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ABSTRACT
This study presents a model-free robust input-output decoupling control with Nonlinear-Dynamic-
Coupling Inversion/Inverter (NDCI) in a U-control framework. Regarding the decoupling, an
input/output (I/O) coupling matrix function is proposed to derive two decouplers
(U-decoupler/functional inversion and D-decoupler/static matrix inversion). A general existing
theorem is proved for model-free sliding mode control (MFSMC) to lay the foundation for the
NDCI, which takes the Lyapunov differential inequality for its derivative rather than the semi-define
Lyapunov derivative. Accordingly, amulti-input andmulti-output (MIMO)model-free decoupling U-
control (MFDUC) platform is established to integrate the functionalities into a double closed-loop
system framework. To validate the functionalities and configurations, this study presents transpar-
ent and comparative simulated bench tests, which also could be treated as user guidance for further
study and ad hoc applications.
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1. Introduction

Control of MIMO dynamic systems has been natu-
rally widely rooted in academic research and industrial
applications (Liu et al., 2019; Novara&Milanese, 2019;
Wu et al., 2022; Ye & Song, 2022), which has been
continuously reported in textbooks (Bhattacharyya &
Keel, 2022; Isidori, 2014;Wang et al., 2008) and journal
publications (Celentano et al., 2020; Rodrigues &Mes-
bah, 2021; Ye & Song, 2022). A critical bottleneck issue
for this type of control system design, compared with
SISO systems, is the coupling of input/output (I/O) —
the interactions between the two ends. Accordingly,
decoupling is a straightforward intuition for designing
MIMO control systems because it is simple and effec-
tive for designing controllers to achieve the system I/O
pairing performance/operation with SISO techniques.
Bearing the size of the study, it cannot cover the enor-
mous achievements in MIMO control system design.
Accordingly, with the focus of the study, it only takes
a critical review of some of the representative decou-
pling methods to justify the study motivation and to
outline the major contributions of the study.

Model-based decoupling control: Most of the
decoupling control has been linear model-based,
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whichmakes a plant into a diagonal matrix to facilitate
using the SISO design techniques for the control sys-
tem into independently paired I/O in operation. Rep-
resentatively, various transfer function-based dynamic
decoupling control schemes have been presented (Cai
et al., 2008), which convert the plant into diagonally
expanded matrices through pre-compensators. Sim-
ilar decoupling approaches, such as band-decoupled
and statically decoupled systems and triangularly
coupled systems (Dumont, 2021), have been stud-
ied as well. For the state space model-based decou-
pling control, the design is formulated in terms of a
state feedback controller and feedforward gain con-
troller to achieve diagonalised I/O pairing effects while
simultaneously obtaining the other specified system
performance (Zhao et al., 2021). For nonlinear model-
based decoupling control, most of the studies do not
directly take the nonlinear plant model for decoupling
(maybe generally impossible for nonlinear decou-
pling), alternatively use other techniques such as coor-
dinate transform or deliberately treat the nonlinear
coupling as uncertainty/external disturbance (Zhu &
Wang, 2020), linearisation of nonlinear models (Mao
et al., 2011; Pandey et al., 2021). While a nonlinear
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model is used for decoupling design, the formulations
are much more complicated (Nijmeijer & Respon-
dek, 1988). Studies on nonlinear model-based decou-
pling control have been mainly linked to applications,
but no obvious progression in methodology devel-
opment recently. In summary, model-based decou-
pling approaches have obvious merit in dealing with
interaction functional analysis and algorithm formula-
tion; however, on the other side, it has less robustness
(sensitive to plant model uncertainty) and is difficult
in solving equation systems, possibly even transcen-
dental, nonlinear equations with nonlinear I/O cou-
pled plants, further the control systems need re-design
once the nominal models changed. This gives the first
motivation in consideringmodel-free style decoupling
control to increase the robustness and remove the
equation-based functional decoupling.

Model-free decoupling control: Price and Ras-
mussen (2017) presented a high-gain-based cascade
control to implementmodel-free decoupling control of
heating, ventilation and air conditioning (HAVC) sys-
tems, which needmild conditions to approximate non-
linear dynamic plus cautiousness in selecting the inner
loop gain. The other most closely claimed model-
free decoupling control has been adaptive and/or
neural network based data-driven approaches (Dai
et al., 2001; Zhou et al., 2023), which adaptively
use universal approximation and online (i.e. real-
time) learning to determine data-driven models as
reference for controller design. Picking up a few
exemplary publications to show the research progres-
sions in this domain, Wang et al. (2009) proposed a
model-free indirect adaptive decoupling control for
nonlinear discrete-time MIMO systems, which obvi-
ously involved adaptive modelling and linearisation
for decoupling control. Hou et al. (2021) proposed
a data-driven discrete terminal sliding mode decou-
pling control method with prescribed performance,
again obviously data-driven linearisation model was
used to derive the decoupling control. The other
interesting topic is considering the randomness of
the data-driven approach, in which the data-driven
decoupling design has been investigated in probabil-
ity using mutual information optimisation (Zhang &
Zhou, 2022), which deals with couplings among the
outputs of the stochastic systems (Zhang & Wang,
2017). An open space for further study is to remove
the request of the nominal model base for the PI con-
troller design and the feasibility to remove the request

for probability density functions in the decoupling
controller design.

However, strictly speaking, the above configura-
tions cannot be deemed as strict model-free style,
because of using online estimated models in decou-
pling. Therefore, an obvious question asked here is
why there is almost no proper solution for mode-
free decoupling control so far. From the author’s
point of view, this is not because the topic is mean-
ingless, it is essentially because there is no proper
insight/configuration/formulation. Consequently, this
gives rise to the second motivation of the study for
decoupling control without using both offline models
and adaptive online models.

U-control system framework: U-control has been
predominantly developed for SISO control system
design, analysis and simulation. The U-control frame-
work has structures with two loops, the inner loop
for trimming the plant to achieve nonlinear dynamic
inversion into a unit constant or an identity matrix
and the outer loop for achieving system performance.
Accordingly, the control design tasks are relieved via
plant stabilisation/inversion in the inner loop and
system performance specification in the outer loop
separately, whichmakes the control systemdesign uni-
versally feasible for all the model-based and model-
free dynamic plants. It should be noted that in parallel
the high-order fully actuated system control approach
(Duan, 2021) is the equivalent design of a model-
basedU-control, while a control/input affine nonlinear
model is used.

