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ABSTRACT: Accurate trajectory tracking in lower-limb exoskeletons is challenged by the nonlinear, time-varying
dynamics of human-robot interaction, limited sensor availability, and unknown external disturbances. This study pro-
poses a novel control strategy that combines flatness-based control with two cascaded observers: a high-gain observer to
estimate unmeasured joint velocities, and a nonlinear disturbance observer to reconstruct external torque disturbances
in real time. These estimates are integrated into the control law to enable robust, state-feedback-based trajectory
tracking. The approach is validated through simulation scenarios involving partial state measurements and abrupt
external torque perturbations, reflecting realistic rehabilitation conditions. Results confirm that the proposed method
significantly enhances tracking accuracy and disturbance rejection capability, demonstrating its strong potential for
reliable and adaptive rehabilitation assistance.

KEYWORDS: Exoskeleton control; rehabilitation robot; trajectory tracking; state and disturbance estimation; cascade
observer

1 Introduction
Exoskeletons are wearable mechanical structures designed to support, enhance, or restore human

movement. They typically consist of rigid frames and joints aligned with the body of the wearing individual,
along with sensors, actuators, and control systems that assist or replicate natural human motion. Robotic
exoskeleton systems, particularly those designed to help stroke or spinal cord injury patients regain mobility
during rehabilitation exercises, are subject to highly nonlinear dynamics and strong interaction between
the patient and the exoskeleton [1,2]. In this context, they play a crucial role in supporting physiotherapists
and enabling the precise implementation of special movement trajectories tailored to individual patient
rehabilitation needs, depending on the subject and the rehabilitation stage. Therefore, the problem of
trajectory tracking remains a challenge in the design and control of exoskeletons. It constitutes a hot topic for
several research efforts aimed at obtaining accurate regulation of wearable exoskeleton devices, specifically
in environments where user participation and uncertainties are significant [3].

This topic has attracted increasing interest over the last two decades. For example, studies conducted
in [4,5] concern an upper limb orthosis with two links that perform shoulder and elbow articulations, joined
by a hinge joint. Recent work has focused on the development of exoskeletons designed to support upper
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and lower extremity rehabilitation for people with disabilities [6]. These devices can be applied in various
contexts, such as post-injury rehabilitation [7]. Rapid restoration of independence for patients with upper
limb impairments is essential, given their crucial involvement in a variety of daily activities [8].

The modeling of an exoskeleton composed of multiple joints involves geometric, kinematic, and time-
varying parameters to describe its motion in detail [9]. Moreover, robotic exoskeleton systems are subject
to unpredictable exogenous disturbances (contact with the environment, friction, muscle irregularities) [2].
The state model includes a lumped disturbance that includes unknown dynamics and interaction torques
applied by the wearer [10,11]. The lumped uncertainty of the brace may depend on the position and velocity
of the joints and even on the acceleration signal in the case when it is involved in the control input [12].

In this context, disturbances can seriously degrade the quality of trajectory tracking if they are not taken
into account [13]. Effectively managing these non-linear and uncertain aspects in the design and accurate
control of the exoskeleton represents a major challenge [7,11,14]. Friction, for example, can have various
origins and contribute to energy loss and performance degradation, affecting movement precision and user
comfort [14]. Uncompensated friction can cause significant errors that affect the accuracy and performance
of robotic systems [9]. Modeling the variation of dry friction as a function of load is often neglected, which
can cause problems when robots encounter significant variations in load [15]. In [16], the impact of load
on friction forces has been highlighted, which requires consideration for a more accurate model. Moreover,
human-robot interaction generally introduces significant unpredictable dynamic uncertainties [17].

Real-time estimation of disturbances may help compensate for their effects through the control law [13].
It also helps to improve controller robustness without having to resort to very high gains, to guarantee better
safety of human-robot interaction, and to ensure accurate tracking even in the presence of variable external
forces [13,18].

