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Abstract: Motors are widely employed in mechatronic systems, especially in precision multiple
degrees of freedom motion systems. In most applications, the dynamic equation between the motor
instruction and the actual driving force is simplified as a constant. Subsequently, the static decoupling
method can be utilized to design the feedback controller. However, in high-precision mechatronic
systems, motor dynamics cannot be neglected, and the static decoupling performance is compromised
due to discrepancies between motors. In this paper, a dynamic decoupling method is developed to
improve the decoupling performance of the multiple-input multiple-output systems. The effects of
transmission delays, motor dynamics, and discrepancies between different motors are taken into
consideration in the dynamic decoupling method. Furthermore, a data-driven optimization method
is developed to estimate the parameters of the dynamic decoupling controller. The effectiveness and
superiority of the proposed method are demonstrated through numerical simulations. The experi-
mental results show that the dynamic decoupling control method can achieve a 97.75% performance
improvement at least compared to the static decoupling control method.

Keywords: data-driven; dynamic decoupling control; motors; multiple-input multiple-output
(MIMO) systems

1. Introduction

Multiple degrees of freedom (DoFs) mechatronic systems play a pivotal role in various
industrial applications, such as robot manipulators [1], vibration test systems [2], numerical
control machine tools [3], applications in the field of energy [4], etc. The parallel design
scheme, owing to its spatial and dynamic advantages, is widely adopted in these systems [5].
However, the inherent simplicity of this design introduces challenges, particularly in control
aspects, which become more pronounced in applications to achieve high-precision motion,
such as the wafer scanner utilized in lithography equipment [6].

To obtain high-precision performance for each degree of freedom (DOF), numerous
control strategies have been developed [7], and the decoupling control method emerges
as the most widely employed approach. Based on the mechanical structure and operating
under the rigid body hypothesis, a static decoupling matrix can be established to effectively
decouple the motion of each DOF [8]. Nevertheless, three significant challenges arise in
high-precision motion scenarios. Firstly, the static decoupling matrix, which is employed
for achieving rigid body decoupling, relies on mechanical structure parameters, including
the positions of the center of mass (CoM) and the stress point. Owing to the impact of
machining and assembly errors, discrepancies may arise between the utilized parameters
and their actual values, resulting in static decoupling errors [9]. Secondly, to achieve
high-performance motion in mechatronic systems, high-performance motors, such as
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linear motors, voice coil motors, and piezoelectric ceramic motors, are often employed
as actuators [10]. In the static decoupling method, the characteristics of each motor are
considered to be consistent and unchanging during motion. However, owing to variations
between different motors and drivers, as well as limitations in magnetic field strength
and current loop bandwidth [11], the static decoupling method cannot achieve complete
decoupling in essence. Therefore, the decoupling performance of the static decoupling
method is compromised. Thirdly, the varying transmission delays across different channels
further exacerbate the decoupling effect [12]. Owing to the influences of these factors, the
decoupled system using a static decoupling matrix does not exhibit a diagonal form, leading
to the emergence of interactions among degrees of freedom, commonly known as cross-
talk [13,14]. With increasing accuracy requirements, cross-talk has become a significant
impediment to achieving the desired performance in precision mechatronic systems [15].

To eliminate the cross-talk and improve the decoupling performance, various methods
have been reported in the literature, which can be categorized into two main approaches.
The first approach treats cross-talk as a parasitic dynamic of each DOF, allowing the design
of a robust feedback controller to suppress its effects [16]. The most prevalent method
within this category is the equivalent transfer function (ETF) method [17]. In the ETF
method, the plant to be controlled in each loop is represented by a generalized model
when other loops are closed [18]. It is evident that the interactions are taken into account,
therefore, a better feedback controller can be designed for improved performance. However,
because the generalized plant of each DoF incorporates the influence of controllers from
other DoFs, it is complicated to refine the controller when the performance requirement
is not satisfied. In [19], an ETF method is proposed, in which the complicated interaction
modes are approximated as lower-order equivalent models to simplify the design of the
controller. In addition to the ETF method, other robust control methods can be utilized
such as the hybrid integrator—gain method, the Ho, method, the model predictive control
method, etc. [20]. However, since the interactions inevitably increase the complexity of
the plant and reduce the attainable bandwidth, only a limited reduction of cross-talk can
be obtained. Consequently, the second method, which directly improves the accuracy of
decoupling, proves to be the more effective approach in enhancing the performance of
precision mechatronic systems.

