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SUMMARY
Accurate torque control is a critical issue in the compliant human–robot interaction scenario, which
is, however, challenging due to the ever-changing human intentions, input delay, and various dis-
turbances. Even worse, the performances of existing control strategies are limited on account of
the compromise between precision and stability. To this end, this paper presents a novel high-
performance torque control scheme without compromise. In this scheme, a new nonlinear disturbance
observer incorporated with equivalent control concept is proposed, where the faster convergence and
stronger anti-noise capability can be obtained simultaneously. Meanwhile, a continuous fractional
power control law is designed with an iteration method to address the matched/unmatched distur-
bance rejection and global finite-time convergence. Moreover, the finite-time stability proof and
prescribed control performance are guaranteed using constructed Lyapunov function with adding
power integrator technique. Both the simulation and experiments demonstrate enhanced control
accuracy, faster convergence rate, perfect disturbance rejection capability, and stronger robustness
of the proposed control scheme. Furthermore, the evaluated assistance effects present improved gait
patterns and reduced muscle efforts during walking and upstair activity.

KEYWORDS: Compliant human–robot interaction; Series elastic actuator; Force control; Finite-
time control; Fluctuated delay input; Robotic exoskeleton.

1. Introduction
The wearable exoskeleton is a powered anthropomorphic electromechanical system for strength
enhancement, load carrying, exercise rehabilitation, and walking assistance. An increasing number
of people show strong demand for the assistive robotic exoskeleton, that is, walking assistance for
elderly and disabled people with weakened skeletal muscles, load carrying for the individual combat
system, injury preventing for industrial workers, etc.1, 4 Various research institutes have developed
different types of exoskeletons over these years, including LOwer-extremity Powered ExoSkeleton,2

Hybrid Assistive LImb,19 Gait Enhancing and Motivation System (GEMS),3 Lokomat,34 Stride
Management Assist (SMA),35 Soft ExoSuit,14 etc. Recent research shows that the metabolic rate
can be reduced by 9.3% for walking and 4.0% for running with the assistance of hip exoskeleton.44
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As a typical human–robot cooperation system, the exoskeleton must have direct interaction with
humans, thus safety is a critical concern. Exoskeletons equipped with traditional high-stiffness actu-
ators have to force the limb to move exactly with the predefined trajectory regardless of the human
intentions. In this case, the robot is stiff to human and sometimes even move against the intentions,
which will introduce critical safety concerns. On the contrary, the series elastic actuator (SEA) is able
to achieve compliant control through instant force feedback via a soft elastomer installed between
the actuator and human limb.12 In this way, low impedance of actuator can be obtained to realize
high interaction compliance, where the intrinsic safety of exoskeleton assistance can be guaranteed.
Moreover, due to its greater shock tolerance, lower reflected inertial, direct force control, and effi-
cient energy storage, SEA has been widely applied to various physical Human-Robot Interaction
applications, especially for the force-controlled exoskeleton with natural assistance.15, 16, 18, 30, 31

Force control of SEA in exoskeleton system is characterized by human-in-the-loop, where the
actuation system is disturbed with ever-changing human–exoskeleton interaction, model uncertain-
ties, and delayed state sensing. Researchers have investigated several control strategies to address this
issue, and the approaches can be roughly divided into Proportional-Integral-Derivative (PID)-based
control,12 observer-based control,36–38 adaptive control,16, 39, 41 H∞ control,40 and sliding mode con-
trol (SMC).17 Pratt first proposed a PID controller with feedforward algorithm to compensate partial
load dynamics,12 where the control performance is influenced by the time-varying load dynamics
since the compensation is rough and incomplete. To improve the control performance, disturbance
observer was proposed to estimate and reject unknown interaction dynamics and modeling uncer-
tainties in ref. [37]. To further enhance the robustness in the presence of uncertainties originated by
variations in the human dynamics, Sehoon et al. incorporated the observer with a two-mass dynamic
system to achieve high-precious model-based control, where the two-mass system is used to approx-
imate the most of interaction dynamics while the observer is to address the remain disturbances.38 In
adaptive control scheme, Calanca suggested an online adaptive gain control scheme based on model
reference adaptive control to match the changing conditions.16 In this approach, human-adaptive
force control can be seen as a pole placement where the time-varying load dynamics is estimated and
canceled. An interactive learning impedance controller was developed to learn the human dynamics
through a series of repetitive actions in ref. [39], and the learned features were used to optimize the
control parameters online to adapt to the environment. H∞ mixed-sensitivity synthesis method was
developed to ensure robust performance of a variable impedance control strategy,40 where the sta-
bility is primarily guaranteed by sacrificing control performance. Since finite-time control has two
unique properties, faster convergence speed as well as better disturbance rejection performance,10

