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Abstract: In this work, an ultra-local model-based predefined-time assist-as-needed controller
(UPTAC) is presented for a upper limb patient-exoskeleton system (ULPES) under input and
performance constraints. The designed UPTAC has a dual-loop control architecture. The outer
impedance sub-control loop includes task performance function and impedance controller, which
dynamically adjust the speed of rehabilitation exercises and obtain the desired assistive torque. Next,
under the ultra-local model-based control framework, an inner torque sub-control loop was designed by
combining barrier Lyapunov function and performance constraints, thereby achieving predefined time
convergence and reducing the complexity of controller design. Finally, the effectiveness of UPTAC
was verified through simulation.
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1. Introduction

The global demographic shift toward aging populations has elevated stroke to a predominant
neurological disorder, frequently resulting in persistent motor dysfunction [1, 2]. Contemporary
rehabilitation paradigms increasingly incorporate robotic exoskeletons, yet critical challenges persist
in the control of upper limb patient-exoskeleton systems (ULPES), particularly regarding (i)
precision implementation of assist-as-needed (AAN) control, and (ii) resolving time-varying parameter
identification.

Early rehabilitation exoskeletons mainly utilize position control strategies, but this approach often
overlooks the patient’s involvement during the training process [3]. To address this limitation,
AAN control methods have been developed, which operate by adjusting torque, being fundamentally
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different from traditional position control [4]. The AAN approach dynamically adjusts assistive
torque based on real-time assessment of the patient’s movement capability, thereby maintaining
therapeutic efficacy while actively promoting neuromuscular recovery through preserved volitional
movement participation [5]. In [6], an AAN control via a novel stiffness-based mapping framework
was implement, which can dynamically adapt both the rehabilitation trajectory and assistive force of
the robotic system based on real-time assessment of the affected limb’s movement capability. In [7], a
trained machine learning model was employed to characterize patient muscle strength, enabling real-
time adaptation of exoskeleton drive velocity based on continuous muscular capability assessment.
These advancements collectively demonstrate the transition from rigid position control to adaptive,
patient-centered AAN strategies in rehabilitation exoskeletons.

The exoskeleton system must maintain high control precision while achieving AAN to deliver
accurate assistive torque for optimal rehabilitation training. Barrier Lyapunov function (BLF) can
constrain variables in the system, such as tracking errors [8], outputs [9], and states [10], within
certain boundaries. Therefore, BLF-based control strategies can limit tracking errors to small intervals,
achieving high-precision control. In order to address constraint problems in different situations, BLF
has evolved from the initial symmetric log-type BLF [11] to tan-type BLF [12], asymmetric BLF [13],
time-varying BLF [14], and integral BLF [15], among others. In [16], a novel asymmetric BLF is
designed based on translation transformation, which is smooth and has a high-order derivative with
fixed-time convergence. In [17], a recursively constructed adaptive control scheme was presented by
combining BLF and funnel control techniques, with the BLF component designed to mitigate effects
of unmodeled dynamics and improve transient performance. Due to these advantageous properties,
BLF has been widely adopted in robotic systems [18], multi-agent systems [19], and marine surface
vessels [20] to ensure both operational safety and control precision. However, the existence of random
initial values may cause the constrained variables to exceed the preset boundaries, which can have
adverse effects on control performance. To solve the problem of random initial values, shifting function
is used to convert tracking errors into shifting errors [21], thereby reducing the impact of random initial
values. In [22], the influence of initial conditions on predefined-time convergence was eliminated by
introducing auxiliary functions and K!-sliding surfaces. In addition, infinite initial value performance
functions have been proposed in [23], which have infinite initial values, allowing them to remain within
the performance function even if the initial values are random. Most existing BLF-based control
methods rely on model-dependent designs. For human-exoskeleton rehabilitation systems involving
active patient participation, accurate parameter identification becomes particularly challenging. This
necessitates the development of BLF-based controllers that do not rely on precise models.

In addition to BLF-based control methods, both predefined-time control [24] and prescribed
performance control [25] can improve control accuracy. For predefined-time control, this method
can ensure that the system convergence time has a fixed upper limit of a constant, which can
be explicitly determined by the user [24]. Predefined-time control generally forces the system to
converge within a predefined time by constructing Lyapunov functions on specific forms [26] or
sliding mode control laws [27]. Steady-state error is also an important indicator, and prescribed
performance control can achieve quantifiable transient and steady-state performance [25]. Its essence
is to transform error constraints into core indicators of controller design, requiring errors to satisfy
prescribed dynamic boundaries. In the controller design process, constrained errors are generally
converted into unconstrained variables through an error conversion function, and the controller design
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ensures that the conversion error is bounded, thereby achieving prescribed performance control [28].
In addition, prescribed performance control can also be achieved through BLF [29]. However, most
predefined-time control and prescribed performance control are model-based control methods, and
when an accurate model cannot be obtained or model parameter identification is inaccurate, the control
effect will be affected.

Ultra-local model-based model-free control effectively overcomes the limitations of conventional
control methods that require precise mathematical models. This approach simplifies the original system
into a second-order ultra-local model (ULM) [30]. All subsequent controller design and stability
analysis are then performed based on this simplified ULM representation. Owing to its parsimonious
mathematical structure, the ULM demonstrates remarkable compatibility with various advanced
control strategies, including PID control [31], sliding mode control [32], prescribed performance
control [33], and prescribed time control [34]. This versatility has led to successful deployments
across multiple engineering systems, particularly in exoskeletons [35], manipulators [34], car active
suspension systems [36], UAV [37], etc.

Building upon these research challenges, an ULM-based predefined-time assist-as-needed
controller (UPTAC) is proposed for ULPES, explicitly addressing both input and performance
constraints. The key advancements beyond existing approaches include:

(i) Compared with our previous work [38], this study incorporates a task performance function
that dynamically adjusts rehabilitation training intensity based on the patient’s recovery status. For
patients with limited movement capability, the duration of each training cycle is extended to reduce
exercise speed; as the patient’s movement capability improves, the circulation time is shortened to
gradually increase the speed. This ensures the safety of patients and can stimulate their enthusiasm for
rehabilitation training.

(i) BLF is introduced, and special performance constraints are designed to indirectly achieve
predefined-time convergence, allowing the tracking error to converge to a small interval within a
predefined time. The constraints employ an exponential term that simultaneously enables predefined-
time convergence and achieves a smooth transition of performance constraints.

(i11) Unlike conventional BLF-based controllers, the proposed UPTAC method is designed and
analyzed using the ULM framework, which significantly reduces both dependence on precise
mathematical modeling and controller design complexity.

This paper is structured into five main sections. Section 2 formulates the dynamic model of
the ULPES and gives the control objectives. The detailed development of the UPTAC controller is
presented in Section 3. Sections 4 and 5 discuss the simulation results and conclusions, respectively.

2. Dynamic modeling of ULPES and preliminaries

To achieve effective assist-as-needed control while satisfying both input and performance
constraints, establishing a dynamic model of the ULPES becomes essential. Figure 1 illustrates the 2-
DOF mechanical configuration of this rehabilitation system.
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Figure 1. Schematic diagram of ULPES.