As highlighted earlier, interactions, stemming from errors in mechanical parameters,
variations between motors, and transmission delays, can compromise system performance.
Consequently, it becomes imperative to compensate for these factors to achieve full de-
coupling. Conventionally, mechanical parameters can be calibrated using professional
instruments to enhance the accuracy of the static decoupling matrix [21]. However, due to
limitations in workspace, certain instruments may no longer be suitable [22]. Furthermore,
this indirect optimization method may introduce additional calculation errors in the process.
Due to the influence of the other two factors, it can be noted that achieving full decoupling
of the system with a static decoupling matrix becomes impractical. Based on the compen-
sation for the inconsistency of motors and transmission channels, a dynamic decoupling
controller is proposed in this paper. The dynamic decoupling controller consists of two
components: a dynamic component parameterized as a rational transfer function, and a
static component. The dynamic component is employed to address inconsistencies between
motors and transmission channels, while the static component is utilized to achieve full
decoupling of the rigid body of the mechatronic system.

Additionally, to obtain the optimal estimate of the unknown parameter in the dynamic
decoupling controller, a data-driven optimization method is developed in this paper, which is
inspired by the virtual reference feedback tuning (VRFT) method [23]. The key contributions
of this work, in comparison to existing literature, can be succinctly outlined as follows:

(1) A dynamic decoupling control method is established in this paper, based on the
compensation for the motor dynamics and the transmission delays.

(2) A data-driven optimization method is developed in this paper to estimate the un-
known parameters of the dynamic decoupling controller, requiring only minimal
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model information. Furthermore, the proposed method is non-iterative, necessitating
only a single experiment.

Notations: Let R be the set of real numbers. For n, a positive integer, R” is the set of
real vectors of dimension n. Vector x € R" denotes [x1, ..., xn]T. For a vector x, € R",
the i-th element can be denoted as x.;. We define | - ||, as the I, norm of vectors, i.e.,
xll2 = (S x2)2.

2. Problem Formulation
2.1. Control Configuration of the Multiple DoFs Mechatronic System

We consider a precision multiple DoFs mechatronic system, as depicted in Figure 1,
which is a prototype for the short stroke stage of the wafer stage. The prototype shown in
Figure 1 consists of a stator and a mover with sufficient stiffness. The mover is driven by
three voice coil motors labeled as my, m,, and mg3, respectively, to accomplish nano-scale
motion. The voice coil motor can achieve precise and linear motion with high acceleration
and high force-to-weight ratio, which render it ideal for applications that require fast and
accurate positioning. Three linear encoders are mounted close to the motors; for simplicity,
the measurement data of the encoders are supposed to be equal to the displacement
distance of the voice coil motors. The target point, defined as the center point of the mover,
is controlled to track a predetermined trajectory. The reference trajectory is defined in a
Cartesian coordinate system, denoted as Cyy., and the displacements of the three degrees
of freedom of the target point can be directly obtained as y:, y,, and yj,, respectively.

4, 4,, A;(hiden) : Magnetic steels of motors B,, B,, B, : Coils of motors

(b) Detailed mechanical structure drawing of the prototype.

Figure 1. The diagram of the prototype of the short stroke stage.
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To control the prototype, the decoupling control scheme based on a nominal static
decoupling matrix can be utilized, as Figure 2 shows. In this configuration, P(s) € C®*3 is
the rigid body dynamics model of the mover describing the relationship between the motor
driving force and the displacement of the target point. Py, (s) € C3*3 represents the transfer
function between motor instruction and motor driving force, which is in the form of a
diagonal. P;(s) € C®*3 is denoted as a transmission delays matrix of three transmission
channels from the digit controller to drivers. K € R¥*3 is the static decoupling matrix to
decouple the plant P(s). C(s) € C®*3 is the diagonal feedback controller matrix comprised
of single-input single-output controllers designed with respect to the desired decoupled
system. The signals r(t) € R® and e(t) € R are a high-order polynomial trajectory and
tracking error, respectively. u(t) € R3 is the control signal calculated by C(s). fc(t) € R®
and f(t) € R3 represent the motor instruction and the actual driving force of the motor.
y(t) € R is the measured displacement of the target point in coordinate Cyy.. In addition,
the displacements of three voice coil motors can be denoted as y,(t) € R®, which is not
represented in the block diagram. Based on the definitions above, the dynamic model of
the control system can be described as follows:

y(t) = P(s)f (1)
f(#) = Pu(s)Pi(s) fe(t)
fe(t) = Ku(t) : 1)

(0 el u(r). 10 )

4?—> C(s) K P(s) > P,(s) P(s) T»

Figure 2. The configuration of the decoupling control.

2.2. Description of Nominal Static Decoupling Method

To simplify the controller design, the nominal static decoupling method can be pri-
marily used to stabilize the system. In the static decoupling method, the transmission
delays and the motor dynamics are neglected so that Ps(s) = I and P, (s) = al, where I is
the identity matrix. The simplified structure of the prototype is shown in Figure 3a, with
the nominal mechanical parameters known. From Figure 3a, it can be concluded that the
CoM coincides with the target point and the distances between motors and the CoM in
the coordinate Cy,; are (0, —11), (I2,11), and (—Iz,13), respectively. Under the rigid body
hypothesis, the dynamic equations of the motion of the target point can be established as

myz = fi+fo+ f3
Jxye, = —hfi +13f2+13f3 2)
Jyye, = —hfa+1fs

where f1, f2, and f; are driving forces of three motors, respectively. m is the mass of the

mover. Jy and |, are moment of inertia of 6, and 8y at the CoM, respectively. From (2), P(s)
can be modeled as

1 1 1
msl2 n}s2 11}52
4 _3_ 3
P(S) = ]XSZ ]xsz ]xsz . (3)
0 _ b b

]ysz ]ysz
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Figure 3. The simplified structure diagrams of the prototype with (a) nominal mechanical parameters
and (b) actual mechanical parameters.

It is evident that P(s) is a multivariable system and is not in diagonal form. Directly
designing an appropriate feedback controller for such a system is challenging. To apply
the static decoupling method, a static decoupling matrix should be employed. Based on
the nominal model P(s), the nominal static decoupling matrix can be determined easily
as follows:

I3 _ 1
I1+13 I1+13 0
— 1 1 _1
K= 2(lll+l3) 2(11+l3) 20 |- (4)
1 1 1

2(h+k)  2(Li+k)  2h

Consequently, the decoupled system achieves full decoupling, which can be written as

D(s) = P(s)K
e 00 ©)
— |0 & 0
0 0 1

]ysz

Subsequently, three single-input single-output (SISO) feedback controllers, such as
PID controllers, can be easily designed with respect to 1/ ms?,1/J¢s?, and 1/ ]ysz. However,
in the actual system, the actual mechanical parameters may differ from the nominal values,
and P;(s) and Py, (s) cannot be considered static under high precision requirements.
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2.3. Formulation of Factors Causing Incomplete Decoupling

As Figure 3b shows, due to errors in manufacturing and assembly, the CoM of the
mover no longer coincides with the target point, and the actual installation positions of
the motors have also changed. In this situation, the actual rigid body dynamic would no
longer be equal to the nominal rigid body dynamic (3), which can be expressed as (6):

Pyi(s) Pia(s) Pr3(s)
P(s) = [Pﬂ (s) Pxn(s) P23(S)] . (6)
P3i(s) Px(s) Pss(s)

where the elements can be detailed as

~ JaJy +xo(xo — x1)m]x +yo(yo — y1)mly
Pll(s) - m]x]ysz

_ JaJy +xo(xo — x2)m]x +yo(yo — y2)mly
PlZ(S) - m]x]ysz

Ty + xo(x0 — x3)m]Jx + Yo (yo — y3)m]Jy
Pi3(s) = 2]y
Py (s) = _yo]x%
Py(s) = —y"];zyz : (7)
Py(s) = *L];z%
Py (s) = xo}y—sle
Py (s) = xo]y_szxz
Ps3(s) XO];SZX3