The kernel foundation of the U-control method-
ology is the double dynamic inversion to separate
the request of stabilisation and response performance,
which provides simplicity/generality (solutions) from
complexity (problems). Some representative publica-
tions include model-based discrete time U-control
(Zhu & Guo, 2002) achieving general pole place-
ment control by the integration of solving Diophan-
tine equation and U-inversion; a general procedure
for dynamic inversion (Li et al., 2020); U-model,
U-control methodology and platform (Zhang et al.,
2020); underactuated coupled nonlinear adaptive con-
trol synthesis using the U-model for multivariable
unmanned marine robotics (Hussain et al., 2020);
completemodel-free slidingmode control (CMFSMC)
(Zhu, 2021; Zhu et al., 2022); a new configuration
of composite nonlinear feedback control (Zhu et al.,
2023); robust trajectory tracking of quadrotor UAV
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usingU-control (Li et al., 2022). It should be noted that
no decoupling control approach included in the frame-
work so far. Consequently, the inclusion of this type of
multi-variable U-control is the third motivation of the
study.

Justification of the study
In brief, the bottleneck issue of the study is how the

SISO MFSMC approach can accommodate the third
inversion – input-output decoupling based on the non-
linear and dynamic inversions while treating the plant
as a complete uncertainty. From the conceptual under-
standing and technical configuration, to the derivation
of the formulation are critically challenging, maybe
this is why no such work appeared before the study,
rather because this topic is trivial and not worthwhile
make it.

Motived from the above critical review, verbally,
the study presents a new approach to cancel the
I/O coupling to simplify the MIMO control system
design procedure and to improve the resultant perfor-
mances, in terms of robustness (model-free), general-
ity (model-free), simplicity in design and implemen-
tation (U-control, model-free SMC, double dynamic
inversion, model-free decoupling) and bench tests for
understanding and applications. The major contribu-
tions from the study are outlined below.

(1) To achieve a decoupling effect, an I/O-coupling
control matrix function (I/O-CCMF) is pro-
posed to form a basis for decoupling design,
which enables two decouplers derived, one is the
U-decoupler by solving the I/O-CCMF and the
other is the D-decoupler by taking a gain matrix
inversion. Integrating the two decouplers with
the Nonlinear-Dynamic-Inversion (NDI) within
a closed loop significantly reduces the design and
computational complexity while increasing the
robustness to uncertainties.

(2) An SMC existing theorem is proved to generalise
SMC in both forms, model-based and model-
free formulations, by which the Lyapunov stability
inequality is applied to obtain the switching and
equivalent controls without inducing chattering
effects.

(3) To accommodate the MIMO decoupling control,
the dual loop SISO U-control platform, com-
posed of plant trimming in the inner loop with
stabilisation/robustness and assigning system
performance (e.g. damping ratio and undamped

natural frequency) in the outer loop, are properly
expanded to cover the multi-variable control
systems.

(4) Simulation studies, with significantly input/output
coupled nonlinear nonaffine dynamic plants, are
conducted not only to validate the functional
configurations and analytical results but also to
provide transparent guidance for future expan-
sions/applications.

(5) This presents an exemplary case study in terms
of (1) a new vision of model-free control with-
out using adaptive and/or data-driven online
models, (2) a seamless supplement to model-
based approaches, such as significantly reduc-
ing complexity in decoupling nonlinear control
system design and real implementation, (3) an
insight/definition for total robustness control,
taking total uncertain systems (model-free), con-
trast to nominal model-based uncertain systems
(still model-based), into analysis and design.

The rest of the study includes the following. Section 2
gives preliminary materials for the following section
development, Section 3 presents the major ana-
lytical derivations and conceptual explanations for
the model-free nonlinear-dynamic-coupling inver-
sion/inverter (NDCI), Section 4 establishes theMIMO
model-free decouplingU-control (MFDUC) platform,
Section 5 takes up case studies through simulation
demonstrations and comparisons with two bench test
examples and Section 6 concludes the study.

2. Preliminary

2.1. Nonlinear plant description

Consider a class of general single-input single-
output (SISO) nth-order nonlinear dynamic plant,
described by

∑
SISO: y(n) = f (y(0∼n−1), u, d) (1)

where the triplets y ∈ R, u ∈ R and d ∈ R are
the plant output, input and external disturbance,
respectively, and y(0∼n−1) = [y · · · y(n−1)]T ∈ Rn is
the n − 1 order output derivative vector. It should
be noted that model (1) can be expressed in state
space equations as well by letting x = y(0∼n−1) =
[ x1=y x2=ẏ ··· xn−1=y(n−1) ]T ∈ Rn and xn = f (x, u, d).
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Assumption 2.1: f : u → y, an unknown map-
ping from the input space to the output space, is
a continuously differentiable of class Cn and satis-
fied with the Lipschitz continuity |f (x1) − f (x2)| ≤
K|x1 − x2|, K ∈ R+.

Assumption 2.2: The plant is Bounded-Input-
Bounded-Output (BIBO), |u(t)| ≤ Bu ∩ |y(t)| ≤ By,
∀t ∈ R+,Bu,By ∈ R+.

Assumption 2.3: The plant is a class of asymp-
totically stable zero dynamics, which have minimum
phase properties. Therefore, plant invertibility exists
and is stable.

Assumption 2.4: The plant is completely observ-
able/controllable, and the observability/controllability
matrices are non-singular.

Assumption 2.5: The disturbance is unknown but
bounded |d| ≤ D = sup(|d|) ∈ R+.

Remark 2.1: This study treats the plant as a total
uncertainty, except the dynamic order is assumingly
known in the design and will expand this SISO
description (1) into an MIMO template for develop-
ing model-free decoupling control in the following
sections.

2.2. GeneralisedMFSMC

Regarding model (1), a generalised SISO SMC in
the form of equivalent control can be expressed
(Zhu, 2021).

σ(ỹ) = μ(ỹ), Rn → R

σ̇ = u =
{
usw = −kgsgn(σ ) ∀|σ | > δ

ueq = ρ(σ)|σ̇ σ=0∪σ̇ σ<0 ∀|σ | ≤ δ
,

Rm → R (2)

where σ and σ̇ are the sliding function (SF) and the
derivative, respectively, ỹ= y− yd = [ ỹ ˙̃y ··· ỹ(n−1) ]T ∈
Rn is the output tracking error vector, y = y(0∼n−1) =
[ y ẏ ··· y(n−1) ]T ∈ Rn and yd = [

yd ẏd ··· y(n−1)
d

]T ∈ Rn

are the output derivative vector and the desired out-
put derivative vector, respectively. μ(ỹ) = 0 is a sta-
ble polynomial, such as satisfying Hurwitz stability
and δ ∈ R is the sliding band thickness. For model-
based SMC, it gives σ̇ = u = ρ(σ)|σ̇ σ=0 : Rn → R
and for the model-free SMC (MFSMC), it has σ̇ =
u = ρ(σ)|σ̇ σ<0 : Rn → R. This study will prove the
MFSMC existing theorem and integrate it withMIMO

model-free nonlinear dynamic inversion and decou-
pling control.