The estimation and detection of anomalies, including external forces, are active areas of research that
require the design of observers [19]. Disturbance observers offer a computationally efficient solution for
robotic exoskeletons, enabling rapid and precise estimation of unknown forces and/or torques [20]. Among
the approaches for observation schemes adopted for exoskeleton systems, the Extended State Observer
(ESO) has mainly been used to estimate specific disturbances and compensate for them using a feed-forward
cancellation mechanism [21–25]. In [26], the authors showed that ESO-based controllers have significant
disturbance rejection capabilities. In addition, the sliding mode control (SMC) technique, known for its
robustness to parameter variations and external disturbances, is combined with a disturbance observer
to compensate disturbance effects [1,22,27]. The integration of the disturbance observer allows for lower
switching gains in the SMC law, thereby significantly reducing chattering. Disturbance observers employing
a Kalman filter are exploited to estimate in real-time the disturbance torques affecting the joints, allowing
additional terms to be included in the differential flatness-based controller to eliminate the impact of
disturbances and ensure accurate tracking [28]. ESO-based robust non-singular adaptive terminal sliding
mode control (ATSMC) is proposed for two-link upper limb exoskeletons, incorporating a boundary layer
control law [5]. The ATSMC employs an adaptive control strategy to estimate specific types of uncertainties
in real time and modify the control input accordingly [11]. This enables the control system to adjust to varying
dynamics, guaranteeing rapid finite-time convergence and enhancing tracking accuracy.

From the above literature review, prior studies were often found to be constrained by key assumptions
such as full-state availability, limited capacity to manage several types of external disturbances, and reduced
robustness in dynamic rehabilitation environments. These challenges have led to the development of our
observer-enhanced flatness-based control approach, designed to deliver accurate trajectory tracking under
partial measurements and a wide range of external disturbances.
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This study aims to ensure accurate trajectory tracking for a 2 DoFs lower limb exoskeleton, which is
an essential aspect of rehabilitation, while handling the system’s nonlinear characteristics, uncertainties, and
external disturbances. To address this, a novel control structure is proposed, combining a flatness control law
with both cascade observers for state and disturbance estimation. The first observer provides an estimation
of unmeasured states, while the second downstream observer reconstructs torque disturbances. Simulation
results highlight the scheme’s capability to handle abrupt disturbance torques using only available real-time
state information. The main contributions of this study are summarized as follows:

• Design of a flatness-based control scheme tailored for a 2-DoF lower-limb exoskeleton, which addresses
the nonlinear and time-varying dynamics typically encountered in rehabilitation applications.

• Development of a cascaded observer structure composed of an HGO for estimating unmeasured joint
velocities, and a nonlinear DO to reconstruct external torque disturbances in real time.

• Integration of the estimated states and disturbances into the flatness control law, enabling real-time
compensation of model uncertainties and human-exoskeleton interaction effects.

• Proof of robust tracking performance through simulations, even under sudden and significant external
perturbations, using only partially measured state information.

The remaining structure of this paper is organized as follows: Section 2 presents the nonlinear dynamic
model of the 2-DOF exoskeleton system, along with its state-space representation and the main control
objective. Section 3 introduces the concept of a disturbance observer and provides a convergence proof
based on a Lyapunov function. Section 4 focuses on the design of a flatness-based feedback control law
incorporating disturbance compensation. The steps for generating the control law and theoretical analysis of
the dynamic tracking error are detailed in Section 5. Section 6 is dedicated to simulation results, including
different scenarios, and discusses the tracking performances and disturbance rejection capability of several
control schemes. Finally, the conclusion summarizes the contributions and highlights the key features of the
proposed control strategy.

2 Exoskeleton Dynamical Modeling
The motion of an n-DOF lower limb human exoskeleton system is governed by the Euler-Lagrange

equation as follows [29]:

M(q)q̈ + C(q, q̇)q̇ + G(q) = τ + τd (1)

with:

M(q) = (M11 M12
M21 M22

) ; C(q, q̇)q̇ = (C1
C2

) and G(q) = (G1
G2

)

where q, q̇, q̈ ∈ Rn represent the joint angles, angular velocities, and angular accelerations of the lower limb
exoskeleton, respectively, while τ ∈ Rn denotes the torques applied by the exoskeleton actuators. The lumped
disturbance torque is given by τd(t) = τu + τw , where τu represents unmodeled dynamics and τw denotes
interaction torques applied by the wearer.