It is evident that the actual plant cannot be completely decoupled with the nominal
decoupling matrix, unless the following equations are satisfied:

xo =20
Yo=0
x1 =0
= -1
L ®)
=1
x3 = —I
y3 =13

Although the actual system with a nominal decoupling matrix can maintain stability
in the case of small errors, it is difficult to obtain the desired performance. Therefore, the
decoupling matrix should be improved to enhance the level of decoupling. To decouple
the actual rigid body model, the optimal static decoupling matrix can be obtained based
on accurate mechanical parameters, such as x; and y;, for i = 0,1,2,3. However, under
the requirements of high speed and high-precision accuracy, the motor dynamics and the
transmission delays cannot be neglected. As depicted in Figure 4, with the same coil current
input, the static output forces of different motors in different displacements are not constant.
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Further considering the effect of the motor time constant, the dynamic model of the motor
can be expressed as follows:

81(Yo,1)
;1$+11 0 0
Pu(s)=| o &%l g )
& (]/v, )
0 0 £3S+31

where y, ; is the i-th element of y,. gi(yy;) for i = 1,2,3, which indicates that the force
constant of the motor is related to the displacement of the motor.

11.6

—_ —_
—_ —
%) B

ForceConstant(N/A)
s

10.81

10.6 1 1 1
-1.5 -1.0 -0.5 0 0.5 1.0 1.5

Displacement(mm)

Figure 4. The measured force constants for different motors at different displacements.
On the other hand, the transmission delays matrix can be expressed in detail as

e s 0
P(s)=| 0 eP5 0 (10)
0 0 e Pss

where §; for i = 1,2,3 represents the delays of different transmission channels.

It can be claimed that, if and only if the following conditions are satisfied, the ac-
tual plant can be decoupled by a static decoupling matrix. According to the conditions,
Theorem 1 can be established.

81,82,83 = const
Nl = ) = K3 . (11)

p1=p2=Ps3
Theorem 1. Suppose that controlled plant can be represented as G(s) = P(s) Py (s)Pi(s), where

P(s), Py(s) and Pi(s) are in the form of (6), (9), and (10), respectively. Then, if G(s) can be
completely decoupled by a static decoupling matrix, the condition (11) must be satisfied.

Proof. Using proof by contradiction, we suppose that there exists a constant matrix K such
that G(s)K is diagonal, and this can be expressed as

dl(S) 0 0
D(s)=G(s)K=1| 0 da(s) O (12)
0 0 d3(S)

where the j-row elements of D(s) can be given as
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D](S) :G](S)K: [0, ,O,d](S),O, ,0} (13)
~—

We denote lch/i as the element in the j-th row and i-th column of the inverse matrix of
K. Then, Gj(s) can be written as

Gi(s) = D]'(S)K71
=[0,---,0,d,(s),0,--- ,0]K™™. (14)
- d](s) [12]',1112]',2/ e ,IA{]‘,n]

We suppose that d;(s) can be expressed as d;(s) = %, where a;(s) and b;(s) are
j

coprime polynomials and b;(s) is monic. From (6), the actual rigid body model can

be simplified:
1 P11 P12 P13
P(s) = 2 |P P2 P3| (15)
P31 P32 P33

Subsequently, the j-th row of G(s) can also be determined as

Gj(s) = Pj(s) Pm(s) Pe(s)

B le_ﬁls[pjlgl(yv,l) 282 (Yv,2)
82 as+1 ° aps+1

(16)

o(B1—p2)s M(yvﬁ)e(ﬁl—ﬁs)s]
" azs+1

where P;(s) is the row vector consisting of the elements of the j-th row of P(s).
Comparing (14) and (16), the conditions (11) can be directly obtained. O

Therefore, to achieve full decoupling of the actual system with motor dynamics
and transmission delays, the static decoupling matrix should be substituted by a dynamic
decoupling controller. Based on the above analysis, the ideal dynamic decoupling controller
can be determined as the following form:

K(s) = P, ' (s)P, " (s)Ks. (17)

In order to obtain a parameterized model that is easy to handle, two simplification
treatments are applied to Py, ' (s) and P;"!(s). First, the variant force constants g;(y, ;) are
approximated as polynomials g;(y,,;) of order of m fori = 1,2,3. §;(y,,;) can be written as

Gi(Yoi(t)) = 7o+ Vivwi(t) + -+ Yoyiti(t) (18)

where y{] ;(t) represents the j-th power of v, ;(t) and 'y; € Rfor j = 0,,m are unknown
coefficients. Then the inverse of Py, (s) can be approximated as

a15+1 0 0
$1 (yv,l) s
5 i3
0 ’ IX3S+1
33(y03)

Second, to obtain the an invertible approximation of the pure delays term of P;(s), the
Pade approximant [24] can be utilized, and the inverse of P(s) can be written approximately as

,Bls + 1 0 0
bi(s) = 0 Bas+1 0o |. (20)
0 0 Bss+1
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Finally, to ensure the causality of the dynamic decoupling controller, a Q-filter with a
relative order of 2 is required, and the desired dynamic decoupling controller based on the
compensation of motor dynamics and transmission delays can be parameterized as

K(s) = Q(S)Pt(s)ﬁm(s)KS

(a15+1)<ﬁ15+1) O 0 k k k
31 (Yo )L
B &y (1)) (s) (t251) (Bas 1) . k11 k12 k13 (21)
= TN s 21 koo kos
32(y02)L(s)
0 0 (ass+1)(Bss+1) | [ka1 ka2 ka3

33(Y03)L(s)

where L(s) is a known second-order stable polynomial in the s domain. As mentioned
above, the unknown parameters of K(s) can be determined based on the mechanical pa-
rameters, motor dynamics, and transmission delays. However, it is difficult to measure and
identify these parameters, and additional errors will be introduced in the final calculation
process. To address these problems, an on-line optimization method is developed.

3. Data-Driven Optimization Method

In this section, a data-driven method is proposed to estimate the unknown parameters
of the dynamic decoupling controller K(s). The configuration of the proposed method is
depicted in Figure 5. As shown in Figure 5, a reference model is used which should be
diagonal, and the essential idea is to adjust the parameters of K(s) to make the decoupled
system as close to D(s) as possible.

r(r) e u(r) f.(0) (0 ()
C(s) > K(s) P(s) > P,(s) > P(s) B>
i(t (1) — l
C(s) ) D(s) al > » e()

Figure 5. Block diagram of the proposed data-driven optimization method.

In other words, if the output of D(s) is equal to the output of G(s)K(s) with the
same conditions of reference input and feedback controller, then D(s) = G(s)K(s) can be
achieved. We suppose that the output of the reference model is equal to y(t); the output of
the feedback controller in reference model can be determined as

y(t) = D(s)i(s). (22)

From (22), if the output of the feedback controller u(t) in the actual system can be equal
to ii(t) by adjusting the parameters of K(s), the following equations can be established:

D(s)ii(s) = G(s)K(s)u(t)
D(s) = G(s)K(s) @3)

It is obvious that the decoupled system is completely diagonal if (23) is satisfied.
Therefore, the following equivalent objective function can be established, and the optimal
estimate of the parameters of K(s) can be obtained by minimizing it:

K*(s) = argmin ] = argmin || f-(t) — K(s)#(t)]|3. (24)
K(s) K(s)

where ||x||2 denotes the [;-norm of vector x.
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Substituting (21) into (24), the objective function | can be derived as
J = Ife(t) = Q(s) Pi(s) Pur(s) Ksia () 13

3
=2 1fei(t) = Q(s)Pyi(s) Pur(s) Ksti (1) 13 25)

I
e I
—

=

I
—

where f. ; represents the i-th element of f.. ﬁt/i(s) denotes a row vector consisting of the
i-th row elements of P;(s). Then, the optimization of ] can be achieved by optimizing J1, J»,
and J3, respectively.