2.3. SISOmodel-free U-control systems

Figure 1 shows the SISOmodel-free U-control system,
which is functionally expressed as (Zhu, 2021).

�Usiso : (F,C(CIV , P̂−1), P)

⇔ (F,CIV ,CNDI(P̂−1, P) ∈ In)

⇔ (F,CIV , In) (3)

where F denotes the configuration of the U-control
system. For a general model unknown plant P ∈ Rn,
the objective of the U-control system is to use a dou-
ble loop of control configuration and design indepen-
dently the controllers with double dynamic inversion
formulations (the plant dynamic inversion in the inner
loop and closed-loop control performance dynamic
inversion in the outer loop). The two loop controllers
are explained below.

(1) Trimming plant: The control objective with the
inner loop is to use model-free sliding mode
control (MFSMC) P̂−1 = MFSMC to achieve
nonlinear dynamic inversion/cancellation (NDI)
to generate the nth-order identity matrix CNDI
(P̂−1, P) ∈ In or a unit constant in terms of robust
stability. It should be explained that (1) the design
does not intend to achieve more specifications
of the whole system response trajectory against
nominal design performance, (2) while a plant
converted to a unit constant/matrix in the inner
loop, the controller design in the outer loop will
be independently conducted without dealing with
the plant/model, accordingly, named as invari-
ant (IV) controller, (3) for SMC, if full states are
unavailable, various state observers (Kang et al.,
2013) are optional, for example, extended state
observer (ESO) (Guo & Zhao, 2011), to estimate
the state estimate from the control input and the
measured system output.

(2) Assigning system performance: The control
objectives with the outer loop are (1) to use a
closed loop to achieve nominal design perfor-
mance, for example, linear dynamic system per-
formance is specified with the Laplace transfer
function Y

R = G = CIV
1+CIV

, it can be implemented
by a closed loop configuration while taking up the
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Figure 1. Model-free SISO U-control platform.

invariant controller CIV = (1 − G)−1G, which is
more robust, for sensitivity (Arkun et al., 1984),
against the open-loop implementation, particu-
larly to the commonly encountered constant dis-
turbance, (2) to assign the closed-loop bandwidth
narrower than that in the inner loop, (3) to use the
invariant controller to provide the desired state
vector or the desired output derivative vector as
reference for the inner loop SMC.

This study will expand the SISO control framework to
include the MIMO decoupling control.

Remark 2.2: The similar idea using a dual loop to
allocate control tasks has been adopted in adaptive
tuning PID control (Huang et al., 2002). To gain the
system’s robust stability in the inner loop tunes the
controller online without seeking the nominal design
performance. The outer loop takes periodic online
detection when modelling errors occur and retune
the controller. With such distributed control tasks,
the system is treated as a newly configured system to
provide effective control performance directly. This is
also the U-control configuration with double loops.
However, the obvious distinction is that U-control
takes robust NDI in the inner loop, accordingly, the
outer loop design with the nominal performance is
completely independent of the inner loop, also the
model-free U-control does not require adaptively esti-
mating online models and extracting recursive infor-
mation for designing controllers. The other approach,
the high-order fully actuated (HOFA) control system
design (Duan, 2021) as equivalently shown in the
U-control framework Figure 2, is a type of model-
based dynamic inversion control. For easy reference,
the following notations are used to connect HOFA
control with those functional blocks in U-control
Figure 2.

Figure 2. HOFA in U-control platform.

(1) The HOFA plant model P : x(n) = f (x(0∼n−1)) +
B(x(0∼n−1))u

(2) The model-based HOFA dynamic investigation
P−1 : u = −B−1(f (x(0∼n−1)) + A0∼n−1x(0∼n−1)

− v)
(3) The invariant HOFA controller C1 :x(n) +A0∼n−1

x(0∼n−1) = v

It is noted that the HOFA is a type of model-
based (nominal model of f (·) is used for the controller
design) approach.

3. Model-free nonlinear-dynamic-coupling
inversion/inverter (NDCI)

3.1. Model unknownMIMOplants

Expand the SISO system model (1) into a class of gen-
eral m-dimensional square MIMO nonlinear dynamic
plants as below.∑

mimo : y(n) = F(y(0∼n−1), u, d) (4)

where y = [ y1 ··· ym ]T ∈ Rm and u = [ u1 ··· um ]T ∈
Rm are the system output and input vectors, respec-
tively. For the output dynamic expressions,

y(n) =
[
y(n1)
1 · · · y(nm)

m

]T ∈ Rm,

y(0∼n−1) =
[
y(0∼n1−1)
1 · · · y(0∼nm−1)

m

]T ∈ Rm

and y(0∼ni−1)
i = [yi · · · y(ni−1)

i ]T ∈ Rni , ∀i = 1, . . .m.
The function F = [ f1 ··· fm ]T : u → y is a sufficiently
differentiable mapping vector from the input space
to the output space and d = [ d1 ··· dm ]T ∈ Rm is the
external disturbance vector. TheMIMO plant descrip-
tion shares, in proper dimension, the same properties
as those assumed with the SISO plant (1). This study
treats the MIMO plant as total uncertainty, except the
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dynamic order of each sub-plant is assumed known in
the control systemdesign, to develop a newmodel-free
robust decoupling control framework.

To represent the interactions of all the outputs,
let Ȳ := y(0∼n1−1)

1 × · · · × y(0∼nm−1)
m ∈ R

∑m
i=1 i. Con-

sequently, plant (4) can be expressed as∑
mimo : y(n) = F(Ȳ , u, d) (5)

To represent the couplings/interactions between the
plant input vectoru and output vector y, this study pro-
poses using an I/O coupling matrix function, so that
plant (5) can be expressed as∑

mimo : y(n) = Fy(Ȳ , d) + U(Ȳ , u) (6)

where U(Ȳ , u) = U(∗) = U ∈ Rmm is defined as the
I/O coupling matrix function (I/O-CMF). Conse-
quently, for decoupling control of plant (6), let

∑
mimo :

{
y(n) = Fy(Ȳ , d) + U(Ȳ , u)

U(Ȳ , u) = Dv
(7)

where v = [
v1 . . . vm

]T ∈ Rm is the virtual con-
troller vector, in which each of the elements is to be
designed by SISO control approaches, andD ∈ Rmm ∩
rank(D) = m is the decoupling matrix to be assigned
depending if the control matrix functionU(∗) is given
or unknown.