For analytical convenience, it is assumed that the derivative of τd(t) is bounded. Hence, the following
inequality holds: ∥τd(t)∥ ≤ δ, where δ is a positive constant.

The matrix C(q, q̇) ∈ Rn×n represents the Coriolis and centrifugal effects, G(q) ∈ Rn denotes the
gravitational forces, and M(q) ∈ Rn×n corresponds to the inertia matrix.
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We consider the two DoFs lower limb robotic exoskelelton (n = 2), so we have [30]:

M11 = m1d2
1 + I1 + m2 (l 2

1 + d2
2 + 2l1d2 cos(θ2)) + I2

M12 = M21 = m2 (d2
2 + l1d2 cos(θ2)) + I2

M22 = m2d2
2 + I2

C1 = −m2 l1d2 sin(q2)q̇2(2q̇1 − q̇2)
C2 = m2 l1d2 sin(q2)q̇2

1

G1 = (m1 gd1 + m2 gl1) sin(q1) + m2 gd2 sin(q1 − q2)
G2 = m2 gd2 sin(q1 − q2)

where m1, I1 l1 and d1 (respectively m2, I2 l2 and d2) are the mass, the inertia, the length, and the distance
between the center of gravity and the joint of the thigh (respectively of the shank).

2.1 State Space Modeling of 2-DOF Lower Limb Exoskeleton
The schematic of the 2-DOF lower limb exoskeleton including forces applied at the free end is depicted

in Fig. 1.

Figure 1: Schematic of the 2-DOF lower limb exoskeleton including forces applied at its free end

Let x be the state variables vector of the under study exoskeleton with x = [x1 , x2, x3, x4]T =
[q1 , q̇1 , q2, q̇2]T , The control vector and the vector of disturbance torques due to retarding contact forces are
respectively given by: u = [u1 , u2]T = [τ1 , τ2]T and τd = [τd1 , τd2]T .

By referring to (1), one can extract ẍ as follows:

ẍ = −M−1(x) (C(x , ẋ)x + G(x)) + M−1(x) (u + τd) (2)
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By differentiating the vector x with respect to time, the state-space representation is given by:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

ẋ1 = x2
ẋ2 = f2(x) + g21(u1 + τd1) + g22(u2 + τd2)
ẋ3 = x4
ẋ4 = f4(x) + g41(u1 + τd1) + g42(u2 + τd2)

(3)

where

f2 =
−M22(C1 + G1) + M12(C2 + G2)

M11M22 − M2
12

, g21 =
M22

M11M22 − M2
12

, g22 =
M12

M11M22 − M2
12

f4 = M12(C1 + G1) − M11(C2 + G2)
M11M22 − M2

12
, g41 = − M12

M11M22 − M2
12

and g42 =
M11

M11M22 − M2
12

(4)

2.2 Torque Transfer at the Robotic Exoskeleton Joint
The reference trajectories of the exoskeleton mechanical structure illustrated in Fig. 1 are given in the

Cartesian coordinates as follows:

{x = x0 + l1 sin(x1) − l2 sin(x2 − x1),
y = l1 + l2 − l1 cos(x1) + l2 cos(x2 − x1)

(5)

where x0 is the initial position of the thigh joint. Note that the disturbance torque is the product of the
moment of inertia and the delay contact force vector:

τd = JT F = JT (Fx
Fy

) (6)

with:

J =
⎛
⎜⎜⎜
⎝

∂x
∂x1

∂x
∂x2

∂y
∂x1

∂y
∂x2

⎞
⎟⎟⎟
⎠
= (l1 cos(x1) − l2 cos(x2 − x1) l2 cos(x2 − x1)

l1 sin(x1) + l2 sin(x2 − x1) +l2 sin(x2 − x1)
)

Fx = k11x1(t − r11) + k21x2(t − r21)
Fy = k12x1(t − r12) + k22x2(t − r22)

Using a Taylor series expansion, the time delay in the contact forces is approximated as:

Fx ≃ k11x1 − k11τ11x2 + k21x3 − k21τ21x4 (7)
Fy ≃ k12x1 − k12τ12x2 + k22x3 − k22τ22x4 (8)

The torques transmitted to the joint of the robotic exoskeleton are obtained by:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

τd1 ≃ [l1 cos(x1) − l2 cos(x3 − x1)] ⋅ [k11x1 − k11τ11x2 + k21x3 − k21τ21x4]
+ [l1 sin(x1) + l2 sin(x3 − x1)] ⋅ [k12x1 − k12τ12x2 + k22x3 − k22τ22x4]

τ2d ≃ [l2 cos(x3 − x1)] ⋅ [k11x1 − k11τ11x2 + k21x3 − k21τ21x4]
+ [l2 sin(x3 − x1)] ⋅ [k12x1 − k12τ12x2 + k22x3 − k22τ22x4]

(9)
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2.3 Methodology
Achieving robust tracking control in the exoskeleton system under study necessitates estimating

unmeasured states, such as angular velocities, and reconstructing unknown disturbances. This is essential to
ensure real-time hardware implementation. As is well known, the exoskeleton dynamics are nonlinear and
coupled, with the presence of unknown external torques. Since only joint angles are available for feedback,
the controller must operate under partial state feedback while ensuring robust performance against unknown
disturbances, including external load torques. Conventional observers, such as Luenberger or Kalman filters,
along with PID controllers, often fall short in providing finite-time convergence and sufficient robustness in
the presence of such disturbances.

To tackle these challenges, we propose a control architecture that combines both cascaded observers
with a flatness controller. First, a High Gain Observer (HGO) is developed to estimate unmeasured angular
velocity states using only joint angle measurements. Next, a Disturbance Observer (DO) is designed
to estimate external load torques, which are modeled as unknown disturbances, based on the angular
velocity estimates provided by the HGO. This observer is chosen for its ability to achieve finite-time
convergence under bounded disturbances without requiring signal derivatives. Additionally, its simplicity
and numerical implementability make it well-suited for embedded real-time applications. Finally, a flatness-
based Controller utilizes the estimated states and disturbances to compute the control law. The estimated
disturbances are employed to compensate for unknown inputs, including external load torques. This control
strategy is selected for its strong robustness and seamless integration with the proposed cascade of observers.
Importantly, it avoids complex high-order or backstepping designs, which are more difficult to implement in
embedded systems. Fig. 2 illustrates the proposed cascaded observer-based flatness control scheme for the
2-DOF lower-limb exoskeleton, accounting for perturbations from external load torques.

Figure 2: Block diagram of the proposed control architecture

3 Disturbance Observer Design
Robust control performance relies heavily on the accurate estimation of the lumped disturbance. This

section presents the design procedure of the disturbance observer along with a detailed convergence analysis.

3.1 Disturbance Observer Equations
Accurate estimation of the lumped disturbance is critical for achieving precise control performance. A

disturbance observer is used to estimate the disturbance torque vector τd . The extended model (3) can be
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rewritten as follows:
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

ẋ1 = x2
ẋ2 = Φ1(x , u) + τ̄1
ẋ3 = x4
ẋ4 = Φ2(x , u) + τ̄2

(10)

where
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

Φ1(x , u) = f2(x) + g21(x)u1 + g22(x)u2

Φ2(x , u) = f4(x) + g41(x)u1 + g42(x)u2

τ̄1 = g21(x)τd1 + g22(x)τd2

τ̄2 = g41(x)τd1 + g42(x)τd2

Note that, similar to the τd i(t), i = 1, 2, it is assumed that the time derivative of each τ̄i is bounded. So
∣∣ ˙̄τi(t)∣∣ ≤ δ̄ holds with δ̄ is a positive constant.

At this stage, we are interested in designing a disturbance observer capable to estimate unknown torque
disturbances τ̃1 and τ̃2 before achieving a reconstruction of the original disturbance torque vector τd .