Substituting (21) into (25), J; can be parameterized as follows:

Ji = |l fei(t) — Q(5) Pri(5) Pn (5) Kt (£) |13

P (VR V(. Ca VR
- chz(t) gi(yvz) ( ) ];kz] ] ”2 (26)

B T (ajs+1)(Bis+1)
- Hgi(]/v,i) (gz(]/v,z)fc,z(t) - L(S) Zkl]u] )HZ

where P, ;(s) denotes the i-th row of P;(s). Since g; is not equal to 0 and fluctuates less
around the nominal value and the minimum of J; depends on the error term in (26), the
minimization of J; can be equivalent to the minimization of J;, which can be written as

(ajs+1)(Bis+1) Eku ]

T = gty fealt) - 57 NIz . @7)

Substituting (18) into (27), the objective function can be further derived as

- , . ; a;s+1)(Bis+1)
Ji = [I(vo + VYo,i(t) + -+ 'ﬂnygfi(t))fc,i(t) - ( L)(Ejl quu] ”2 . (28)
=1
For the simplicity of expression, we define the following symbols:
hij(t) = ), (8) foi (1)
2 52 o
‘7] (t) - L(S) M](t)
1/ _ S
‘7] (t) - L(S) ](t)
1
0 _ ~
‘7] (t) - L(S) M](i')
5 7 . (29)
0
92, — wipikij
L] i
"o
gl — (; + Bi)
Lj = 76
ki
o = =
A
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Subsequently, (28) can be simplified as

m
Ji= (76) ||h10 t) + 2192] Z 91]17] ZG}]% ZGO]q] % (30)
]:

To solve the optimization problem in practice, (30) should be converted to a
discrete form

N

m
lO )+ 219?,] Zez]q] Egz]q] Zequ] HZ (31)
]:

where h; j(k), qu-(k), q} (k), and q?(k) are the k-th sampling values of /;;(t), q]Z(t), qjl- (t), and
q? (t), respectively and N is the sampling number. For simplicity, we define

T' = [hio(1), hig(2),- -+  hip(N)]" € RN
¢' (k) = [hig (k) hip(K), -l (K), g5 (), g5 (k), 45 (k)
ffi%() 3(k), q3(k), 3 (k), 49 (k), g3 (k)] € R™*?
= [9'(1),¢'(2),--- ,¢'(N)]T € RN*(m+9)
= 107,60, re?m] €R™ : (32)
= (671,675, 6%5]" € R
= [6},,6],,0/5]" € R®
= (601,60, 0%5]" € R®
Q' ==, ) )T, )] e R

Substituting (32) into (31), the objective function can be rewritten as

Ji=

1 o
: — 0|3 33
NP : =

Then, the estimate of ()’ can be obtained by using the least square method as follows:

O = ((@)T(@)) (@) T (34)
The estimate of 913 i 91 i 91 i and 90 can easily obtained based on (29), which can be
denoted as 913 i 912], 91 i and QOJ. In addltlon, the estimate of a;8;, a; + B; and gi(yy,;) /7)) can
be obtained as £2, t!, and §;(ys,;), which can be written as
o = [0 )
o= [ 37 @)l : (35)

§i(Yo,) = 1461y, (t) + -+ 67, ymi(t)

Finally, the estimate of K(s) can be expressed as

252 +1ls+1 0 0 . .

SollG 09, 8%, 6),

% _ Tyst+ 1,5+ A A0 A0
Re)=1 0 om0 [|% % O (36)

0 0 gertdsr | 105 05 0%

8(yo,3)L(s)
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4. Simulations Results

In this section, the effectiveness of the proposed method is validated by comparing it
with the nominal decoupling method and the ideal static decoupling method, which can
decouple the rigid body model of the system in the absence of the motor dynamics and
transmission delays. These methods can be represented as follows:

(1)  Mp: the nominal static decoupling control method.
(2)  M;: the ideal static decoupling control method.
(3)  My: the proposed dynamic decoupling control method.

The static decoupling matrices obtained by M; and M; are denoted as Ky and Kj,
respectively. The dynamic decoupling controller determined by M, is represented as K (s).