3.2. Input/Output (I/O) decoupling

Definition of input-output decoupling (Nijmeijer &
van der Schaft, 1990): For plant (4) it is called input-
output coupled, by a feasible relabelling of the inputs
with the following properties hold.

1) The output yi, i ∈ m is invariant with the inputs
uj, j �= i, i, j ∈ m.

2) The output yi, i ∈ m is not invariant with the
inputs ui, i ∈ m.

This section presents model-based and model-free
decouplers.

3.2.1. Decoupling with given I/O-CMF –model-based
decoupler (U-decoupler)
In the case of U(∗), the decoupling is a way of solving
the systems of equations below

U(Ȳ , u) − v|D=Im = 0 → u : Rmm → Rm (8)

where u = [ u1 ··· um ]T ∈ Rm is the controller out-
put/plant control input and v = [ v1 ··· vm ]T ∈ Rm is
the controller input/virtual control.

Remark 3.1: Various algorithms for solving systems
of nonlinear equations have been effectively applicable
(Amiri et al., 2019). In the solution of the systems of
nonlinear equations, assume the general fundamental
conditions, existence, boundness and Lipschitz conti-
nuity, are satisfied. Make it clear, this is not the focus
of the study, which merely uses the Matlab function
to obtain the numerical control vector u in simulation
demonstrations.

Remark 3.2: It should be noted that this is a model-
based decoupling procedure for the control input
vector u, even the virtual control vector v is still deter-
mined by a model-free design.

3.2.2. Decoupling with unknown I/O-CMF –
amodel-free decoupler (D-decoupler)
In the case of U(∗) unknown, to obtain a model-
free coupling effect, an assumption is made for the
following equality holds.

U(∗) = Bu + β (9)

where B =
[

b11 K b1m
M O M
bm1 K bmm

]
∈ Rmm, rank(B) = m is the

coupling gain matrix to reflect the input/
output (I/O) interactions and β is the residual toU(∗).
U(∗) = Bu + β represents a linear affine control Bu
approximation to the nonlinear non-affine I/O-CFM
U(∗).

Accordingly, system (7) can be rewritten as follows.

∑
mimo :

⎧⎪⎪⎨
⎪⎪⎩
y(n) = Fy(Ȳ , d) + U(Ȳ , u)

= Fy(Ȳ , d) + Bu + β

u = Dv

(10)

For decoupling, assign the decoupler D = B−1 under
certain conditions (β → 0) in the design. Conse-
quently, there is no need to find the matrix B, which
alternatively tunes the matrix D. Then substituting
Bu = BDv = BB−1v = Imv into (10) to yield

∑
mimo :

⎧⎪⎪⎨
⎪⎪⎩
y(n) = Fy(Ȳ , d) + Bu + β

= Fy(Ȳ , d) + Imv|β→0∩D=B−1

u = Dv
(11)
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That is, in effect, the system is decoupled into m iso-
lated sub-control systems in the form of

y(ni)
i = F(Ȳ ,β , d) + vi, i ∈ [1 . . .m] (12)

Theorem 3.1: The model-free D-decoupler converges
to the model-based U-decoupler Bu → U(∗) while the
residual β → 0.

Proof: Express the residual from (9) as

β = U(∗) − Bu (13)

Assign a Lyapunov function V = 1
2β

2 and its deriva-
tive accordingly is expressed as

V̇ = ββ̇ = (U(∗) − Bu)
(
U̇(∗)

∂U(∗)

∂u
− Bu̇

)

= (U(∗) − BD−1v)
(
U̇(∗)

∂U(∗)

∂v
− BD−1v

)
(14)

while V̇ < 0,β → 0 fromLyapunov stability condition.
�

Corollary 3.1: Matrix D is not unique because the dif-
ferential inequality V̇ = (U(∗) − BD−1v)

(
U̇(∗)

∂U(∗)
∂v

− BD−1v
)

< 0 has multiple solutions.

Remark 3.3: The Corollary chooses the matrix D
more relaxed than the unique choice from solving
equality equations. This gives a much stronger robust
tuning of the matrix D within a large range of choices.

Remark 3.4: Compared with the other linear and
nonlinear decouplers (Hou et al., 2021; Liu et al., 2019),
the new decouplers have several obvious merits, such
as (1) does not increase systemdynamic order, (2) does
not require decoupling interconnections, (3) does not
introduce summation elements, (4) does not take up
pole/zero cancellation, (5) for D-decoupler, there is
no need to estimate/approximate nonlinear nominal
models offline and/or online.

The procedure (the rule of thumb) to tune the
matrix D is listed with the TITO systems below

(1) Always make sure Rank(D) ∈ Rm, that is, det(D)

�= 0.

(2) Start from setting up D = diag(D), ∀d11 = d22
= 1. If a good decoupling effect is observed, this
is the case without input/output coupling. The
matrix D is determined.

(3) Otherwise, set up D =
[

±d11 ±d12
±d21 ±d22

]
to start tun-

ing, by trial and error, from D =
[

±111 ±0.312±0.521 ±222

]
.

Large absolute values have a high gain effect.
(4) As the matrix D is determined in the principle of

the Lyapunov differential inequality for its deriva-
tive rather than the Lyapunov derivative equality,
there are various choices of the matrix to achieve
the input/output decoupling effect.

(5) From the group of feasible decoupling matrices
D, select the better fit, for example, regarding the
control input with low amplitude and less fluctu-
ation in the steady states.

It should be noted that a systematic procedure to
tune the matrix D could be progressively established
with more applications.