SMC was subsequently applied into the SEA torque control system.11, 17 Meng et al. incorporated
Levant’s arbitrary order sliding-mode differentiator into the sliding mode torque controller, where the
disturbances are suppressed via both the observer and SMC.11 Regarding the chattering phenomenon
caused by sign function, a continuous approximate sliding mode controller is developed to guarantee
the practicability. In summary, the above passivity-based control including PID control and observer-
based control are essentially infinity-time convergence, providing a high level of stability but some
limitations, for example, the virtual inertia of controlled motor cannot be reduced beyond one half of
its physical inertia, the virtual stiffness of a SEA cannot be increased over the physical spring stiff-
ness due to the passivity limitation. More importantly, the control performance is heavily dependent
on the disturbance observation accuracy, which suggests a higher requirement on observer design. In
adaption control, some assumptions about the unknown disturbance have to be made, which is not
general for practical complicated situations. Still worse, adaption method needs time for adjustment
and it might not be applicable to fast-changing load dynamics. In SMC, high-frequency switching
control signal in SMC will cause chattering phenomenon, while continuous approximation of SMC,
that is, power reaching rule and boundary layer method,8 will induce static errors.

Note that most of the aforementioned SEA control theories are focused on the precise torque
control with instant input, while the fluctuation input caused by time delay is often ignored in the
exoskeleton system. Regarding human intention perception, it is barely impossible to detect human
intention directly; therefore, the exoskeleton usually sets the assistive torque reference based on the
estimated intention with the biological sensors, that is, electromyogram (EMG),19 electroencephalo-
graph/electrooculography,20 body capacitance,21 muscle stiffness,22 etc. or the kinematical/kinetic
sensors, such as foot pressure, inertial measurement unit (IMU), joint position/velocity sensors, and
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so on. Among them, gait pattern recognition-based methods, such as adaptive oscillator, have been
popular due to its less sensor requirement and strong robustness,4, 13, 32, 42, 43 and it has been success-
fully applied into GEMS, SMA, etc. In this sensing framework, intention signal transfers from the
brain, central nervous system (CNS), skeletal muscles to exoskeleton sensors, gait state estimation
algorithm and finally reaches the torque controller. There is an inevitable time delay in this process,
and it will result in an extra mismatched disturbance in system dynamical equations. Note that the
extra disturbance, if not considered properly, will lead to degraded performance or even instabil-
ity.33 However, to the author’s knowledge, the fluctuated time delay has not been addressed in forced
control assistive exoskeleton.

To address the above challenges, especially for the interaction dynamics and fluctuated time delay,
this paper first proposes a new high-performance disturbance observer incorporating the equivalent
control concept to estimate the fast-changing interaction dynamics and extra time-delay disturbances.
With the estimated disturbance, a continuous fractional power torque control law is then designed to
achieve perfect matched/unmatched disturbance rejection and finite-time convergence. Moreover, the
Lyapunov function is constructed with the iteration concept and integral adding power technique to
demonstrate global finite-time convergence in theory. The main contributions of this paper are stated
as follows:

• A new nonlinear sliding mode disturbance observer is designed by utilizing backstepping and
equivalent control techniques to achieve faster convergence and stronger anti-noise capability
simultaneously. Meanwhile, a continuous fractional power torque control law is proposed to
ensure uncompromised performance, that is, perfect matched/unmatched disturbance rejection
and global finite-time convergence. Moreover, the global finite-time stability is proved in the-
ory by the constructed Lyapunov function with an integral adding power technique. Furthermore,
the proposed high-performance torque control scheme can be easily extended to other applications
except for exoskeletons.