As shown in Figure 1, the 2-DOF exoskeleton comprises a shoulder joint and an elbow joint, with
their angles denoted as 6,; and 6,,, respectively. The patient’s shoulder and elbow joint angles are
represented by 6,1 and ,,,. The patient’s upper limb is connected to the exoskeleton via elastic straps,
whose tension provides assistive force to the user.

Applying Hamilton’s principle [39] through systematic energy analysis yields the dynamic model
for the 2-DOF ULPES:

Mp(Qp)ép +C,(6,, Qp)gp +G,0,) =1, + 1), 2.1
Me(ge)ée + Ce(ge’ ée)ge + Ge(ge) +Ts = T (22)
7, = Ky(0, — Hp) + Bs(ée - gp)’ (2.3)

where 7, € R? is the torque generated by straps, 7, € R? denotes the torque generated by patient,
0, = [0.1:6.,] € R? is the angle of the exoskeleton, 0, = [0,1:0,2] € R? is the angle of the patient’s
joint, 7,, = [Ty1;Tma] € R? denotes the torque of the exoskeleton, K, = diag{k, ,k,»} € R*? and
B, = diag{b,, b1} € R2*? demonstrate the stiffness and damping of the straps, and the matrix elements
are given in our previous work [38].

Addressing both patient safety concerns and the physical torque limits of the motors, input
constraints are considered as follows:

ad Tei < —Hris
Tmi = \Te,i —Mr,i < Tei < HMzis (24)
/J‘r,i ﬂT,i < Tc,ia

where 7.; denotes the original control signal obtained by the controller, without accounting for input
constraints, and pu.; > 0 is a positive constant representing the boundary of input constraints.

Remark 2.1. In control systems, input constraints are a critical consideration, especially in
rehabilitation exoskeleton systems. This necessity stems from two basic requirements: (i) physical
torque limitation of the driving motor, and (ii) the need for patient safety. The selection of input
constraints cannot be too small, and the input torque of the driving motor needs to meet the actual
rehabilitation task requirements. If the input constraints are selected too small, it is likely that the
required rehabilitation task cannot be completed, and the stability of the system will also be affected
when disturbances occur. Therefore, the setting of input constraints cannot be too small and needs to
be adjusted according to the actual needs of the task.
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This study focuses on the ULPES under input constraints, proposing a ULM-based predefined-
time assist-as-needed controller (UPTAC) to achieve the following control objectives: (i) calculate the
required assistive torque based on the patient’s joint angles and angular velocities, and dynamically
adjust the cycle duration of rehabilitation movements according to the assistive torque; (ii) ensure that
the patient’s upper limb P, = (J*(6,))7'6, € R? tracks the desired rehabilitation trajectory P, € R?
within a predefined time interval, where J” 0, € R?>*? is the Jacobian matrix.

3. UPTAC design and stability analysis

To address the control challenges of the ULPES under input and performance constraints, an
UPTAC method is proposed with dual-loop architecture (Figure 2). Section 3.1 presents the outer
impedance loop design. The inner torque loop synthesis combining admittance control and ultra-local
modeling is provided in Section 3.2. The complete stability proof is established in Section 3.3. The
design process of the proposed UPTAC method is shown in Figure 2.

éOuter impedance sub-control loop i

¢ .
Position and velocity based | 7;: : _|Admittance controller + J -+ l
impedance controller (3.4) HE (3.5)-3.6) AO 0
- ! z, 6,
0 - H _—
H | 4 | H Predefined.(i : Patient’s upper
: The kinematics (2.2) ] redelined-time . : limb (2.1
H - constraints (3.10) ;ljlm‘i'dc(lg};) &)
T estimator (3. :
] : 0
: L i H ¥ N
: ‘ Task performance function (3.2)| H = : z
: D1 |Asymmetry BLF B.17)—= : I Strap (2.3) |
P P
H A : e
g é Auxiliary system (3.13) L . ULM-based predefined |7, é Exoskeleton (2€ 2)
s <—— time controller (3.45)&(3.47) .

Upper limb patient-
H Inner torque sub-control loop : exoskeleton

Figure 2. The control structure of the UPTAC.

3.1. Outer impedance sub-control loop design

To determine the desired assistive torque to be provided by the exoskeleton and to enable its accurate
delivery, the outer-loop force control framework is designed as follows: First, the rehabilitation
trajectory of the patient’s upper limb is defined. Subsequently, to actively engage the patient during
training, a task performance function is established to dynamically adjust the rehabilitation speed
according to the patient’s recovery progress. Then, an impedance controller is designed to compute the
desired assistive torque for the patient’s upper limb.

3.1.1. Desired trajectory and task performance function design

For the desired trajectory P; = [P,x; Psy] € R?, this study adopts a circular rehabilitation path,
formulated as follows:

{ Pyx = pox + rgcos(2nt/ky), 3.1)

Pyy = poy + rasin(2nt/ky),
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where (p,x, poy) denotes the center position of the circular trajectory in Cartesian coordinate system, 74
represents the trajectory radius, and parameter &, is a time-scaling factor for cycle duration.

In rehabilitation training, increasing movement speed can enhance patient motivation. However,
speed adjustment must be carefully regulated based on the patient’s recovery progress. Excessive
speed may cause injury if the patient’s movement capability is insufficient. Therefore, this study
adopts the following adaptive speed control strategy: For patients with limited movement capability,
the duration of each training cycle should be extended to reduce movement speed; as the patient’s
movement capability improves, the cycle duration should be shortened to progressively increase speed.

In this study, one complete revolution of the circular trajectory constitutes a rehabilitation cycle for
the patient. Thus, the movement speed can be regulated by adjusting parameter k,, with the following
adaptive strategy:

kd = kmax - (kmax - kmm)(l - tanh(gl (%a - gZ)))’ (32)

where k,,;,, and k., denote the minimum and maximum bounds of k,, respectively, 7, represents the
average assistive torque from the previous cycle, and ¢; and ¢, are positive constant parameters.

3.1.2. Desired assistive torque and impedance controller design

Based on established physiological models [40], the torque of patient’s upper limb is given as
follows

7p = kn(K, (04 — 6,) + B0, — 6,)), (3.3)

where B, = diag{b,,b,,} € R*? and K, = diag{k,,k,,} € R¥? are the damping and stiffness
parameters of patient, parameter k,, € (0, 1] quantifies the patient’s movement capability, where
decreasing values indicate progressively weaker muscular capability, k,, = 1 corresponds to unimpaired
physiological movement capability, 6; = [6,41;6042] = J T(Hp)Pd € R? is the desired trajectory of patient,
and J*(9,) € R*? is the Jacobian matrix.

Patients’ diminished movement capacity necessitates exoskeleton-delivered assistive torque.
Following the impedance control methodology in [41], the desired assistive torque T4, = [T4a.15 Taa2] €
R? can be derived as:

Tda = Ka(gd - 9[)) + Ba(gd - ép)a (34)

where B, and K, are the damping and stiffness parameters.

Thus, based on the desired trajectory 6, and the patient’s actual trajectory 6, the desired assistive
torque 74, is derived through the impedance control algorithm (3.4). Furthermore, an adaptation
strategy (3.2) is incorporated to adjust the rehabilitation movement speed according to the patient’s
recovery progress, thereby enhancing patient motivation. The implementation of 7,, for precise
tracking of P, will be detailed in the next subsection.