3.3. Model-free nonlinear dynamic inversion (NDI)

A model-free SMC (MFSMC) has been proposed to
achieve the NDI. The MFSMC (Zhu, 2021) has been
studied with certain progressions (formulation and
demonstration); however, the general MFSMC exist-
ing theorem has not been proved. Consider a control
vector u specified for MIMO SMC below.

u = smc ∈ Rm (15)

where smc = [ smc1 ... smcm ]T ∈ Rm.
To design each of the model-free SMCs with

an output vector y(0∼ni−1)
i = [

yi1 ẏi1 ··· y(ni−1)
i1

]T ∈ Rni ,
assign the corresponding sliding function and the
derivative, which satisfy the Lyapunov asymptotic sta-
bility conditions. For determining the equivalent con-
trol, consider a set of design criteria below

σi = μi(ei)|∀t≥0, ||μ(ei)||≺δi : Rni → R

σ̇i = ui = ρi(σi)|σ̇iσi≺0 : Rni+mi → R (16)

where σi and σ̇i are the sliding function and the
derivative associated with its output, respectively, ei =
y(0∼ni−1)
i − y(0∼ni−1)

di = [
ỹi ˙̃yi ··· ỹ(ni−1)

i

]T ∈ Rni is the

output tracking error vector and y(0∼ni−1)
di =

[
ydi ẏdi

· · · y(ni−1)
di

]T ∈ Rni is the desired output vector.
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Accordingly, the sliding function is commonly defined
as σi = μi(ei) = ciei ∈ Rni → R, where σi = ciei =
0 is a Hurwitz stable polynomial with the properly
assigned coefficient vector ci.

Theorem 3.2: (MFSMC existing theorem): For easy
formality proof, consider a SISOplant (1)

∑
SISO: y(n) =

f (y(0∼n−1), u, d), with a properly assigned sliding func-
tion σ and its derivative σ̇ . Assign a Lyapunov function
V in terms of sliding function σwith V(σ ) = 1

2σ
2 ≥ 0,

to satisfy Lyapunov asymptotic stability condition, it also
requires the derivative of the Lyapunov function V̇ =
σ̇ σ ≺ 0. Regarding MFSMC, it has ∃u = ρ(σ)|σ̇iσi≺0,
under the conditions of (1) ρ(σ) :

{
ρ(σ1)>ρ(σ2),∀σ1<σ2

0,∀σ1=σ2

is amonotonically decreasing function, and (2) |f̂ |max <

|ρ(σ)|, where |f̂ |max is the bound of plant (1) in
the expression of

∑
SISO: y(n) = f (y(0∼n−1), u, d) =

f̂ (y(0∼n−1), u1, d) + u1. With the two conditions, a set
of controls u = ρ(σ) exist to give rise to the Lya-
punov stabilised control systems in terms of V̇ ={

σ̇ σ<0, ∀ρ(σ)σ<0
0, ∀σ=0 .

Proof: Let u = ρ(σ), for the first condition, to achieve
V̇ = σ̇ σ ∼ ρ(σ)σ < 0, it requires (1) sgn(u = ρ(σ))

= −sgn(σ ) which is achieved by u = ρ(σ) being a
decreasing monotone function of σ and σ̇ = ρ(σ) =
0,∀σ = 0 indicates the state vector converged to the
origin. For the second condition, (2) let

∑
SISO: y(n) =

f (y(0∼n−1), u, d) = f̂ (y(0∼n−1), u1, d) + u1 and σ̇ =
(y(n) + σ̇\y(n)) = (f + σ̇\y(n))|f=y(n) = (f̂ + u1 + σ̇\
y(n))|u1=u−σ̇\y(n) = f̂ + ρ(σ)|u=ρ(σ). As u = ρ(σ) is a
decreasing monotone function of σ , to achieve V̇ =
σ̇ σ ≺ 0, it requires |f̂ |max < |ρ(σ)|, which is still a
decreasing monotone function of σ . �

Corollary 3.2: Rather than just a sole solution from
u = ρ(σ)|σ̇=0 with model-based SMC, there are vari-
ous options for selecting u = ρ(σ)|σ̇ σ≺0 for MFSMC.
Here a few examples with both switching control usw and
equivalent control ueq are picked up (Zhu, 2023).

Proportional (P) control

u =
{

usw = −kgsgn(σ ) ∀|σ | > δ

ueq = ρ(σ) = −klσ ∀|σ | ≤ δ
(17)

where |f̂ |max < kg < |ku|max, ∀usw and |f̂ |max < kl <

|ku|max, ∀ueq, where |f̂ |max is the plant bound and

|ku|max is the controller saturation bound. Con-
sequently, it achieves lim

t→∞ σ(ỹ) → 0 : → lim
t→∞ ỹ =

y − yd → 0, lim
t→∞ y−1yd → In.

Proportional and integral (PI) control

u =
{

usw = −kgsgn(σ ) ∀|σ | > δ

ueq = ρ(σ) = −kpσ − ki
∫

σ ∀|σ | ≤ δ

(18)
Similarly, the PI control can achieve the Lyapunov sta-
bility conditions V = 1

2σ
2 > 0 ∩ V̇ = σ̇ σ < 0 with

the properly assigned gains kg , kp, ki to make the con-
troller u = ρ(σ) a decreasingmonotone function of σ .

Continuous control with monotone bounded
hyperbolic tangent function

u = ρ(σ) = −kh tanh(k0σ)σ (19)

where the controller parameters kg , kp, ki have prop-
erly tuned the controller u = ρ(σ) a decreasingmono-
tone function of σ is to satisfy the Lyapunov stability
conditions V = 1

2σ
2 > 0 ∩ V̇ = σ̇ σ < 0

Remark 3.5: The gains in the above controllers are
specified to remove the sign impact from the plants to
achieve σ̇ σ = ρ(σ)σ ≺ 0. Consequently, a large range
of gain options to satisfy the Lyapunov asymptotic sta-
bilisation conditions, which relax the choices of the
gain tunings – increase the robustness.

Remark 3.6: The generalised MFSMC covers (1)
asymptotical stabilisation by assigning the sliding
function with Hurwitz stable polynomials, (2) finite-
time stabilisation by assigning the sliding function
with fractional stable polynomials and (3) bothmodel-
based design and model-free design of the controller
by assigning the SF derivative σ̇ = ρ(u) = 0 or σ̇ =
uρ(σ) < 0 (Zhu, 2021).

Corollary 3.3: For the dynamic inversion CNDI(P̂−1,
P)

asymp−→ In in all the cases above, because lim
t→∞ σ(ỹ) →

0 : → lim
t→∞ ỹ = y − yd → 0 implies y = Inyd, that is,

CNDI(P̂−1, P)
asymp−→ y = Inyd → y = yd → In

Property 3.1: Consider a dynamic model f = |f̂ | +
|ε| (could be nonlinear and/or time-varying) (Slotine
& Li, 1991), where f̂ is the nominal model used as a
basis for model-based control system design and ε is
the uncertainty or model error subject to f . The per-
centage of robustness control is defined here as R =
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|ε|
|f̂ |+|ε|(%). For the model-free approach, R = |f̂ |+|ε|

|f̂ |+|ε| =
100(%), accordingly called total/full robustness con-
trol. Obviously, for thosemodel-based approaches, the
robustness percentage is less than such model-free
approaches.