Referring to Eq. (10), the expressions for these torque disturbances can be derived as follows:

{τ̄1 = ẋ2 − Φ1(x , u)
τ̄2 = ẋ4 − Φ2(x , u) (11)

Recall that ẋ2 and ẋ4 are inaccessible to measurement. In order to divert such an issue, auxiliary variables
zi , i = 1, 2 are introduced. Through these lasts, one can construct disturbance torques as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

ż1 = −α1(z1 + α1x2) − α1[Φ1(x , u)]
ż2 = −α2(z2 + α2x4) − α2[Φ2(x , u)]
ˆ̄τ1 = z1 + α1x2
ˆ̄τ2 = z2 + α2x4

(12)

where α1 and α2 are design disturbance observer gains.
Theorem 1: Consider the system (10) and the observer (12), the estimation error converges to a bounded limit,
which can be arbitrarily minimized by the choice of design parameters α1 and α2.

The analysis of the convergence of disturbance estimation error is detailed in the next subsection.

3.2 Convergence Proof of the Disturbance Observation Error
Proof of Theorem 1: Let: τ̃1 = τ̄1 − ˆ̄τ1 and τ̃2 = τ̄2 − ˆ̄τ2.

After a time derivation and referring to (12), one obtains:

˙̃τ1 = ˙̄τ1 − (ż1 + α1 ẋ2)
= ˙̄τ1 + α1(z1 + α1x2) + α1[Φ1(x , u)] − α1([Φ1(x , u)] + τ̄1)
= ˙̄τ1 + α1(τ̂1 − α1x2 + α1x2) − α1 τ̄1

�⇒ ˙̃τ1 = ˙̄τ1 − α1 τ̃1
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with the same approach, you can have:

˙̃τ2 = ˙̄τ2 − α2 τ̃2

Let’s generalize:

˙̃τi = −αi τ̃i + ˙̄τi for i = 1, 2 (13)

The solution of (13) is given as follows:

τ̃i(t) = τ̃i(0)e−αi t + ∫
t

0 e−αi(t−τ) ˙̄τi(τ) dτ (14)

It arises the following inequality:

∥τ̃i(t)∥ ≤ ∥τ̃i(0)∥e−αi t + δ̄i ∫
t

0
e−αi(t−τ) dτ

≤ ∥τ̃i(0)∥e−αi t + δ̄i

αi
(1 − e−αi t)

It is shown that for large values of design parameters αi ; i = 1, 2 (i.e., αi ≫ 1), δ̄i

αi
becomes very small,

and e−αi t decays rapidly with the time t, so one can obtain:

∥τ̃i(t)∥ ≤ 1
αi

(∥τ̃i(0)∥ + δ̄i) (15)

where δ̄i = sup ∥ ˙̄τi∥. Consequently,

∥τ̃i∥ �→ 0 ⇒ ˆ̄τi �→ τ̄i . (16)

◻
Note that for reconstruction of the original disturbance vector τd et by referring to (10), it suffices to

compute:

τd = Mτ̄ (17)

4 Flatness Feedback Control Law with Disturbance Compensation
In this section, the design procedure of the state feedback controller is presented. Let new state variables

vi , i = 1, 2; be introduced as follows:

v1 = ẍ1d − kd1(x2 − ẋ1d) − kp1(x1 − x1d) − ˆ̃τ1
v2 = ẍ3d − kd2(x4 − ẋ3d) − kp2(x3 − x3d) − ˆ̃τ2

. (18)

In [30], it is demonstrated that the robotic system is differentially flat, allowing for the design of a
stabilizing feedback controller as follows:

τ = M(x) [v1
v2
] + C(x , ẋ) + G(x) (19)
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when substituting (19) in (2), one obtains:

ẍ = v + M−1τd . (20)

by referring to (15) and (16), it arrives that:

{(ẍ1 − ẍ1d) + kd1(ẋ1 − ẋ1d) + kp1(x1 − x1d) + ˜̄τ1 = 0
(ẍ3 − ẍ3d) + kd2(ẋ3 − ẋ3d) − kp2(x3 − x3d) + ˜̄τ2 = 0 (21)

As detailed in the above section and by referring to (16), after a brief transient time, we have: ˜̄τ1 ≃ ˜̄τ2 ≃ 0.
So, for t > t0 (with t0 is the time instant from which the disturbance torque error is negligible), it arises:

{ë1 + kd1 ė1 + kp1e1 = 0
ë3 + kd2 ė3 + kp2e3 = 0 (22)

with e1 = x1d(t) − x1(t) and e3 = x3d(t) − x3(t). In the Laplace domain (s is the Laplace operator), one
obtains:

{p1(s) = s2 + kd1s + kp1
p2(s) = s2 + kd2s + kp2

(23)

Then, it suffices to select kd1 > 0, kp1 > 0, kd2 > 0 and kp2 > 0 for achieving the tracking aim, i.e.,
limt→∞ x1(t) = x1d(t), limt→∞ x3(t) = x3d(t).

5 Cascade Observers Based Flatness Control
In the previous section, it was assumed that all state variables were fully measurable. However, in

practical applications, certain states may be inaccessible or require prohibitively expensive sensors for
measurement. This motivates the development of a more realistic control architecture, which incorporates
not only a disturbance observer but also a state observer to provide an estimation of unmeasured states.

The state model (10) can be rewritten as:

{ẋ 1 = x2

ẋ2 = Φ(x , u) + τ̄ (24)

where x 1 = [x1 , x3]T ; x2 = [x2, x4]T ; Φ(x , u) = [Φ1(x , u), Φ2(x , u)]T and τ̄ = [τ̄1; τ̄2]T .
In a condensed form, Eq. (24) can be rewritten as follows:

ẋ = Ax + B(Φ(x , u) + τ̄) (25)

where A = (02 I2
02 02

) and B = [02 I2]T .

A high gain observer (HGO) corresponding to (25) is given by [31]:

˙̂x = Ax̂ + BΦ(x̂ , u) − θΔ−1
θ S−1CT C(x̂ − x) (26)

where θ is the sole design parameter, Δθ = (I2 02
02

1
θ I2

) and S is the solution of the Lyapunov equation θS +

AT S + SA = CT C.
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Note that when all eigenvalues are assigned the value −1, the term S−1CT can be explicitly calculated
and is given by: S−1CT = Ci

n = n!
(n − i)!i!

, where Ci
n denotes the binomial coefficient.

Accordingly, Eq. (26) can be rewritten in its expanded form as:

{
˙̂x 1 = x̂2 − 2θ(x̂ 1 − x 1)
˙̂x2 = Φ(x̂ , u) − θ2(x̂ 1 − x 1) (27)

Accordingly, the flatness control output feedback law is reformulated as the following expression:

τ = M(x̂) [v̂1
v̂2
] + C(x̂ , ˙̂x) + G(x̂) (28)

with:

v̂1 = ẍ1d − kd1(x̂2 − ẋ1d) − kp1(x̂1 − x1d) − ˆ̃τ1
v̂2 = ẍ3d − kd2(x̂4 − ẋ3d) − kp2(x̂3 − x3d) − ˆ̃τ2

(29)

and ˆ̃τ1 and ˆ̃τ2 arising from (12). The global control scheme is already illustrated in Fig. 2.

6 Simulation Results

6.1 Tracking without Considering Torque Disturbances
We applied the control law (18) and (19) to the dynamic model of the 2-DoFs exoskeleton described

by Eq. (10) with nominal parameters given in Table 1.

Table 1: Lower limb exoskeleton parameters

Parameter Description Value
m1 Thigh segment mass 3.0 kg
m2 Shank segment mass 2.0 kg
l1 Thigh segment length 0.5 m
l2 Shank segment length 0.4 m

d1 = l1/2 Distance between mass center of the thigh segment and joint 0.25 m
d2 = l1/2 Distance between mass center of the shank segment and joint 0.2 m

I1 Inertia of the thigh segment 0.05 kg⋅m2

I2 Inertia of the shank segment 0.02 kg⋅m2

k11 = k12 = 0.1 Stiffness-like coefficients 0.1 N/rad
k21 = k22 = 0.2 Stiffness-like coefficients 0.2 N/rad

In the first simulation scenario, full access to all state variables is assumed. The reference gait trajectories
are defined as: yref1 = 0.5 sin(0.4t) + 0.4 and yref2 = 0.6 sin(0.7t) + 0.8.