3.2. Inner torque sub-control loop design

To ensure the exoskeleton delivers the necessary assistive torque to the patient, the control
framework proceeds as follows: First, a reference trajectory 6, = [6,.1;6,,] € R? for the exoskeleton
is generated through an admittance control approach, incorporating both the patient’s trajectory 6, and
the desired assistive torque 74,. Subsequently, an ULM-based predefined-time controller is developed
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based on ULM, integrating BLF with backstepping techniques to ensure that the patient’s upper-limb
motion can precisely track the desired rehabilitation trajectory P,,.

3.2.1. Admittance controller design

The admittance control algorithm determines the exoskeleton’s reference trajectory. Subsequent
assistive torque application occurs via strap mechanisms, where the resulting assistive torque profile
follows the dynamics described in Eq (2.3).

The exoskeleton’s reference trajectory 6, is generated through admittance control principles
according to the following formulation:

0, = 0, + A0, (3.5)

A6 (5) = ——T441(5),
1( )_ Bn&le_](ml d ,1( ) (36)
A0 ($) = grvry Taa2(s)s

with Tda = [Tda,l ; Tda,Z] e R?and A = [AQ] ; Aez] e R2.

3.2.2. Ultra-local model (ULM) design

While backstepping-based controllers traditionally depend on precise system parameters, practical
identification inaccuracies frequently compromise their performance. To overcome this limitation,
ULM is developed to approximate the system (2.3) [30,42]:

0, =F + at,, 3.7

where F = [F|;F,] € R? indicates an unknown lumped term that encompasses all the dynamics
characteristics, and @ € R expresses a constant input gain.

Remark 3.1. Compared to first-order ULM, second-order ULM can fully capture the dynamic
characteristics (including position and velocity) of the upper limb exoskeleton system. Second,
compared to higher-order ULM, second-order models achieve a good balance between computational
complexity and model accuracy. Moreover, second-order ULM has been proven to be sufficient to
describe the exoskeleton patient interaction dynamics in experimental applications [1, 35].

There is an assumption to be made for the ULM (3.7).

Assumption 3.1. Physical limitations of the exoskeleton system impose strict bounds on joint
kinematics (angular displacement, velocity, acceleration) and actuator torque outputs. Consequently,
the dynamic term F that encapsulates all unmodeled system properties must be bounded.

Remark 3.2. In this work, the input constraints ensure that the input torque of the exoskeleton is
limited. Then, in the upper limb patient-exoskeleton system (ULPES), the joint torque of the patient
is also limited, so the displacement, velocity, and acceleration values of the exoskeleton and patient
Jjoints are bounded. The unknown variable F can be expressed as

F= Me_l(Tm - Cege - K (0. - gp) + Bs(ge - gp)) - ATy

It can be seen that the value of F is also bounded, so Assumption 3.1 is reasonable.
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Based on the time-delay estimator (TDE) [43], F can be approximated by:
F() =F(t—A) =6,(t = A) — aty(t - A), (3.8)

where A is a small time delay, and I is the estimation of F.

Assumption 3.2. Since F; is bounded, as F (t) = Fi(t — A), the estimation error F; = F; — F; satisfies
that |F;| < ¢, i is a positive constant, i = 1, 2.

3.2.3. ULM-based predefined-time controller design
The tracking error of the exoskeleton e = [e; e,] € R? can be rewritten as follows:
e=6,—0,. (3.9)

To achieve predefined-time convergence and better control accuracy, and inspired by [29], the
prescribed constraints for tracking errors are given as follows:

—Meri(1) < €; < Py i), (3.10)
RURCEL .
Mer,i(t) = { (ot = 708 17 4 Mo ?f]t“s e (3.11)
ﬂml,i d>s
_ L 1—% .
Heui(1) = { (Houi = )" 1070 oo ?f ; <Te. (3.12)
Moou,i d>

where po; > foori > 0, tow; > Hooui > 0, T4 1s the predefined time, e is the natural constant, i = 1, 2.

Assumption 3.3. The prescribed constraints ., (t) and p., (t) have lower bounds and are continuously
derivable, and their absolute values of the derivatives have upper bounds, that is, [e; > Heolir Meui =

Hoouis |fleri| < Mt and |fley i

< Ui, where py; and py,, ; are positive constants, i = 1, 2.

Remark 3.3. The prescribed constraints on exoskeleton tracking errors, as defined in Eqs (14)
and (15), guarantee predefined-time convergence. This property arises because the constraint
boundaries p,,; and p.; are designed to contract to a very small range [—picori, Looni] precisely at
the predefined time Ty, thereby enforcing error convergence within the specified time frame.

Remark 3.4. Due to the consideration of input constraints in this work, the predefined convergence
time T, cannot be set too small in practical applications. Moreover, an excessively small T, value
would cause large initial displacements of the exoskeleton, potentially creating harmful impacts on
patients. Therefore, for safety considerations, T, must be carefully selected within appropriate bounds.

To deal with the input constraints, the auxiliary system [44] is introduced as follows:
gi = At — g, (3.13)

where AT,‘ = Tmi — Tvis ¢i >1,i=1,2.
Since the patient’s upper limb may not initially lie on the desired rehabilitation trajectory, the
exoskeleton’s initial position typically deviates from the reference path, potentially causing the initial
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tracking error e to exceed the prescribed constraint boundaries. However, the subsequent controller
design employs BLF techniques, which would diverge if the initial error exceeds the constraints [45].
To resolve this issue, a shifting function [21] is introduced, which transforms the tracking error into a
shifting error. The shifting function is defined as follows:

1-2 4 0<r<T
() = Ts - S’ 3.14
8:(0) {1 T (3.14)
where c is a small constant, and 0 < Ty < T, is the shifting time.
Then, the shifting error can be defined as:
21, = 856,
’ 3.15
{ 22 = §séi, (3.15)
withi =1, 2.
The ULM (3.7) can be rewritten as follows:
21 = 22, + &s€1,; + @gyqi,
LT T 8L T 8 . (3.16)
204 = &(Fi — 0. + at,; + ad;q;) + gse2;,

where €1 =¢€;,6; = é,‘, i= 1, 2.
The following mathematical lemmas provide the foundation for the subsequent controller design
and stability proof.

Lemma 3.1. [46] For any x,, x, € R, if there are two constants y; > 0 and 0 < y, < 1, then
Lt P2 = Lo P2 < 2172 L P = L PP,

with | x; ' = |x; P sgn(x;).

Lemma 3.2. [47] For any x;,x, € R, if there is a function F(x,, x;) > 0, then

L% .

1 P f? < Llx P +

Y2
+
Lemma 3.3. [47] For any x; € R, if there is a constant 0 <y < 1, then

(1] + Peal + oo+ Px)” < PP + ol + o+ Il

withi=1,2,..,k
Lemma 3.4. [48] For any x € [0, 1),

tan(g) < X sec? (73)
2)7 2 2)

The design of the ULM-based predefined-time controller will now be presented. Utilizing the
backstepping technique, the controller development proceeds in two stages, corresponding to the
second-order ULM approximation of the original system.