• A continuous torque control scheme is developed to achieve high-performance control for the SEA
force-controlled exoskeleton system, which is disturbed by ever-changing human–exoskeleton
interaction, model uncertainties, and delayed input. It has several unique properties, that is, higher
accuracy, faster convergence rate, perfect disturbance rejection capability, well static–dynamic
performance, and stronger robustness. In this scheme, both precision and stability can be enhanced
while it is just a trade-off for existing methods. Moreover, the control performance, like specific
convergence time, can be designated in advance when designing this controller.

• Different from finite-time switching control, the output of the proposed torque control scheme
is continuous and can be applied to the physical SEA system, which will contribute to devel-
oping safer and more compliant exoskeletons. Moreover, it does not need any prior knowledge
or assumptions on the various disturbance, which expanded its applications to most force con-
trol scenarios. Besides, both the simulation and physical experiments have validated the superior
performance and unique properties of torque control. Furthermore, the assistance effects by
torque-controlled exoskeleton are also evaluated, and the results provide definitive evidence on
the improved gait pattern, and reduced muscle activations and efforts.

2. Problem Formulation and Preliminaries

2.1. Exoskeleton platform
We have developed a flexible hip assistive exoskeleton (FHAE) to provide flexion-extension assis-
tance on the hip as shown in Fig. 1. It is comprised of a hybrid soft rigid waist belt, a backpack with
power supply, driver circuits and control modules, and two SEA connected with two links that are
extended down to the thigh. The FHAE has four DOFs aligned with hip, and two active DOFs in the
flexion-extension direction, while the other two passive DOFs in the adduction-abduction direction
for walking agility. The SEA is driven by a flat brushless DC motor (Maxon Motor, EC45-70W) via
a harmonic gear reducer. The motor has a maximum continuous torque of 0.128 Nm and a maximum
speed with 6000 RPM, which results in a rating output torque 12.8 Nm and a maximum 60 RMP
velocity of SEA with 100:1 reduction rate. Besides, a built-in relative encoder with 1000 lines is
embedded in this actuator, and it implies 4000 counts per revolution on the motor side and 400,000
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Fig. 1. Prototype of flexible hip assistive exoskeleton (FHAE) robot.

Clinical Torque Data

Mid Level: Torque Planning Low Level: Torque Tracking

Input : 
Hip Joint Trajectory

Output : 
Assistance Torque

High Level: State Estimation

Fig. 2. Control architecture of flexible hip assistive exoskeleton (FHAE) robot.

counts per revolution on the output side. The terminal is equipped with a single-axis torque sensor
(SRI M2210A) to provide instant force feedback, whose stiffness is 80 KNm/rad and the maximum
capacity is 50 Nm.

The electrical system of the hip exoskeleton is responsible for high-level assistance planning,
low-level motor control, sensor information acquisition, processing, and communicating. The main
control unit is a Raspberry Pi 3B platform with Ubuntu MATE 16.04 OS and Robot Operating System
installed. A commercial DC motor driver (Copley Accelnet Plus AE2-090-30) is used to realize three-
loop control of actuators, whose update frequency is 16 KHz for the current loop. It also provides the
encoder and current states to the high-level controller instantly. Besides, a high-speed EtherCAT field
bus with 100 Mbps is equipped and all the slave nodes communicate with a soft EtherCAT master
running in the Raspberry Pi.