The initial conditions for the two-link human–exoskeleton system are set as: x = [0.1 0 0.1 0]T . Note
that this reference trajectory is artificially created to simulate the scenario of a disabled patient under a certain
rehabilitation regime.

To reduce the number of parameters ki j to be adjusted in the controller design, the generalized
predictive control law introduced in [32] is adopted. In this framework, all control gains are parameterized
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as a function of the prediction horizon Tp, leading to the following expressions: kp1 = kp2 = 2.5
Tp

,
kd1 = kd2 = 3.3

T2
p

.

For this first scenario, the prediction horizon is set to: Tp = 0.5 s.
To evaluate the tracking performance in the presence of disturbances, two load torques were introduced

at time t = 10 s. The simulation results are depicted in Figs. 3 and 4. Fig. 3 shows the time evolution of the
state variables, while Fig. 4 illustrates the control signals generated by the state feedback controller.
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Figure 3: Tracking performance for joint angles without taking into account the disturbance variation in the control
law
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Figure 4: Control torques generated by the control law τ1, τ2

It is noteworthy that from the moment the disturbance torques are applied, the tracking objective is no
longer achieved. Indeed, the control law generated by the controller is based on the nominal model (without
accounting for disturbances).
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6.2 Reference Tracking with Consideration of the Disturbance Estimation
The disturbance estimate d̂, provided in real time by the disturbance observer (12), has now been inte-

grated into the state-feedback control law (18) and (19). The updated control architecture is depicted in Fig. 5.
With selecting α1 = α2 = 8, simulation results demonstrating reference trajectory tracking, disturbances
estimation and control torque signals are presented in Figs. 6–8, respectively.

Figure 5: Flatness control structure based on disturbance observer
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Figure 6: Tracking performance for joint angles with incorporation of the disturbance estimation in the control law
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Figure 8: Torque control signals updated with the disturbance estimation

Fig. 6 highlights excellent reference tracking performance, even in the presence of sudden and unknown
disturbances. This is primarily due to the observer’s ability to accurately estimate the disturbances (see Fig. 7),
allowing their effects to be effectively compensated and thus improving the tracking accuracy. Corresponding
control torques, shown in Fig. 8, exhibit greater adaptability to disturbance variations. These inputs are now
better regulated to eliminate the steady-state bias between the reference and the system output, an issue which
is typically observed when the control law neglects the influence of external disturbances (see Section 6.1).

6.3 Reference Tracking with Consideration of State and Disturbance Observers
In this section, only partial state measurements,specifically, angular positions, are assumed to be

available. The following pseudo-code (Algorithm 1) outlines the control architecture depicted in Fig. 2.

Algorithm 1: Cascaded observer-based flatness control for lower-limb exoskeleton

Input: Measured joint angles q1(t), q2(t); Desired trajectories qd
1 (t), qd

2 (t) and their derivatives
Parameters: HGO parameter’s θ1 and θ2, DO parameter’s α1 and α1.
Init: Initial estimates: q̂i(0), ω̂i(0), τ̂ext, i(0) for i = 1, 2
1 While control loop is running do

// 1. High-Gain Observer (HGO)
2 for i ∈ {1, 2} do
3 ˙̂qi = ω̂i + 2θi(qi − q̂i)
4 ˙̂ωi = Φ i(q̂, ˙̂q, u) + θ2

i (qi − q̂i);
// 2. Disturbance Observer (DO)

5 for i ∈ {1, 2} do
6 ż i = −αi(zi + αi ω̂i) − αi[Φ i(q̂, ˙̂q, u)]
7 ˆ̄τ1 = zi + α1ω̂i

// 3. Flatness-Based Control
(Continued)
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Algorithm 1 (continued)
8 for i ∈ {1, 2} do
9 Compute nominal input: unom, i = f (qd

i , q̇d
i , q̂i , ω̂i);

10 Compensate disturbance: τi = unom, i + τ̂ext, i ;
// 4. Apply control

11 Apply τi to joint i;
// 5. Proceed to next time step

The simulation results obtained from the application of the control law (28) and (29), with the choice
of the high gain design parameter θ = 10, are depicted in Figs. 9–11.