3.4. Procedure for achieving NDCI

In summary, the NDCI procedure within the inner
loop is outlined below.

(1) Take theMIMOplant as a total uncertainty, except
assume the dynamic order of each sub-output
known in the SMC design.

(2) Separate independently design the model-free D-
decoupler by assigning the decoupling matrix D.

(3) Separate independently design the nonlinear
dynamic inverter by model-free SMC (SF σi =
μi(ỹi), sliding band thickness δi, and switch-
ing/equivalent controls vswi/veqi.

(4) While the output dynamic vector for feedback
control is not available/measurable, an observer,
such as an extended state observer (ESO) needs
to be introduced to estimate the vector.

(5) The desired output vectors ydi are specified/pro-
vided by the outer loop in the U-control frame-
work.

4. MIMOmodel-free decoupling U-control
(MFDUC) platform

As shown in Figure 3, the MIMO U-control platform
is functionally expressed as

�Umimo : (F,C(CIV , P̂−1,D), P)

⇔ (F,CIV ,CNDCI(P̂−1,D, P) ∈ Im)

⇔ (F,CIV , Im) (20)

Below is the description of the two loops designed.

(1) Trimming plant in the inner loop – robust sta-
bility: NDI for SISO systems has been explained
in Section 2. As the decoupling control design
still uses the SISO technique to design the MIMO
control systems, (1) the SISO NDI remains in
its feasibility and (2) the decoupling proposed
in the study is independently achieved from
NDI. Subsequently, it gives NDCI in the form
of CNDCI(P̂−1,D, P) ⇔ (CNDI ,D) ∈ Im, in which

Figure 3. Model-free MIMO U-control platform.

the formulations have been presented in the above
sections. It is noted that there are two decouplers
developed in the study, model-basedU-decoupler
and model-free D-decoupler.

(2) Assigning system performance – dynamics/
steady states: The outer loop controller CIV
design includes
(a) (1)Assign I/O paring linear dynamic per-

formance g = diag [ g11(ζ1,ωn1) ... gmm(ζm,ωnm) ],
where g is for the decoupled O/I Laplace
transfer function (dynamic gain matrix) with
specified damping ratio and undamped nat-
ural frequency ( ζi, ωni ), in which the asymp-
totic stability means all the roots lying in the
open left half-plane on the complex plane and
the steady-state error lim

t→∞(ri(t) − yi(t)) =
lim
t→∞ ei(t) = 0 to a given level reference vec-
tor r = diag [ r1 ... rm ].

(b) (2)Determine the invariant controller CIV ,
converting the system performance into a
closed-loop implementation by taking the
dynamic inverse of the performance transfer
function as CVI = g(Im − g)−1.

(c) (3)Provide reference vector yd = [ yd1 ... ydm ]T ∈
Rn1×···×nm for each I/O paring path, yi =[
yi1 ẏi1 ··· y(ni−1)

i1

]T ∈ Rni in the inner loop
NDCI, configure the invariant control CIV in
state space realisation to provide the output
derivative reference vector automatically.

5. Case studies

The simulation considers a two-input and two-output
(TITO) plant below.

P2x2 :

⎧⎪⎪⎨
⎪⎪⎩
ÿ1 + y2ẏ1 + u2ẏ2 + 0.6y1 − sin(u1)

− 2u2 − u31 = 0

ÿ2 − 1.5(1 − y21)ẏ2 + y1 − 2u1 + u32 = 0
(21)
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The external level disturbances, a typical non-
vanishing disturbance, are assigned with d1(t) = 1
d2(t) = 0.2 added at the corresponding outputs,
respectively.

Inspect plant (21), the first line of the plant is a
nonlinear nonaffine dynamic and the second line is an
expanded Van der Pol equation with nonlinear control
input, the interconnect outputs and the I/O couplings
are apparently observed in the sub-plants.

This case study is set up for testing the decoupling
control implemented within the MIMO U-control
framework. The analytically designed NDCI and
invariant control need to be demonstrated numerically
if they are consistentwith the expected results. For a set
of given references ([ r1(t)=4 r2(t)=sin(t) ]T , ∀t ≥ 0) and
a black-box plant with the given dynamic orders of
each sub-plant, plus assuming the output derivatives
are available for the control system designs, other-
wise output derivative observers, revised from the state
observers, can be taken in to estimate the derivative
vectors.

The decoupling control objective is described as I/O
paring performance, decoupled output responses with
specified damping ratio and undamped natural fre-
quency ( ζi, ωni ) and the steady-state error to level ref-
erences lim

t→∞(ri(t) − yi(t)) = lim
t→∞ ei(t) = 0, i = 1, 2.

5.1. Control system design

Regarding Figure 3, as the output derivative vectors are
available, there is no need to use observers. The con-
trol system design procedure includes the following
separate sections.

1) Design NDI through model-free SMC: Spec-
ify the sliding function with σi = 20(yi − ydi) +
(ẏi − ẏdi) = 20ei + ėi, i = 1, 2. Set up the sliding
mode band thickness δi = 1, i = 1, 2. Assign the
SM controllers with vi =

{ −kgisgn(σi) ∀uswi
−kpiσi ∀ueqi , i =

1, 2 and [ kg1=kg2=−5 kp1=kp2=−5 ] (tuned by trial
and error).

2) Design decouplers: This includes the design
of the two types of decouplers, model-based
(U-decoupler) and model-free (D-decoupler).

For the model-based U-decoupler, the coupling
controlmatrix function is extracted from the plant (21)
and the control input vector is determined by solving

the following nonlinear systems of equations.

U :
{ −u2ẏ2 + sin(u1) + 2u2 + u31 = v1

2u1 − u32 = v2
(22)

For the mode-free D-decoupler, tune the decoupling
gain matrix D = [ 1 2

1 −3
]
with trial-and-error tests.

Because of the multiple choice of the matrix D, the
other choices of the D-decoupler also have been tested
in the simulation.