The multi-level control architecture is described as shown in Fig. 2. With the measured hip joint
trajectory, the high-level controller implemented an algorithm to adapt and learn the gait features such
as gait length, gait frequency, gait states, and the most important gait phase. Adaptive oscillator is
a common approach to sense the gait phase due to its less measurement and high robustness. These
features are critical as they provide information regarding the timing and amplitude of assistance
power. The mapping relationship from gait states to assistance force is established in the mid-level
controller and there are several solutions such as impedance, position, sEMG, and human motion cap-
ture data-based control. In the mid-level control of FHAE, a nominal biological hip torque database
with respect to walking speed and gait phase has been constructed on the basis of clinical data. It
generates the assistance torque profile for both hip flexion and extension direction by mimicking
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Fig. 3. Mechanical structure of series elastic actuator.

the human biological hip joint torque. The low-level controller is responsible to track the desired
assistance torque profile from the output of mid-level by feedback control. The essential character-
istics of the robotic exoskeleton are human-in-the-loop, where the actuation dynamics can be not
only affected by the internal disturbances from the driving system but also strongly disturbed with
the unpredictable ever-changing body movements. To obtain a desired torque control performance,
the various disturbances suppression and rapid error convergence rate have to be well considered.
The article is going to focus on the high-performance torque control of SEA.

2.2. Problem formulation
Consider the SEA system in FHAE as shown in Fig. 3, where the left component is the geared
motor while the right is the human load. The elastic element is installed between the motor and
load to provide instant force feedback, whose bearing torque is proportional to the deformation. The
motor shows inertia and damping dynamic characteristics on account of the motor shaft and rotation
friction. Note that the human dynamics are completely unknown, therefore regraded as the mass
block for simplification. It is reasonable because the load dynamics are treated as a disturbance in
this paper and the proposed torque controller is not dependent on the load term. In the system, motor
position and velocity θM , θ̇M and load position and velocity θL , θ̇L can be measured via installed
encoders. The rotation friction τ f , time delay �t , and load acceleration θ̈L are unknown. The input
of the system is controlled motor electromagnetic torque τM , while the applied force τSEA measured
by SEA is the output. The controller aims to let the SEA output torque track prescribed reference in
finite-time while maintaining the internal stability of the closed-loop system. The dynamical system
is modeled as {

�̇θ = θ̇M − θ̇L

θ̈M = J−1
M

(
τM − KS�θ − CM θ̇M

)− J−1
M τ f

(1)

where θM , θL are the rotary angle of the motor side and load side, respectively, while θ̇M , θ̇L are the
rotary velocity. �θ = θM − θL represents elastomer deformation and KS stands for the stiffness coef-
ficient of elastomer. JM , JL , CM , CL are the rotary inertia and damping coefficients for the motor side
and load side, respectively. Note that friction τ f and human dynamics cannot be obtained directly,
therefore regarded as disturbances in this paper.

Ideally, the desired hip assistive force should be instant with the motion intention to realize assist
as expected. However, intention transmission in the human–exoskeleton coupling system is a long
process, which is from the brain, central nerve system, skeletal muscle to sensors, and multi-level
assistance control. Note that in this loop, there is an inevitable fluctuated time delay consisting of
inherent nerve conduction time, muscle response time, and signal processing time.26, 27 Furthermore,
the electrical activity of the neuromuscular system is a process of production and transmission of
neural action potential pulse, which is quite easily affected by environments, especially for elderly
people.23 With the fluctuated time delay between intentions and control systems, even a smooth
trajectory intention is likely to be oscillatory when it spreads to the input of the low-level assistance
torque controller. Therefore, the extra disturbance caused by the transmission delay has to be well
considered.

Considering all the disturbance and time delay in FHAE, the diagram of SEA system is shown
in Fig. 4. The obtained desired assistive force is contaminated with time delay �t at the source.
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Fig. 4. Diagram of proposed SEA control scheme in FHAE.

Besides, rotation friction and load acceleration are also disturbances to the torque control system.
Regarding the control scheme, a composite controller consisting of a finite-time observer and finite-
time controller is designed to achieve high-performance torque control, where the observer is utilized
to estimate the lumped disturbances, while the tracking performance and robustness are guaranteed
by the controller.