Step 1: A BLF is employed to satisfy performance constraints on the exoskeleton’s angular tracking
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error, thereby indirectly achieving predefined-time convergence;
Step 2: A Lyapunov function is introduced to derive the final control law 7,,;.

For simplicity, the analysis focuses on the i-th joint, i = 1, 2.
Step 1: To satisfy performance constraints on the exoskeleton’s angular tracking error, a BLF is

considered on the region Q; = {z1; : —ei(?) < 21 < ewi(D)}:
2p+e 2pte 2p+e 2p+£
2fleri 7T|Z1J| 5 2ptepi 77|le|
VBLri(Z1,is Hetis Hen,i) = aWt — |t -9 pre Al 7 |- (3.17)
1 2,uel,i 1 | 2,ueh,i 1

B B )1 z1; 20
where p>ri>rn>r>e>0,n=r—-grn=rn—-ga= 0 2,50
J

Differentiating the BLF (3.17), one obtains:

. OVair; OVair, . OVair, .
VerLri = —F/—21i + Heri + Meh,i- (3.18)
071 Opler,i Open,i

Considering the first term of (3.18), one has:

2p+é‘
OV, |Z1 i 2oy :
o 21, =asec® —2,,+8 lz1.] (22 + &reri + @grq;)
2L 2p() "
2pte
) 7T|Z171 "1 2p+s—r1 . (3' 1 9)
+ (1 = a)sec” | ———= |214] (22 + &re1i + @8:qi)
zl-lzh,i(t) 1
2p+e-ry 2p+e-ry

Tz + [S14] (gre1; + agrqi)),

=E(z1,) (I.Sl»iJ

2p+e 2p+e
mz1i| 1 7|z1i| 1
where E(z;,;) = a¥1(z1,) + (1 = @)¥a(z1,), Y1(210) = secz( | |) Wa(z1) = 8602[%} S =
2o 1 2pten; "
|z1i] 7, p 2o >, Lx]* = |x]” sgn(x).
Then, consider the second term of Eq (3.18), and one has:
wen (] ™ a7
OVarFi . 2a 2ptery (21, E . a T le Zpte
L Hetji = —Meri " taN | ———— Lo — —_SGC o |le T el (3.20)
Het.i T 2:uel,i 1 Hel.i 2:“61,1 g
For the first term of (3.20), using Lemma 3.4 and Assumption 3.3, one has:
ey pte 2pre 2pte 2p+e
2(1/161’1' el 7T|Zl z| 7 . ZaIueLi 71 7T|Z1 z| n 7T|le| n
T an 2p+e Hel,i < T 2pte 2p+e el,i
2ﬂel,i " 2,Uel,i 7 2,“61,1' 7 (321)
a Z;Z;ra
< —Wi(@)|su] 7 pan
HMmli
And for the second term of (3.20), considering the Assumption 3.3, and one has:
2p+€
a 7T|Z1 L| 2lr’+5 21::—5
——sec’ | —— o] T frers < 2w Dlsu] 7w (3.22)
/Jel,i 2:“ 2] ,uml,
zli
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Substitute Eqs (3.21) and (3.22) into (3.20), and one has:

OVairi . 2a 2t
E ()| s1| 7 panie (3.23)
el i Mml,i

Similarly, the third term of Eq (3.18) can be rewritten as follows:

NVpri 201 —a) apte
3 P i < Pa(zr)|sud] ™ pani- (3.24)
eh,i Mmh,i

Substitute Eqs (3.19), (3.23), and (3.24) into (3.18), and one has:

. 2p+e-r] 2p+e-ry .
VBLri SE(Zl,i)LSLiJ 7 (22— Z;i) +E@)s] 7 (gser + agsqi)
2pte-ry 2p+e 2(1 _ a) 2p+e (325)

+ E(z1)]51.] \Ph(zl,i)|sl,i| " Umnis

mh,i

2a 2pte
B+ _lPl(Zl,i)lsl,i| 7 M+
:uml,i

3 Qi £ 2 (1—

= HmLid Hani(1-a)

where 23, = =1 (z1)]514] 75 Ai(z10) = (% s ,~|” + AL
5 ml,i Mmbh,i

Taking into account the definition of z; ;, Eq (3.25) can be rewritten as follows:

s 7+ /10), Ao > 0 is a constant.

. 2pry . oy e
Verri < B(21,) (|_S1,iJ 7 (20— 2 + |s1il™ 7 (gseri + agsqi) — /10|S1,i| 7 ) (3.26)

Step 2: A Lyapunov function that includes the BLF, a power integrator, and the estimation of ¢; is
considered.
Consider the candidate Lyapunov function defined as:

Vi(z1,i>220) = Varri(Z1is Metis Meni) + Vii(Z1,, 22,) + gZ,TZu (3.27)
22, o 2
Vi) = [ |wif = [ )F| T (3.28)
§

2,0

where ¢; is added to compensate the TDE estimation error, J; = £; — £; is the estimation error of &;, Z; is
the estimation of ¢; and 7 > 0 is a constant.
By differentiating the Lyapunov function (3.27), one obtains:

Vs, . Vs, . o
21+ 22, + ndid;

Vi =V +
l Y0z, 02

o . — oy _ el
<E(zlsul 7 (ai—2) + E@)lsul 7 (@sen + agsq) — /105(21,1')|51,i| (3.29)
Vi, . oVy; . U
+ L+ L -0l
021,,' 522,,'

a

Define that s,; = LZZ,iJ% - [zz I.JE, and using Lemma 3.1 and the first term of Eq (3.29), one obtains:

2p-ry

— -y * -2~ 2
E@)lsuil ™ (zi—2,) <2 "E(Zl,i)|81,i| 7 |52,i|“- (3.30)
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Using Lemma 3.2, one has:

2y 2 2p—n E R 2
|Sl,i| ’ |S2,i| 7 < 90|Sl,i| e 2 Sz,i| 7, (3.31)
2p 2p
T _1
_ (@p-r2?
where ¢ = ( o
Consider Eq (3.31) and (3.30) can be rewritten as follows:
— 2p-ry N Ao 2 — 2
B@lsi] T @i= 5 < TE@|sL] T+ a(0E )] (3.32)
" 2p-ry

where ¢;(1p) = 277 2 Qpmr277 ) 2

p PAo
Proceeding to analyze the fourth component of (3.29) and through Lemma 3.1, one obtains:

o

8Z17i Li| = o 2,0 2. 2,0 621’,' 1,
- (3.33)
2p—r3__n 2,273 3LZ§,iJr2 .
<——72 "Si|” 7 21 -
o 021,
For the last term of Eq (3.33), and considering the definition of zz’ .» it follows that:
d Z*i % oA % Z21,i -1
) MG PN L (3.34)
(921,,- (9Z1,,'
where ¢;(z1,) = ‘—aﬂlar;(flﬁ”) 1il-
Consider the definitions of s,; and z; ;, and by applying Lemma 3.3, one obtains:
n n
22| < |27 + Aizan)]s1i] 7 (3.35)
Based on Eqgs (3.16), (3.34), and (3.35), it yields that
a Z;l % 1_1 n 1-£
|' J 21| < (CZ(Zl,i)|S1,i| T|s24] " + ca(zr)di(zr)|su ”)
071, (3.36)
-4
+oa(@)|su] 7 |gsens + @guai] -
Define that b,(z;;) = c2(z1;) and by(z1;) = ¢2(z1.:)A1(z1,), and Eq (3.36) becomes:
3[ZZJ6 _ -1 2 1-£ -4,
et <bi@)|su] T|s2| T + ba@ia|sia| T+ biGia|sid| 7 |gsens + agail - (3.37)
Li
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Bearing in mind the first term of Eq (3.37), and using Lemma 3.2, it yields:

n 1-£
bi(z1,)|s1, z| |Szz| T < sy, z| "t 3@ s 7 (3.38)
—
with c3(z1,) = L (bi(i)Z2) *
Substituting Eq (3.38) into (3.37) yields:

o

o|z]”
521,1

1-£ -4
21| < ca(zy z)|511| "t e3@|sa| 7+ Di@|si| 7 |gsens + agsqil (3.39)

with ¢4(z1;) = ba(z1;) + 1.
By substituting Eq (3.39) into (3.33), it can be deduced that

OVii. | 2p—rs j_ny  2+204 -2 1-2
3 f.Zl,i <L Doz Sz,i|JJr 7 (04(Zl,i)|51,i| "+ c3(z1)] 24 ‘r)
21, X i (3.40)
r3._n 2,775 -4
po_ 2217 s i|”+ 7 bl(Zl,i)lsl,i| 7 |8seni + agsCIi|-
For the first term of Eq (3.40), Lemma 3.2 yields:
2pry o imp EREEy i 2 z
= ca(z1,1)27 7 |82, s 7 < —|S1 |7+ es@i)]sal (3.41)
where cs(21,) = 21 20,z ) 24 (22 Conleo), (zl,i))zw_ﬁ’
Substituting Eq (3.41) into (3.40), one gets:
aVy, 2 2
3 f" 21, SZO|51,1‘|U +C6(Z1,i)|52,i|‘7
2L ) 2 (3.42)
—r n p+e—o I_L] .
+ po_ 2! ‘3|52,i| 7 b](Zl,i)|S1,i| 7 |8se1i + @854,
where c4(z1,) = ¢5(z1,) + 2= r321_7C3(Z1 i)
Consider the fifth term of Eq (3.29), it yields:
oVy, . 2p-r3 . )
oz 200 = | s2i] 7 (8s(Fi = 0y + aty; + adiq;) + gse2,). (3.43)
2.
Substituting Eqs (3.32), (3.42), and (3.43) into (3.29), and considering =(z; ;) > 1, it yields:
. /?'OI.— 2p 2p
ws—jﬂmmﬁr+wmmww«M)mw&m
_n 2p+s o P
ugu% R PNC Y P InJ”)gwu+gﬂ4 (344)

+ E(Zl,i)LSZ,iJT(gs(Fi — 0, + at,; + agiq) + gse2,) — UZZT&
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With the backstepping method, the control law 7, ; can be given as follows:

1, . | AR
Tyi=—— (Fi =0, +adigi + i+ — (/12(21,i)|_32,iJ 7+ gszz,i)
. & 3.45)
I ((2p—r3, .2 1-1 2 i = AN .
+— 2T ea(@p| sl sad T H sl 7 |2l 85210 + 854 ||
8s o
where (s1,) = ¢1(do) + c6(s1,) + 3 Ao.
Substituting the control law 7,; into Eq (3.44), it holds that:
‘ Ao 2 Ao r %oy oA
Vi< _75(21,i)|sl,i| 7= TE(Zl,i)|S2,i| T+ E)lsal] T 854 — ndidi. (3.46)
With the backstepping method, the adaptive estimation law of {; can be given as follows:
A 1 — 2p-r3
gi = Egs:'(zl,i)l_sliJ 7. (3.47)

In summary, the proposed UPTAC can be composed based on impedance controller (3.4), adaptive
strategy (3.2), admittance controller (3.5)—(3.6), ULM-based predefined-time controller (3.45), and
adaptive estimation law (3.47).

Remark 3.5. As illustrated in Figure 3, the outer impedance sub-control loop governs the
rehabilitation strategy. Through the impedance controller, circular rehabilitation path, and task
performance function, the desired assistive torque and trajectory is generated according to the patient’s
movement capability. The inner torque sub-control loop achieves precise regulation of the assistive
torque. The admittance controller transforms the desired assistive torque and trajectory provided by
the outer loop into the exoskeleton’s reference trajectory. Subsequently, a predefined-time controller
is designed under the ultra-local model framework to enable the exoskeleton to accurately track this
reference trajectory, ultimately realizing assist-as-needed control.
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r- - —=--=-=-=--=-=-=-=-=== A
| 3.1 Outer impedance sub-control loop design T, obtain the I
desired trajectory r-——=--"-"=-"=-"=-"=-"=-=-=-=-== A
1 e | Cireular rehabilitation path (3.1) | | | 3.2.3 ULM-based predefined-time controller design |
| desired assistive torque | | |
i To .enhance. i Based on ULM
1 Tmpedance control (3.4) patient motivation | I Deal with the I
| Task performance function (3.2) | I I input consiraints |
| ’ | I Estimate the unknown | Auxiliary system (3.13) ‘ I
lumped term F v -
Deal with the
1 Desired assistive torque | Desired trajectory I | TDE technique (3.8) | random initial value |
L R < I Shifting function (3.14) I
. A 4 CompensiogTDE Shifting error (3.15)
3.2.1 Admittance controller design | estimation error Predefined-time convergence I
I I I TDE estimation error Small steady-state error I
| Admittance controller (3.5)-(3.6) | I compensation term (3.47) | Prescribed constraints (3.10) ‘ I
. Deal with the
| | Exoskeleton's reference trajectory | )l output constraints |
R 4 y I BLF (3.17) I
F— e - - - - T | Lyapunoy functions .27 | e |
I I convergence
ULPES system (2.1)-(2.3) I Lyapunov functions (3.27)-(3.28 I
I I yap!
I l Ultra-local modeling | I | I
| | Ultra-local model (3.7) ‘ I I iBack—stepping I
| |
| IUltl'“-]ﬂCﬂl model framework | )I Position sub-controller (3.45) & (3.47) | I
| 3.2.2 Ultra-local model design |
8 L 4

Figure 3. The design process of the controller.

Furthermore, as also illustrated in Figure 2, the patient’s upper limb position and the exoskeleton’s
assistive torque information—obtained through inner loop—also influence the desired assistive torque
and trajectory generated by the outer loop.

3.3. Stability analysis

Lemma 3.5. [49] Consider the system y = f(y,u). Suppose that there is a continuous function V(x)
and scalars a > 0,0 < b < 1, and 0 < ¢ < oo such that

V<-aV’+ec.

Then, the system is practical finite-time stable.

