control in the experiment.

In the Rz loop, the proposed control method with = 0.7 in the fractional order filter
is applied. The platform executes point-to-point motion in X and Y directions, and the Rz
feed-forward compensation method of disturbance torque is verified.

1. X component is stationary and Y component moves.

As shown in Figure 23, the black line is the Rz angle error under the feedback control,
which shows that the movement of the Y component will cause the synchronization error,
and the peak error is 7.285 x 1077 rad. The red line is the Rz angle error with torque
feed-forward control according to Equation (40), and the peak error is 1.821 x 1077 rad.
The synchronization error is significantly reduced, which proves that the Rz torque feed-
forward is effective when the Y component moves.
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Figure 23. When X component is stationary and Y component moves, the Rz angle error with and
without feed-forward control in the experiment.
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2. X component moves and Y component is stationary.

When the Y component is located at one side position of the beam, the Rz angle error
under the feedback control is shown as the black line in Figure 24, and the peak error is
1.674 x 10~° rad. When the Y component is stationary in the middle position of the beam,
the Rz angle error under the feedback control is shown as the blue line, and the peak error
is 7.728 x 1077 rad. It can be seen that when the Y component is not located in the middle
position, the X component motion will cause the angle error, and when the Y component is
in the middle position, the X component motion will not cause the angle error, which is
consistent with the disturbance torque model mentioned above. The red line is the Rz angle
error with torque feed-forward control according to Equation (42) when the Y component
is located at one side position, and the peak error is 7.777 x 10~ rad. The synchronization
error is significantly reduced, which proves that the Rz torque feed-forward is effective
when X component moves.

x10°
15+ Rz tb - X move Y pos=0.12m
) Rz fb - X move Y pos=0.0
Rz fb+{f - X move Y pos=0.12m

Rz angle error [rad]

1 L L L

0 0.2 0.4 0.6 0.8
t[s]

Figure 24. When X component moves and Y component is stationary in one side position of the
beam, the Rz angle error with and without feed-forward control in the experiment.

The experimental results show that the proposed synchronization control method
based on model decoupling is effective. The multiple-degree-of-freedom decoupled control
loops of the platform can meet the given design specifications with the proposed systematic
feedback controller design method. The introduction of the fractional biquad filter in the
Rz loop is effective to ensure the tracking and disturbance rejection performance of the
system simultaneously. Feed-forward control in all loops can reduce the control error.
Thus, the precise X and Y position tracking control and the Rz zero rotation control, that
is, the synchronous motion control of two motors, are realized in the H-type air floating
motion platform.

4. Conclusions

This paper proposes a synchronous control method based on the decoupled dynamic
model for the H-type air floating motion platform. In the synchronous control loop, a new
fractional order biquad filtering method is proposed to adjust the phase of the second-order
low damping oscillation system for rotation control of the direction with dual motors,
which can ensure the stability and disturbance rejection performance of the system, to
realize an accurate synchronous control in the direction with dual motors. A systematic
feedback controller design method is proposed to meet the given design specifications in
frequency domain, gain crossover frequency, phase margin, and gain margin. A fractional
order biquad filter can make the system have lower peak value of the process sensitive
transfer function than that with the integer order biquad filter. The comparison results in
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simulation and experiment demonstrate that the system with fractional order filter has bet-
ter disturbance rejection performance over that with the traditional filter. The disturbance
torque in the Rz caused by the platform motion is modeled, and the effectiveness of the
torque feed-forward compensation method is verified in the simulation and experiment,
and the synchronization control accuracy is improved significantly.

In future work, the order of the fractional order biquad filter in the Rz loop can be
designed as adjustable parameters, so that the system can meet four design specifications,
and the corresponding calculation method of control parameters needs to be redesigned.
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Appendix A. X and Y Feedback Controller Design

In X and Y control loop, when the design specifications are gain crossover fre-
quency f., phase margin ¢;,, and gain margin h,,, the open-loop transmission function
Go(s) = Cpip(s)-Pq(s) of the system can meet the following constraints.

1.  The phase margin at the gain crossover frequency f; is @.
LGo(j2rtfe) = £Cpp(j27tfe) + £LPa(j27tfe) = =70+ Pm. (A1)
2. The amplitude at the gain crossover frequency f, is 1.
Go(j27fe)| = |Crip(f27fe) Pa(j27fe)| = 1. (A2)
3. The phase at the phase crossover frequency fy is —7t.
£Go(j27fx) = £Cp(j27tfx) + £Pa(27fx) = —Tr. (A3)

4. The gain margin at the phase crossover frequency fy is hy,.

hm

Go(j27tfx)| = |Crp (27t fx) Pa(j27fx)| = 10720 (A4)

The frequency response of Go(s) is

Go(j2mtf) = Cpp(j27tf)-Pa(j27tf)

_ S f_fi 1 f“*1P22 —jt(2nf) - (AS)
=k [1 +](fd f)} —k(27f)? fn—lpZz_fZ""jZClpinflpie

Its amplitude and phase are

Go(j27f)| = |Cem(j27f)|-[Pa(j27tf)|
= flzr\/(fdfz—fz)z}"(fdz )% ) (A6)
1 n—lp2

KN (g2 + (Gl o f )
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LGo(j2rtf) = LCpip(j27f) + LPy(j27f)

= arctan% — T(Zn’f) — 7T — arctanM . (A7)

fn71p227f2

From Equation (A1), we can obtain,

2
fi= I — fetan(gm — A), (A8)
fa
where A = —arctanM —1(27fe) — .

f n 71p22 _f c 2
From Equation (A2), we can obtain,

fafe
. , (A9)
B afi— £+ afe?

fn71p22

1
k(27‘[fc)2 \/(fn71p22 7f62)2+ (2§lp2fn71p2fc)2
From Equation (A3), we can obtain,

where B =

2
fi=1" — fotan(D), (A10)
fa
where D = —arctanw —1(21tfy) — .
fnflpz —fx

From Equation (A4), we can obtain,

faf:10~%
k, — , (A11)
B afi— £ (af)?

fn—lpzz

k
k(27‘[fx)2 \/(fn—lpZz 7fx2 )2+ (2§1p2fn—lp2fx)2
ky, can be obtained by substituting Equation (A8) into (A9).

where E =

- 1
’ B-\/(tan(gom — A +1

(A12)

By substituting Equation (A10) into (A11), the equation of k;, and fy can be obtained,

_hm
ky = 0% . (A13)
E-\/(tan(D))*+1

Since k, is known, then Equation (A13) is an equation about f. Graphical method can be
used to find the intersection of Equation (A13) and 0 axis, then fy can be obtained.

By substituting Equation (A8) into (A10), the explicit expression of f; with respect to
fx can be obtained,

fa= f — S (A14)
47 fitan(D) + f tan(@y — A)

Then f; can be calculated from Equation (A14) and f; can be obtained by substituting

fa into Equation (A18). To sum up, ky, f;, and f; can be determined.
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