Let τd (t − �t) be the desired torque from estimated motion intention and choose the error vari-
able x1 = �θ − K −1

S τd (t − �t), x2 = �θ̇ − K −1
S τ̇d (t − �t). Note that the derivate of delayed input

will introduce extra terms about �̇t , as shown in Eq. (2).

dτd (t − �t)

dt
= τ̇d (t − �t) − τ̇d (t − �t) �̇t. (2)

Taking the derivate of x1, x2 gives{
ẋ1 = �θ̇ − K −1

S τ̇d(t − �t) + K −1
S τ̇d(t − �t)�̇t

ẋ2 = �θ̈ − K −1
S τ̇ (t − �t)(1 − �̇t)

(3)

Substituting �θ̈ = θ̈M − θ̈L and Eq. (1) into the Eq. (3), then the error dynamics has the form⎧⎪⎪⎨
⎪⎪⎩

ẋ1 = x2 + K −1
S τ̇d (t − �t) �̇t

ẋ2 = J−1
M

(
τM − KS�θ − CM θ̇M

)− J−1
M τ f − θ̈L

−K −1
S τ̈d (t − �t) + K −1

S τ̈d(t − �t)�̇t

(4)

In this paper, the time delay, friction together with load dynamics are regarded as lumped
perturbation, which is shown in Eq. (5).{

d1 = K −1
S τ̇d (t − �t) �̇t

d2 = −J−1
M τ f − θ̈L + K −1

S τ̈d (t − �t) �̇t
(5)

Let the control output τM = KS�θ + CM θ̇M + JM K −1
S τ̈d (t − �t) + JM u, where the first three terms

are used to neutralize the items in Eq. (4) while u is the real control term. Substituting τM into
the error dynamics Eq. (4), the SEA model can be simplified as a double integral system with
matched/unmatched disturbances. {

ẋ1 = x2 + d1

ẋ2 = u + d2
(6)

2.3. Preliminaries
Assumption 1. The lumped disturbance and its derivate are unknown but bounded. Thus, there

exist positive constants Qi satisfying

|d1| ≤ Q1,
∣∣ḋ1

∣∣≤ Q2,
∣∣d̈1

∣∣≤ Q3, |d2| ≤ Q4,
∣∣ḋ2

∣∣≤ Q5 (7)

Remark 1. Note that we assume the lumped disturbance and its derivate are bounded. It is a
reasonable assumption because, for most SEA systems, the load rotary velocity/acceleration and
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friction are indeed bounded due to the physical limitation of motor power and mechanical structure.
A similar assumption is also made in ref. [7] for disturbance observer design. Furthermore, these
boundary assumptions are no longer required in the control law design as discussed in Section 3.

Lemma 1 (ref. [9]). If 0 < � = �1/�2 < 1, then
∣∣x� − y�

∣∣≤ 21−� |x − y|�, where �1, �2 are positive
odd integers.

Lemma 2 (ref. [25]). Let c, d are positive constants and γ (x, y) > 0 is a positive real-value
function, the following inequality holds

|x |c |y|d ≤ c

c + d
γ (x, y) |x |c+d + d

c + d
γ −c/d (x, y) |y|c+d (8)

Lemma 3 (ref. [24]). The inequality (|x1| + |x2| + · · · + |xn|)p ≤ |x1|p + |x2|p + · · · + |xn|p

holds for xi ∈ R, i = 1,2, · · · , n, where p is a real number satisfying 0 < p ≤ 1.

Lemma 4 (refs. [5, 6]). Consider the following differential system{
ẋ (t) = f (x, t)

x (0) = x0

(9)

and suppose there is a continuous positive-defined differentiable function V : U0 →R such that

V̇ (x) + kV α (x) ≤ 0, x ∈ U0\ {0} (10)

where α ∈ (0, 1), k > 0, and U0 ∈R
n is an open neighborhood of the origin. Then the system is

finite-time stable, and the settling time is T ≤ V 1−α (0) /k (1 − α). In particularly, if the following
inequality holds

V̇ (x) + βV (x) + kV α(x) ≤ 0, x ∈ U0\{0} (11)

where β > 0 and the settling time satisfies

T = 1

β(1 − α)
ln

k + βV 1−α(0)

k
. (12)

Lemma 5 (ref. [24]). The inequality |x |α < 1 + |x | holds for 0 < α < 1, where x ∈ R.