The stability theorem of the closed-loop 2-DOF ULPES (2.1)—(2.3) under input constraints using
the proposed UPTAC is stated and analyzed as follows:

Theorem 3.1. Considering the 2-DOF ULPES (2.1)—(2.3) under input constraints, applying the
proposed UPTHC, there are parameters p > o > 1|, 1, = 1 — & 13 = 1, —& 1n > 0 such that
the following properties can be guaranteed:

(i) The system can be stable;

(ii) The tracking error e; satisfies the performance constraints;

(iii) The tracking error e; can converge to a small bounded interval before the predefined time T;;

(iv) The patient’s upper limb can track the desired rehabilitation trajectory P,.
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Proof. (1) Substituting the estimation of ¢; into Eq (3.46), it holds that:

V< -2zl - R ln ] <0 (3.48)

From the definition of the BLF Vjp,r; and using Lemma 3.4, it can be deduced that

2[)+F 2p+s
2r) 7T|Zl z| 2t 2r; 7T|Z1 ,| e
VBLF,i < az—_i_gsec —Zﬂ Ile I+ (1 )msec —Zﬂ |Z l|
P 2t P 2ptpi " (3.49)
’,. 2p+s
< =(21,i))121
i e E(z1)fen "

Then, in view of the definition of V; and using Lemma 3.1, one has:

22,0 - o ZF;Y3 2p-r3 " 2p+e
| e A G I R F [ i 350
D,
Substituting Eqgs (3.49) and (3.50) into V;, it yields:
d e e M
ws2p+.4awm4 +2 s | T 4 3T (3.51)
Define that y = max{ 2| -E(21.0) 21- } one obtains:
2p+e 2pt+e n =
V; S)((|S1,i| T || 7 )+§4~- (3.52)
Consider Eq (3.48), it yields:
2p 2p
V< -V 4 c(ggz)z‘” , (3.53)
with ¢ = ’&2)
2X2p+£
2p
Noting that¢ > 0,0 < 7= < 1,and 0 < c("{ 2)2“5 < oo, system stability can be achieved through
Lemma 3.5.

(i) Since the BLF Vp;r; and Lyapunov function V; are positive defined, and considering V; < 0, it
yields:

Varri < Vi < Vi(21,i(0), 22,(0)). (3.54)
In view of the definition of Vg f;, one has:
2p+e 2],+g 2p+e 2p+é‘
2/Jel,i 1 7T|Z1 l| 2,ueh,i g ﬂ-lzl l|
a— s tan e | T —a)— o | < Vi(21.(0), 22,:(0)). (3.55)
n 2pz; n 2leni "
When z;; < 0, Eq (3.55) becomes:
2pte
7T|Z1,i " 2p+a
——— < arctan —— Vi(21.1(0), 22,(0)) | < 5 (3.56)
2:uel,i n Zluelz n
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Then, from Eq (3.56), one has
—Heri <21, < 0. (3.57)

Similarly, it can be proven that O < z;; < s

Accordingly, one can get that the tracking error e; satisfies the performance constraints.

(111) Since the tracking error e is guaranteed to remain within the prescribed performance constraints,
that 1S —;; < z1; < Meni, and considering the asymptotic properties of the constraint boundaries
(}Lf? Heli = Moolis [lir;l Heni = Mooni), one can conclude that e; converges to a small interval [feo i, foon.i]
prio} to the predeﬁnéd time 7,.

(iv) The second part of the proof demonstrates that the exoskeleton’s angular tracking error e
satisfies the performance constraints. Consequently, the generated assistive torque 7, accurately tracks
the desired assistive torque 74,. The impedance controller (3.4), which exhibits a PD-type structure
(with convergence guarantees established in [50]), ensures asymptotic convergence of the patient’s
upper limb to the target rehabilitation trajectory P,. O

4. UPTAC application and simulation results

The ULPES model, developed in SolidWorks, is imported into MATLAB/SimMechanics for co-
simulation to validate the proposed UPTAC. The parameters of the ULPES model are given in Tables 1
and 2.

Table 1. Parameters of ULPES model.

Part name Mass (kg) Center of mass position (m)
Exoskeleton upper arm  2.357 (-0.439, -0.403, 0.604)
Exoskeleton forearm 1.177 (-0.689, -0.434, 0.665)
Patient upper arm 1.530 (-0.199, 0.096, 0.974)
Patient forearm 1.084 (-0.951, -0.591, 0.646)

Table 2. Parameters of ULPES model.

Part name Moment of inertia (kg-mm?) Products of inertia (kg-mm?)
Exoskeleton upper arm  (2054.30, 17954.81, 17625.12) (0.000077, -2762.28, 0.077)
Exoskeleton forearm (2686.60, 14117.72, 14474.28) (1000.85, 3015.29, -3037.84)
Patient upper arm (11897.13, 1423.72, 12059.21) (-186.88, -14.95, -1013.00)
Patient forearm (583.10, 10046.14, 10145.05)  (10.64, -352.71, 12.47)

4.1. Case 1: Comparison of results between TDE-SMC and BLF-SMC

TDE-sliding mode control (TDE-SMC) [51] and BLF-based sliding mode control (BLF-SMC) [48]
are applied to illustrate the performance of UPTAC.
The referred TDE-SMC [51] is given as follows:

{s:é+r1e+rzp(e), “4.1)

u =M, + Q+ S + posgn(s)y’) + Mk (o) [ sgn (8) + u,_p, — MY,_ar.
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Then, the BLF-SMC [48] is given as follows:

K]

a|la
1

u; = _ﬁZ(Sl,i)(D(sl,i)U_SZ,iJ;; "'lglriz(slyl')l-sliJ ' J

G a T
_ % ' Sgn(l_SZ,iJ 2By (L] )

4.2)

For rehabilitation task specification, the end-effector trajectory P; in Cartesian space follows a
circular path centered at [0.35 m, O] with 0.15 m radius. The parameters of the patient’s upper limb are
selected as k,; = k,» = 85,b,1 = b,» = 15.5. Assuming that the patient’s movement capability will
gradually recover through rehabilitation training, the parameter k,, is selected as follows:

0.1 0<t<6,
kn =13 0.1+0.05—-6) 6<1t<24,
1 t>24.

The input constraints of each joint are set as p.; = 20, u.» = 10.

The predefined time is set as 7; = 0.5s. Then, to guarantee predefined-time convergence while
maintaining good tracking precision after the predefined time 7, the prescribed constraints for tracking
errors are set as follows:

= @x107° - e 3 +7.5x 10 0<1<0.5,
Hll =1 7.5 % 10 >0.5,
(3% 107 - L)e! 357 +5x 10 0<r<0.5,

Het2l) = { 5% 10 t> 0.5,

o= { Bx107- L)1 +5x 107* 0<1<0.5,

HeelD=1 5 x 1074 1>05,
o= { @x107- e 15 +5x 107 0<1<0.5,

HelD =1 55 1074 t>0.5.

Other parameters of UPTAC are selected as k,ux = 6, kpin = 3, 61 = 1/13, o = 55, Ty = 0.5s,
a=1,A=0001,¢ =100, p =1, 0 =1,rp =1, = 1/9, 4o = 10, n = 1. The parameters of
TDE-iPD are set as @ = 1, k; = 10, k, = 100. The parameters of TDE-SMC are chosen as r; = 50,
r,=1,0 =025, u; =100, u, = 10, B = 0.8. And the parameters of BLF-SMC are chosen as r| = 1,
rn=8/9,r=7/9a=1,H=1, G(x) =10.