4.1. Simulation Setup

A simulation experiment was conducted to demonstrate the effectiveness of M and
the simulation block diagram was established, as Figure 6 shows. A fixed step size of 0.0002
was adopted in the numerical calculations of differential equations, and the algorithm of
the solver was set to ode4. The total simulation time was set to 1 s, which meant that the
sampling number was 5000. The actual values of mechanical parameters in the coordinate
Cyyz are provided in Table 1. We supposed that the mass of the SS stage was m = 20 kg and
the moment of inertia of 6, and 6y at the CoM were J; = 0.33 kg-m and J, = 0.45 kg - m,
respectively. By the rigid body hypothesis, the transfer function model between the driving
forces of motors and the three DoFs’ displacement of the target point can be given as

0.05367 0.04523 0.04987
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Figure 6. The diagram of the simulation experiment.

Table 1. Actual mechanical parameters used in the simulation.

Points Values (m)
(x0,Y0) (0.01,0.01)
(x1,y1) (—0.005, —0.1)
(x2,¥2) (0.095,0.105)
(x3,¥3) (—0.1,0.095)

The nominal mechanical parameters presented in Figure 3a are I; = 0.1m, I, = 0.1m,
and I3 = 0.1m. Based on the nominal mechanical parameters, the nominal static decoupling
matrix Ky can be determined as

05 —50 0
Ko= [025 25 —50]. (38)
025 25 50



Energies 2024, 17, 2038 13 of 18

We specify the desired decoupled model as follows:

2B 0 0
D(s)=|0 2088 o [ (39)
0 0 2.25%22

Based on the actual rigid body model of the plant and the desired decoupled model,
the ideal static decoupling matrix K; can be determined as

0.4535 —4.7284 —0.4581
Ky = 103432 2.6454 —5.1557]. (40)
0.2033 2.6890  5.1694

To investigate the effect of motor dynamics and transmission delays, the dynamic
equations in the form of (9) and (10) were added into the simulation. The parameters used
are listed in Tables 2 and 3. In the simulation, the variant force constants for different
motors were approximated as a polynomial of order 5, according to the measurement data
shown in Figure 4. Because these parameters were close to the nominal values, the diagonal
dominance of the system could still be ensured by using the nominal static decoupling
method when these errors were ignored. Thus, a decentralized controller C(s) could
be designed to ensure the stability of the system. Nevertheless, due to the inaccurate
mechanical parameters, there would have been a great deterioration of performance. To
improve the performance of the precision mechatronic system, the dynamic decoupling
method proposed in Section 3 can be utilized. In order to estimate the unknown parameters
of the dynamic decoupling controller, a data-driven optimization method M is developed
in Section 4.

Table 2. Actual parameters of motor dynamics and transmission delays used in the simulation.

Parameters Values
M 0.002
1) 0.0018
ag 0.0021
B 0.0002
B2 0.0001
B3 0.0003

Table 3. Parameters of the force constant polynomial used in the simulation.

Parameters
(N/mi) mq my ms3

o 11.05 11.54 11.50
aq —97.35 —108.42 —150.54
ay —347 x 10° —4.67 x 10° —2.30 x 10°
a3 1.11 x 108 6.88 x 107 1.38 x 108
a4 7.02 x 1010 9.44 x 1010 2.26 x 1010
a5 —3.28 x 1013 —1.30 x 1013 —3.73 x 1013

To estimate the unknown parameters in My, the reference D(s) model was selected as
D(s), and the order used in (18) was chosen as m = 2 in the simulation. By conducting exci-
tation experiments on the closed-loop system using Kj, the dynamic decoupling controller
Kj(s) could be determined. The estimated results are shown in Table 4 with the Q-filter

selected as follows: 1

= 41
Q(s) 7.036 x 10~6s2 4- 0.003751s + 1 41
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Table 4. The estimated results based on the structure of dynamic decoupling controller.