3. Control Design
To realize high-performance torque control performance in the human–exoskeleton coupling system
as shown in Fig. 4, this paper proposed a robust composite finite-time control scheme consisting
of a fractional power control law and a disturbance observer. A new sliding mode observer is first
designed to estimate the ever-changing human dynamics, internal/external disturbances, and time-
delay disturbance. With the observed disturbances, a novel continuous control law is then proposed
to reject the matched/unmatched disturbance as well as realize the finite-time convergence of torque
control errors.

3.1. Disturbance observer design
With the system state equation in Eq. (6), a new finite-time disturbance observer (FDOB) is designed
as Eq. (13) to estimate the disturbance d1, ḋ1, d2,⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

˙̂x1 = x2 + d̂1 − v1, v1 = k1sgn
(
x̂1 − x1

)
, σ ẇ1 = −w1 + v1

˙̂d1 = ˆ̇d1 − v2, v2 = k2sgn (w1) + k3d̂1, σ ẇ2 = −w2 + v2

˙̇̂
d1 = −k4sgn (w2) − k5

ˆ̇d1

˙̂x2 = u + d̂2 − v3, v3 = k6sgn
(
x̂2 − x2

)
, σ ẇ3 = −w3 + v3

˙̂d2 = −k7sgn (w3) − k8d̂2.

(13)

where ki > 0, i = 1,2, · · · , 8 are the observer coefficients, and x̂1, d̂1,
ˆ̇d1, x̂2, d̂2 are the estimates for

x1, d1, ḋ1, x2, d2. σ is a small positive scalar representing the time constant of the low-pass filter.
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Different from linear disturbance observer (LDOB), the control terms (e.g., v1, v2, v3) are nonlinear
switching functions about feedback errors which will improve the convergence rate and enhance
the robustness. Moreover, the equivalent control w1, w3 from v1, v3 is obtained through a low-pass
filter. In this form, the control transmission to its derivate dynamics is more smooth, meanwhile, this

design will reduce the chattering phenomenon. Furthermore, state feedbacks (e.g., k3d̂1, k5
ˆ̇d1, k8d̂2)

are introduced to stabilize the observer dynamics. More importantly, in this observer scheme, not
only the backstepping Lyapunov stability proof is available but also the exact convergence time can
be obtained.

Take the system dynamics Eq. (4) into the observer Eq. (13), then the observer error dynamics are
governed by ⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

ė1 = e2 − k1sgn (e1)

ė2 = e3 − k2sgn (w1) − k3d̂1

ė3 = −k4sgn (w2) − k5
ˆ̇d1 − d̈1

ė4 = e5 − k6sgn (e4)

ė5 = −k7sgn (w3) − k8d̂2 − ḋ2

(14)

where e1 = x̂1 − x1, e2 = d̂1 − d1, e3 = ˆ̇d1 − ḋ1, e4 = x̂2 − x2, e5 = d̂2 − d2 are the state estimation
errors.

Theorem 1. For the simplified SEA dynamics Eq. (6), design a disturbance observer as Eq. (13).
Suppose the initial states satisfy

|d̂1 (0) − d1 (0) | ≤ ē2, | ˆ̇d1 (0) − ḋ1 (0) | ≤ ē3, |d̂2 (0) − d2 (0) | ≤ ē5, (15)

where d̂1(0), ˆ̇d1(0), d̂2(0) are the observer initial states, while d1(0), ḋ1(0), d2(0) are the actual
initial values. Select observer gains ki > 0, i = 1,2, · · · , 8 such that

k1 − ē2 ≥ λ1,k2 − k3 Q1 − ē3 ≥ λ2, k4 − k5 Q2 − Q3 ≥ λ3

k6 − ē5 ≥ λ4, k7 − k8 Q4 − Q5 ≥ λ5
(16)

ē3 = k5 Q2 + k4 + Q3

k5
, ē2 = k3k5 Q1 + k2k5 + k5 Q2 + k4 + Q3

k3k5
, ē5 = k8 Q4 + k7 + Q5

k8
(17)

where ē2, ē3, ē5 are the upper limit of observer error e2, e3, e5, while λ1, λ2, λ3, λ4, λ5 are the posi-
tive coefficients determining the convergence time of e1, e2, e3, e4, e5. Then, the disturbance observer
is finite-time stable, that is, ei (t) ≡ 0, i = 1,2, · · · , 5 for t ≥ Tob and the convergence time is as
follows