Remark 4.1. The parameter selection for the proposed UPTAC control method is given as follows.
For the task performance function, k,,;, and k., representing the minimum and maximum duration
of each rehabilitation movement, are set to 3 and 6, respectively. Then, ¢, is the slope coefficient
used to control the rate of change of k; between k.. and k,;,. The smaller |, the smoother it is. To
increase patient comfort, ¢; = 1/13 is chosen. And <, is a threshold parameter that determines the
critical torque value for triggering speed adjustment. Increasing ¢, will delay the triggering timing for
speed increase, and ¢, = 55 is selected through trial-and-error method. For the parameter selection of
ULM-based predefined-time controller, a will affect the convergence speed and overshoot. Therefore,
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in this simulation, @ = 1 is selected to ensure tracking performance. Parameters p, o, r, and n are
commonly assigned a value of 1. Parameter € is selected as 1/9 through trial-and-error. Each element
in parameter A is generally selected as an integer between intervals [1,10]. To improve convergence
speed, but also to avoid excessive overshoot, the predefined time T, = 0.5 is selected. The shifting
time T needs to satisfy 0 < Ty < Ty, so Ty = 0.5 is selected. For the parameter ¢; in the auxiliary
system, ¢; = 100 is selected through trial-and-error. The time delay A = 0.001 s is implemented via
MATLAB/SimMechanics co-simulation with 1 kHz sampling frequency.

Remark 4.2. The selection of TDE-SMC and BLF-SMC as comparative methods is reasonable.
Regarding TDE-SMC, this method represents a classical model-free control method, similar to
the proposed UPTAC, and it is also an ultra-local model-based controller that utilizes time-delay
estimation techniques. Moreover, this method has been successfully applied in robotic systems [51].
The reason for choosing BLF-SMC as the comparison method is that it also uses BLF, which can form
a comparison in the performance constraints section. Additionally, since this method does not account
for the impact of random initial errors, it serves as an effective contrast to UPTAC, which incorporates
a shifting function to address this issue.

Under the specified simulation conditions and controller configurations, the obtained results are
illustrated in Figures 4-9 and Table 3. Figure 4 illustrates the progression of movement capability
parameter k,, and the adaptive training time per cycle. As evidenced in subfigure 4a, the patient’s
movement capability (quantified by k,) exhibits improvement. Correspondingly, subfigure 4b
demonstrates that the proposed algorithm dynamically adjusts the cycle duration based on assistive
force feedback from prior cycles—reducing the time per training session from 6.0 to 3.14 s as motor
function enhances. This progressive adaptation not only optimizes rehabilitation efficiency but also
sustains patient engagement.

6] 6 599 595
1.0 0 563
g
c
g 5
g 4.53
0.8 = —
Q
S 44
& 3.38
06 o — 321 3.4
5 g2 34
=
jon
0.4 o
. 5 5l
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0.0 T T T - T r 0 ; é ; A T T T T
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() (b)
Figure 4. (a): The value of parameter k,,; (b): The time required for each training in case 1.
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Figure 5. The tracking curves of 6, of each method in case 1.

As evidenced in Figure 5, by applying the UPTAC, exoskeleton joints (red dashed lines) can
accurately track the reference trajectory 6, while satisfying performance constraints on tracking error.
Steady-state errors converge to (=7.5 X 10,5 x 107*) (shoulder joint) and (=5 x 107%,5 x 10™)
(elbow joint). And, despite initial error violations of the performance constraints, the incorporation
of a shifting function enables the proposed UPTAC to achieve rapid convergence. Furthermore, the
proposed UPTAC guarantees predefined-time convergence since the tracking error remains within the
performance constraints, and the definition of performance constraints indicates that the tracking error
converges to a minimal interval within 0.5 seconds.

The comparative TDE-SMC method lacks error constraint mechanisms, resulting in significant
steady-state error fluctuations, indirectly leading to fluctuations in assistive torque and causing impact
on patients, resulting in decreased safety. Moreover, this method can only achieve finite time
convergence, and in the case where the initial position of the patient’s upper limb is random, its
convergence time is relatively longer than the proposed method.

For the compared BLF-SMC, the poor initial performance can be attributed to the fact that
BLF-based controllers require the initial error to be maintained within the prescribed performance
constraints. However, the initial position of the patient’s upper limb is often randomized and cannot
guarantee such a condition. Furthermore, BLF-SMC lacks effective mechanisms—such as the shifting
function—to compensate for these random initial errors, resulting in its poor control performance
initially. Then, as shown in Table 3, the average error of the proposed UPTAC is only 70% of that of
TDE-SMC and 30.4% of that of BLF-SMC.

Figure 6 compares the assistive torque tracking performance of three methods across shoulder
and elbow joints. By comparing with Figure 4a, it can be seen that as the patient’s movement
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capability recovers, the required assistive torque gradually decreases. The proposed UPTAC method
can accurately provide the required assistive torque, with fast convergence speed and small overshoot.
However, the TDE-SMC may have some impact and pose a risk to patient safety. Although the BLF-
SMC can stably provide the required auxiliary torque after 3 s, its convergence speed is slow. In
addition, as shown in Table 3, the average tracking error of the proposed UPTAC on the expected assist
torque is only 16.4% of TDE-SMC and 24.1% of BLF-SMC.

The simulation results of the patient’s upper limb endpoint trajectory are shown in Figures 7 and 8.
It is evident that the proposed UPTAC outperforms other methods in both overshoot and convergence
speed. Moreover, as shown in Table 3, UPTAC achieves only 17.8% of TDE-SMC and 11.8% of
BLF-SMC average tracking error in the x-axis trajectory, while its y-axis average tracking error is
merely 62.9% of TDE-SMC and 25.2% of BLF-SMC.

Figure 9 gives the control input signals of the three methods, confirming that all methods are limited
within the input constraints. Notably, the proposed UPTAC method has the smoothest control signals.

Table 3. The average absolute value of tracking error for each method in case 1.

TDE-SMC BLF-SMC UPTAC
Reference trajectory 6, tracking error 2.60E-4 5.98E-4 1.82E-4
Reference trajectory 6, tracking error 4.38E-4 4.99E-4 5.11E-5
Assistive torque error in shoulder joint 1.25E-1 8.52E-2 2.05E-2
Assistive torque error in elbow joint 1.78E-1 1.02E-1 1.03E-2

Position error in X axis 8.77E-4 1.32E-3 1.56E-4
Position error in y axis 1.28E-3 3.19E-3 8.05E-4
z 75 Desired assistive torque - - - - TDE-SMC — - -BLF-SMC —-— UPTAC —
é \ | : ;.; " b
i !
} '
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Figure 6. The assistive torque tracking curves of each method in case 1.
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method in case 1.
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Figure 9. The control input signal of each method in case 1.

4.2. Case 2: Comparison results with iPD

In this case, a comparative analysis between the proposed UPTAC and the iPD method is conducted.
The UPTAC controller is designed based on the ultra-local modeling approach, which was originally
developed in conjunction with the iPD method [30]. The iPD method has the characteristic of simple
structure, significantly reducing complexity in stability analysis and parameter tuning, making it an
efficient and reliable control solution.