Parameters Estimate Parameters Estimate Parameters Estimate
2 4.159x107 2 1.909x10~7 2 6.698x10~7
# 0.002198 1 0.0019 = 0.002393
09, 04718 0%, —4.9611 09, —0.6164
0, 0.3421 0, 2.2755 09, —5.3083
gé)l 0.2033 0% 3.0487 63, 5.2963
07, —8.4778 o7, —30,359
40 50
0, —9.7282 69, —41,652
69, —-12.7135 69, —21,208

4.2. Performance Assessment

To demonstrate the effectiveness of the dynamic decoupling method more intuitively,
some validation experiments in the time domain were carried out. Tracking experiments
for three DoFs were conducted for different systems with the same feedback controller. In
the first tracking experiment, a step signal of 100 um was exerted in z-DoF as the reference
input. Similarly, a step signal of 100 urad was exerted in 6;-DoF and 6,-DoF as the reference
input in the second and the third tracking experiments, respectively. It should be noted that
in each tracking experiment, the reference inputs of the other two DoFs were set as 0, except
the one tracking the step signal. Therefore, the output responses of these DoFs should be
0 when the system is fully decoupled. However, the outputs of the DOFs that track the
zero signal were much greater than 0 when using My and M; as shown in Figures 7-9.
The outputs were derived from the inaccurate decoupling, which can be referred to as
the cross-talk. On the contrary, the cross-talk of the decoupled system using M, was
almost negligible. It can be concluded that the decoupling effect of the M, was the best.
Consequently, to quantify the degree of decoupling, the sum of the maximum value of
cross-talk can be used as the indicator, which can be denoted as

sAC= LYW

i=z j#i

(42)

ej,i

where i, j are selected in the set of {z, 0y, Gy}, respectively, Wi; is the weighting coefficient,
and e;; represents the maximum value of the cross-talk of the j-DoF when the i-DoF is
excitated. Based on the maximum value of cross-talk in tracking experiments shown in
Table 5, the SAC of different decoupled systems using different decoupling methods can be
determined as

SAC; =1.2799 x 10~

SAC, = 2.7684 x 107° (43)

SAC; = 25791 x 10~/

where the weighting coefficient is chosen as W]-i =1fori,j€ {z, Oy, Gy}. SACq, SACy, and
SAC; are calculated based on the decoupled system with Ky, Kj, and K(s), respectively. It
can be concluded that the dynamic decoupling method proposed in this paper outperforms
the other two static decoupling methods, and at least 99.46% and 97.75% performance
improvements were obtained compared to M; and M, respectively. Consequently, the
effectiveness and the superiority of the proposed method can be clearly demonstrated.
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Figure 7. The output responses of tracking experiment of z-DoF.
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Figure 8. The output responses of tracking experiment of 6,-DoF.
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Figure 9. The output responses of tracking experiment of 6,-DoF.

Table 5. The maximum value of cross-talk in tracking experiments with different decoupling con-
trollers (matrix).

Excitated

DoF e; (um) eg, (prad) ep, (urad)

None ! 47.53 62.87

z None 13.58 5.096
None 0.07180 0.1148

0.6832 None 6.056

Ox 0.3564 None 5.220

0.003698 None 0.02546

1.430 9.417 None

Oy 0.5249 2.902 None
0.007016 0.03507 None

1 “None” indicates that the data is not relevant to the content of the text.

5. Conclusions

In this paper, a novel dynamic decoupling method was developed based on the
compensation for varying motor dynamics and transmission delays. The key essence of the
proposed method lies in the structured dynamic component included in the decoupling
controller. What is more, to estimate the unknown parameters, an on-line data-driven
optimization algorithm was presented, where only inputs and outputs of the plant need
to be measured in a single experiment. Both theoretical analysis and experimental results
confirm that the proposed structured dynamic decoupling approach can achieve accurate
decoupling; thus, the interactions between multiple DOFs in the mechatronic system can
be eliminated significantly. Consequently, compared to the conventional static decoupling
methods, a 97.75% performance improvement can be obtained by the proposed dynamic
decoupling method.
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Abbreviations

The following abbreviations are used in this manuscript:

CoM Center of mass

DoF Degree of freedom

DoFs Degrees of freedom

ETF Equivalent transfer function

MIMO  Multiple-input multiple output

SAC Sum of the absolute value of the maximum value of cross-talk

SISO Single-input single-output
VRFT Virtual reference feedback tuning
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