As illustrated in the upper plots of Fig. 9, the system outputs accurately track the reference trajectories,
demonstrating good tracking performance. The lower plots show a rapid and precise reconstruction of the
unmeasured states x2 and x4. From the time instant t = 10 s, Fig. 10 highlights the observer’s ability to achieve
an almost perfect estimation of the unknown disturbance torques. Finally, the control torques depicted
in Fig. 11 substantiate the proposed controller’s effectiveness, reinforced with cascade observers, in handling
sudden external disturbances.
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Figure 9: Tracking of joint angles x1 and x3, and estimation of angular velocities x2 and x4 using the HGO
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Figure 10: Estimation of unknown disturbance signals
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Figure 11: Applied control torques arising from cascade observers based flatness controller

Remark 1: To evaluate the quality of disturbance estimation, the following performance indices have been
selected: the Integral of Absolute Error (IAE), the Integral of Squared Error (ISE), and the Root Mean Square
Error (RMSE). Each of these performance indices can be defined as follows:

IAE = ∫
t

0
∣dk(t) − d̂k(t)∣ dt (30)

ISE = ∫
t

0
(dk(t) − d̂k)

2
dt (31)

RMSE =
%
&&' 1

n

n
∑
i=1

(dk(i) − d̂k(i))
2

(32)
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We can now explicitly emphasize that:

• The significance of the tracking performance, showing that the tracking error remains very low even in
the presence of abrupt disturbances and partial state measurements.

• The effectiveness of the proposed observers, as confirmed by low RMSE, IAE, and ISE values (Table 2)
demonstrating accurate and rapid estimation of both state and disturbance variables.

• The superiority of the integrated control strategy, which combines estimation and compensation in real
time, leading to a control law that remains smooth and bounded under challenging dynamic conditions.
These improvements support the robustness, accuracy, and practical relevance of the proposed approach.

Table 2: Performance indices of disturbance estimation

Performance indice IAE ISE RMSE
ed1 = d1(t) − d̂1(t) 2.48 3.57 0.52
ed2 = d2(t) − d̂2(t) 1.49 0.84 0.20

Remark 2: For all three proposed scenarios, a disturbance is introduced at time t = 10 s to assess the robustness
of the controller:

• In the first case (nominal controller only), the system fails to preserve good tracking performance after the
disturbance is introduced, as there is no mechanism to counteract its effects.

• In the second case, the disturbance is compensated using the signal estimated by the DO. This allows the
controller to significantly reduce the effect of the disturbance and maintain satisfactory performance.

• In the third case, the same DO-based compensation is applied, but a HGO is added upstream to estimate
unmeasured state variables (in particular, the velocities). The results remain as good as the second case in
terms of performance, but the configuration is more realistic and applicable to real-world systems, where
full state measurement is typically not available.

7 Conclusion
In this paper, a state feedback flatness based control strategy incorporating cascade observers was

proposed for a lower-limb exoskeleton robot. A nonlinear disturbance observer was designed to estimate
unknown interaction torques and compensate for model uncertainties, while a high-gain observer was
employed to reconstruct unmeasured state variables. The estimated states and disturbances were integrated
into the flatness-based control law, which is parameterized solely by a predictive horizon. The simulation
results demonstrated the robustness and effectiveness of the proposed control approach under external
perturbations and partial state measurements. The low values of performance indices confirm the high
precision of the disturbance observer and its contribution to effective compensation within the controller,
leading to significantly improved trajectory tracking.

Future work will focus on validating the control scheme on physiologically realistic motion trajectories,
representative of actual rehabilitation exercises, to ensure clinical relevance. Moreover, the integration
of wearer intention detection and motor capability adaptation will be explored to make the exoskeleton
more intelligent and cooperative. Finally, in preparation for real-time implementation, it will be essen-
tial to consider the impact of sensor noise by incorporating dedicated filtering mechanisms into the
observer structure.
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