The referred iPD [52] is given as follows:

F -6, +Kye+ K
U= . (4.3)
(04

(i) The input constraints of each joint are set as: u; = 20, ., = 10.

The settings of the desired trajectory P,, parameters of patient’s upper limb, input constraints, and
parameters of the proposed UPTAC are same as the Case 1. The parameters of iPD are chosen as
a =1, K, =4000, K; = 50.

Under the specified simulation conditions and controller configurations, the results are illustrated
in Figures 10 and 11. From Figure 10, the compared iPD can only converge to a smaller interval after
the 25th second, and there will be significant oscillations at the beginning of operation. By analyzing
the control input signals in Figure 11, it can be concluded that the reason for the above situation is most
likely due to the small input constraints. Therefore, in the presence of input constraints, the control
effect of the proposed UPTAC is better than that of the iPD controller. Next, to further compare the
control effects of the iPD method and the proposed UPTAC, the input constraints will be amplified.
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Figure 10. The tracking curves of 8, of each method in case 2 (i).
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Figure 11. The control input signal of each method in case 2 (i).

(ii) The input constraints of each joint are set as: p; = 40, ., = 20.
In this case, the parameter selection for iPD and UPTAC is the same as (i).
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Under the specified simulation conditions and controller configurations, the results are illustrated in
Figures 12 and 13. As shown in Figure 12, after the input constraints are amplified, the convergence
speed of the iPD controller is significantly improved, reaching a small error range within two seconds.
However, there will be fluctuations between every two rehabilitation cycles, that is, between two
circular movements of the patient’s upper limb, which may pose potential safety risks. In contrast,
although the proposed UPTAC also exhibits fluctuations between cycles, their amplitude is very
small and its impact on patients is minimal. Therefore, the proposed UPTAC is more suitable for
rehabilitation training compared to the iPD controller.
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Figure 12. The tracking curves of 8, of each method in case 2 (ii).
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Figure 13. The control input signal of each method in case 2 (ii).

Considering that the proposed UPTAC involves many parameters and its stability proof is complex,
the iPD controller will be incorporated in subsequent work to simplify the controller structure and
reduce the complexity of the proof process.

4.3. Case 3: Simulation results with uncertainties

In actual rehabilitation training, there may be uncertain factors such as model parameter
uncertainties, patient’s muscle shaking, and exoskeleton measurement noise. The uncertainty of model
parameters is set to account for the uncertainty in the mass of the patient’s and exoskeleton’s upper
limbs, as detailed in Table 4. The torque caused by the patient’s muscle shaking is set as 0.075 sin(8x?),
and the measurement noise is set as white noise between the intervals [-1 x 1074, 1 x 1074].

Table 4. The model parameter uncertainties of ULPES model.

Part name Mass (kg)

Exoskeleton upper arm  2.357 x (1 + 0.2 X (rand(1) — 0.5))
Exoskeleton forearm 1.177 x (1 + 0.2 X (rand(1) — 0.5))
Patient upper arm 1.530 x (1 + 0.2 x (rand(1) — 0.5))
Patient forearm 1.084 x (1 + 0.2 x (rand(1) — 0.5))

In this case, more complex upper limb movement trajectories are considered to better simulate real
rehabilitation movements. The trajectory is set as follows:

b = 0.15 sin(4nt/k,),
P,x = 0.35 + bsin(2nt/ky),
P,y = bcos(2nt/ky).

AIMS Mathematics Volume 10, Issue 10, 23738-23772.



23764

Due to the complexity of the trajectory, the prescribed constraints for tracking errors are set as
follows:

o Lyelasy -3
sy = { GX107 =55 +1x 107 0105,
’ Ix10 t>0.5,
3 - L)el-osy -3
pa(ty = { BX 107 =55 +1x 107 01 <05,
’ Ix10 t>0.5,
_ 05 B
per () =] B 1943‘@61 55+ 5% 10 0<r<0.5,
’ 5% 10 t>0.5,
_ 05 B
Heu2(t) = (@x 1943_@61 57 +5%x10% 0<t<0.5,
’ 5% 10 t>0.5.

The parameters of UPTAC are selected as ¢, = 60. The selection of other parameters is the same as
in case 1.

Under the above simulation conditions, the corresponding simulation results are demonstrated in
Figures 14-19. As demonstrated in Figure 14, the proposed UPTAC dynamically adjusts the cycle
duration based on assistive torque feedback from previous rehabilitation cycles. Notably, the designed
task performance function maintains effectiveness in optimizing rehabilitation efficiency despite the
presence of uncertain factors.
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Figure 14. (a): The value of parameter k,,; (b): The time required for each training.
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As illustrated in Figure 15, the proposed UPTAC enables the exoskeleton joints (red dashed lines) to
accurately track the reference trajectory 8, while satisfying performance constraints on tracking errors,
despite the presence of uncertainties. The steady-state errors converge to (—1 x 1073,5 x 10~*) within
the predefined time 7.

A transient fluctuation occurs at r = 29.25s when the patient initiates a new rehabilitation cycle,
caused by the significant variation in k,; between consecutive training sessions. Since k; directly affects
the desired trajectory and its second derivative is utilized in the controller, this parameter change
induces momentary disturbances. Future work will focus on smoothing the transition between two
rehabilitation cycles through k,; adaptation.

Figure 16 demonstrates the assistive torque tracking performance for both shoulder and elbow
joints. The proposed UPTAC method can maintain precise assistive torque transmission even in
the presence of muscle shaking, ensuring the exoskeleton provides the required assistive torque.
Furthermore, as evidenced in Figures 17-18, the endpoint trajectory of the patient’s upper limb can
track the desired rehabilitation path even in the presence of uncertainties, enabled by the accurate
assistive torque from the exoskeleton.

5. Conclusions

In this paper, an UPTAC method is proposed for the ULPES under input and performance
constraints. The developed UPTAC implements assist-as-needed control via an impedance control
approach, incorporating a task performance function that dynamically adjusts rehabilitation movement
speed based on the patient’s recovery progress. The inner torque sub-control loop of UPTAC is
designed based on the ultra-local model, which reduces both dependency on precise system modeling
and controller complexity. Furthermore, by employing BLF with specific designed performance
constraints, the system guarantees predefined-time convergence. Comparative co-simulations with
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TDE-SMC and BLF-SMC demonstrate that UPTAC not only realizes predefined-time convergence
but also exhibits minimal overshoot and faster convergence time. Quantitatively, UPTAC achieves
average tracking errors of only 16.4% of TDE-SMC and 24.1% of BLF-SMC, confirming its superior
performance.

There are still some limitations in this paper. Considering that the proposed UPTAC involves many
parameters and its stability proof is complex, subsequent work will incorporate iPD control [52] for
simplification. Additionally, the command-filtered backstepping technique [53,54] will be employed to
further mitigate complexity in the control design, ensuring robustness while maintaining performance.
Then, to address random initial errors from uncertain limb positioning, while shifting function offers
a solution, it increases controller complexity. Fixed-time control [55] enables initial-state-independent
convergence, which can better handle the above problems, motivating its adoption in future designs.
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