3) Design invariant controllers: For the whole
closed-loop control system Laplace transfer func-
tion matrix Y(s)/R(s) = G(s), assign the I/O
paring linear dynamic performance in terms of
a diagonal matrix G = diag [ g11(ζ1,ωn1) g22(ζ2,ωn2) ]
and specify the two diagonal transfer functions as

Yi

Ri
= gii = CIViSMCi(P̂−1 ∗ P)

1 + CIVi
= CIVi

1 + CIVi

= ω2
ni

s2 + 2ζiωnis + ω2
ni
,

{
ζ1 = 0.7 ωn1 = 1
ζ2 = 1 ωn2 = 1

(23)

Therefore, the two controllers are designed by tak-
ing the inversion of the system’s closed-loop transfer
function Gii, which are expressed as

CIVi = Gii

1 − Gii
= ω2

ni
s(s + 2ζiωnis)

,
{

ζ1 = 0.7
ζ2 = 1

ωn1 = 1
ωn2 = 1 (24)

The invariant controllers also provide desired refer-
ence vectors for the SMCs in the inner loop. Accord-
ingly, from (24) these desired output derivative vectors

are formed y(0∼1)
di = [ ydi ẏdi ]T =

[
1
s

ω2n
s+2ζωn

ω2n
s+2ζωn

]T
.

It should be noted that throughout the simulation
process, the plan model was not used as a reference
for designing the controller except for the mode-based
U-decoupler. That is, the plant is treated completely as
an uncertainty, only the input/output are available and
the dynamic order of the plant is assumed known in
advance.

5.2. Simulation tests and discussions

Matlab/Simulink is used to conduct the computa-
tional experiments. Figure 4 shows the control sys-
tem response using I/O-CCFM U(∗) decoupler and
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Figure 4. Udecoupling control system responses. (a) Output response y(t), (b) Control u(t), (c) Error e(t) = r(t) − y(t), (d) Slidingmode
function σ(t).

Figure 5 is generated with a model-free decoupler D.
To test the dynamic and coupling variation to the
system response, set (1 + �)y2 (� = [−0.4 0.4 ] is the
variation, taking up 40%deviation range) as y2 is inter-
acted with both sub-plant and associated with control
u2. Figures 6 and 7 show the responses from using
decouplersU andD, respectively. Inspect the plots and
draw the following observations/discussions.

(1) The fundamental ideas, in terms of two dynamic
inversions (NDI and invariant controller) and one
static inversion (matrix inversion/D-decoupler
and solution of set equation/U-decoupler)
through model-free SMC, control system specifi-
cation anddecouplingwithin theMIMOU-control
framework, are consistent with the analytical
results presented in the study. Inspection of all
figures a, the paring performance with the refer-
ence and output response is reasonably reflect-
ing the design specifications. It is noted that
the second sub-system output response to the
sinusoidal (with a frequency of 1/rad) reference

has 90◦ phase delay, this is because the fre-
quency response g2(ω = 1) = 1

(jω)2+j2ω+1

∣∣∣
ω=1

=
1

−1+j2+1 = 1
j2 = 0.5∠ − 90◦, a forward gain of 2

has been added to compensate for the amplitude
reduction in the simulation.

(2) For the decoupling controller output u vector, as
shown in Figures b, both U and D-decouplers
have a similar amplitude range ui ∼ ±3, i = 1, 2.
However, the U-decoupler produces fast oscil-
lation in the starting phase and a longer time
(solving the nonlinear system equations) com-
pared with the D-decoupler in the simulations.
With the successful control effect, the coupling
matrix B can be obtained by D = B−1 = [ 1 2

1 −3
]
,

which could be a useful reference for understand-
ing the plant andmaintaining/revising the control
system in the future. In addition, to test the multi-
ple choice matrix D, the simulation selected D =[ 1 5
1 −3

]
, D = [ 1 0

1 −1
]
, and D = [ 1 0

1 −5
]
All these

showed the well-decoupled control results and
robustness in assigning the D-decouplers.
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Figure 5. Ddecoupling control system responses. (a) Output response y(t), (b) Control u(t), (c) Error e(t) = r(t) − y(t), (d) Slidingmode
function σ(t).

(3) For the error of each subsystem, the difference
between the reference and output, as shown in
Figure c, the errors to level references are, as
expected, well asymptotically converged to zero.
For the errors to sinusoidal references are, as
expected, the same frequency but are obvious due
to the phase lag. A merit point observed from the
plots is that the nonlinear control system does not
induce harmonics, this conforms once again to the
achievement of NDI to make the whole system
operate by the linear dynamics specified.

(4) NDI by SMC significantly facilitates such insight
and formulations, dealing with chattering effects
at the controller output, as the equivalent con-
troller output in model-free SMC is formulated
by σ̇ σ ≺ 0 (this is asymptotic Lyapunov stabil-
ity) rather thanmost popularlymodel-based SMC
with σ̇ = 0 (only Lyapunov stability) which is
one of the sources inducing chattering. With
the MFSMC, the sliding band thickness is rel-
atively relaxed without losing steady-state accu-
racy as the sliding function and its derivative

are asymptotically converged to zero. For slid-
ing function (SF), as shown in figure d, the U-
decoupler clearly shows the two SFs separated and
the D-decoupler has mixed up the two SFs within
the sliding mode bands.

(5) To test the dynamic and coupling variation to the
system response, particularly for the decoupling
effect. In the case of both dynamic interaction
and I/O coupling from y2, conducted a series of
tests of (1 + �)y2 (� = [−0.4 0.4 ], a 40% devia-
tion range). Figures 6 and 7 show the U decou-
pling and D decoupling control with the test of
(1 + 0.4)y2 respectively. As shown in Figure 6, the
U-decoupler still enables the system to track level
reference properly, but not the sinusoidal refer-
ence in shape, amplitude and phase due to the
inaccurate root solutions. The D-decoupler has
no such problems as it takes such variations as
uncertainties dealt with NDI.

(6) While the plant model is completely unknown,
the designed control systemhas a very simple tun-
ing of process in selecting SMC and D-decoupler
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Figure 6. U decoupling control system responses with (1 + �)y2 = (1 + 0.4)y2. (a) Output response y(t), (b) Control u(t), (c) Error
e(t) = r(t) − y(t), (d) Sliding mode function σ(t).

Figure 7. D decoupling control system responses with (1 + �)y2 = (1 + 0.4)y2. (a) Output response y(t), (b) Control u(t), (c) Error
e(t) = r(t) − y(t), (d) Sliding mode function σ(t).
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parameters which have a relatively wide range
of choices while keeping almost the same spec-
ified performances. For example, the SM con-
trollers with ui =

{ −kgisgn(σi) ∀uswi
−kpiσi ∀ueqi , i = 1, 2 and

[ kg1=kg2=−5 kp1=kp2=−5 ] were tuned by trial and
error, they have a large range of selections to
achieve the NDI in terms of robust stabilisa-
tion instead of delicate transient response spec-
ification (to be achieved by the external loop)
similar to the D-decoupler. What was selected
have made the smallest control amplitude ranges
within the tested set of parameters. Such U-
control to relocate control tasks (robust stabilisa-
tion and decoupling in the inner loop and control
system performance specification in the external
loop) separately independently has the potential
for industrial co-design, particularly for emerging
systems, such as unmanned aerial vehicles (UAV).

(7) Regarding the robustness against model internal
uncertainty, the control systemdesignedhas taken

the plant as a whole uncertainty R = |f̂ |+|ε|
|f̂ |+|ε| =

100(%), and the plots confirm the expected out-
comes.

(8) The contents presented analytically and validated
computationally in the study have followed a route
from complexity (problems) to simplicity (anal-
ysis and solutions). The derived and simulated
are consistent and basically feasible for those with
reasonably good control system knowledge to
use/expand for their ad hoc research and develop-
ment. In some sense, this study could be treated as
a user manual.

5.3. Comparative simulation demonstrations

This section compares a commonly used dynamic
decoupling control (DDC) approach (Bhattacharyya
& Keel, 2022 Cai et al., 2008;) with the new approach
MFDUC (with the D decoupler) for a general TITO
first-order linear dynamic plant. Figure 8 shows the
dynamic decoupling control system and the coupling
plant is tested with both decoupling control schemes.
The desired closed-loop transfer function is specified
by, both decoupling control systems

G(s) =

⎡
⎢⎣

1
s + 1

0

0
1

3s + 1

⎤
⎥⎦ (25)

Figure 8. Dynamic decoupling control.

The reference vector is assignedwith [ r1(t)=4 r2(t)=2 ]T ,
∀t ≥ 0. The two control system designs are briefed
below.

(1) For the DDC, the controllers are expressed by

Gc(s) =
[

Gc11(s) Gc12(s)
Gc21(s) Gc22(s)

]

=

⎡
⎢⎣

2s + 1
s

0

−(s + 1)(2s + 1)
s

s + 1
3s

⎤
⎥⎦ (26)

(2) For the MFDUC, keep the SMC the same as used
in the first case study, the rest of thework is to tune
the D-decoupler, which D = [ 10 3−1 9

]
is selected

from large feasible decoupling control options.

Figure 9 shows the comparisons of the model-
matched DDC against the MFDUC. Large initial con-
trol inputs [ u1(0)=8 r2(0)=−814 ]T are observed from the
DDC and the final control inputs are [u1(25) = 4
r2(25) = −2.23]T . For the MFDUC, the initial con-
trol inputs [ u1(0)=0 r2(0)=0 ]T are observed and the final
control inputs are [ u1(25)=3.99 r2(25)=−10.00 ]T .

Figure 10 shows the comparisons of the model mis-
matched DDC which the second sub-transfer func-
tion takes 1

3s+1 in simulation and the nominal model
of 1

s+1 in the design against the MFDUC with the
same D-coupler D = [ 10 3−1 9

]
. Inspect Figure 10, for

theDDC large initial control inputs [u1(0) = 8 r2(0)
= −814]T are observed and the final control inputs
are [ u1(25)=4 r2(25)=−2.23 ]T . For the MFDUC, the ini-
tial control inputs [ u1(0)=0 r2(0)=0 ]T are observed and
the final control inputs are [ u1(25)=3.99 r2(25)=−10.00 ]T .
Obviously, DDC has large dynamic variation in the
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Figure 9. DDC and MFDUC control systems. (a) Output response y(t) – DDC, (b) Control u(t) – DDC, (c) Output response y(t) – MFDUC,
(d) Control u(t) – MFDUC.

transient phase, but the MFDUC robustly keeps the
response the same as in Figure 9 except the control
input vector is accordingly adjusted.

In summary, this comparative study consistently
confirms the validity tested with the first case study.

6. Conclusions

Regarding insight/concept for developing new robust
control system design approaches, this study takes
total uncertain systems (model-free, no need for
online model estimation), contrast to nominal model-
based uncertain systems (still mode-based), into anal-
ysis and design.

To the author’s best knowledge, this is the first study
to take MIMO nonlinear nonaffine plants as whole
uncertainty to design model-free decoupling control.
The study has proposed three types of separate inver-
sions within the U-control framework to achieve its
aim in terms of model-free robust decoupling control
of multivariable systems. The three inversions are (1)
model-free nonlinear dynamic inversion to trim the
plant into an identity matrix, which is implemented

by a general model-free SMC; (2) static decoupling to
cancel the I/O coupling effects, which is implemented
by system I/O equations solution (U-decoupler) or
a matrix inversion formulation (D-decoupler); (3)
whole control system performance inversion for deter-
mining the invariant controller for the output control,
and simultaneously to provide the desire state vector
for the inner loop control.

The presented method could be expanded to pro-
vide solutions for the other related issues in MIMO
control system design, such as under-actuated control
and over-actuated control. In merits, (1) the model-
free control methodology has roots in bionics and
human heuristic behaviour, which effectively uses the
error and the error derivatives in conjunction with
SMC. This merit is comparable with mode-free adap-
tive control which still needs online model updating
with the measured errors and the model variables, and
the other data-driven learning control approaches in
need of online model estimation. (2) The U-control
configuration represents a fundamental insight – the
control system design is a backward procedure to
invert the system with prescribed requests, U-control
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Figure 10. DDC and MFDUC control systems with plant parameter variation. (a) Output response y(t) – DDC, (b) Control u(t) – DDC, (c)
Output response y(t) – MFDUC, (d) Control u(t) – MFDUC.

takes an inverting procedure with two dynamic inver-
sions and one static inversion from [ABC]∧-1 to [A]∧-
1∗[B]∧-1∗[C]∧-1 = [B]∧-1∗[C]∧-1∗[A]∧-1 = ∗∗∗ (in
any order of the three inversions), which makes the
whole control system design separately independently
possible and could provide a co-design platform for the
effective and speedy design of plant/process and the
control independently. (3) The approach is not against
model-based methods, in general, it supplements the
methods with the whole spectrum from model-based
to mode-free. Hopefully, these insights could be sup-
plementary references for the other control approaches
in strategic methodology development. Further stud-
ies from the current results could be those topics on
control of time-delayed multivariable systems, MIMO
systems with hard (noncontinuous) nonlinearity and
bench test applications.
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