Tob = √
2 max

⎧⎨
⎩
⎛
⎝V

1
2

0 (e3(0))

λ3
+ V

1
2

1 (e2(0))

λ2
+ V

1
2

2 (e1(0))

λ1

⎞
⎠ ,

⎛
⎝V

1
2

3 (e5(0))

λ5
+ V

1
2

4 (e4(0))

λ4

⎞
⎠
⎫⎬
⎭ (18)

where Vi , i = 1, 2, · · · , 5 are the Lyapunov functions defined in the stability proof part.

Remark 2. Note that the observer errors e2, e3, e5 will not exceed the boundaries ē2, ē3, ē5 when
the initial state variable values are properly selected, and the rough boundaries will lead to finite-
time convergence for the whole observer dynamics. Moreover, since the upper bounds Q1, Q2, Q4

of d1, ḋ1, d2 are smaller than ē2, ē3, ē5, the ranges of initial values d̂1(0), ˆ̇d1(0), d̂2(0) are quite wide
and even zero initial values are also feasible.

3.2. Control law design

With the above-estimated disturbance d̂1,
ˆ̇d1, d̂2, a continuous high-performance torque control law

is designed as Eq. (19),

u = −β2ξ
r3
2 − d̂2 − ˆ̇d1 (19)
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Fig. 5. Geometric representation of sets in the proof of Theorem 1.

where ξ2 = (x̄2)
1/r2 − (

x̄∗
2

)1/r2 , x̄2 = x2 + d1, x̄∗
2 = x∗

2 + d1 and x∗
2 is the virtual control law x∗

2 =
−β1ξ

r2
1 − d1, ξ1 = x1/r1

1 . τ is a negative constant and r2 = r1 + τ, r3 = r2 + τ . Note that the control
outputs are the fractional terms about the feedback errors, which implies the output is continuous
and can be applied into physical SEA system. Besides, this virtual control design is capable to reject
the matched/unmatched disturbance and more importantly guarantee global finite-time convergence.

Theorem 2. Considering the error dynamics Eq. (6), apply the proposed composite controller as
Eq. (19) and choose β1, β2, r1, r2, r3, τ as follows

r1 = 1, −1/2 < τ < 0, r2 = l1/ l2, r3 = l3/ l4

β1 ≥ β∗
1 = 2, β2 ≥ β∗

2

β∗
2 = c1 + c3 + 1, c1 = r2

2

(
2r2−1

2 − r2

)(2−r2)/r2

c2 = (1 − τ) (1 − 2τ)

2τ+1
β

(r1+r2)/r2
1

(
2τ

(1 + τ) (1 − 2τ) β
(r1+r2)/r2
1

)−(1+τ)/(1−τ)

c3 = c2 + (1 − 2τ) 2−2τ β
1/r2
1

(20)

such that

τ ≤ 2 ln λ

ln λ + 2 ln 2
(21)

where l1, l2, l3, l4 are positive odd integers satisfying 0 < l1/ l2 < 1, 0 < l3/ l4 < 1 and λ is a positive
constant determining the convergence rate of the errors. Then, the SEA system Eq. (6) is globally
finite-time stable and the convergence time is as Eq. (22), where the definition of V2(0) is in the
stability proof contents.

Treach ≤ τ − 2

λτ
V2 (0)

τ
τ−2 (22)

Remark 3. τ and λ are strongly correlated with the control performance, for example, convergence
time and error band, therefore, should be chosen carefully with the control requirements.

4. Stability Analysis

4.1. Proof of Theorem 1
The proposed observer Eq. (13) consists of two individual sub-observers: one for the disturbance
d1, ḋ1 estimation and the other for d2. Here we give the proof of finite-time convergence for the first
observer, while the other sub-observer can be proven in a similar method. The Lyapunov stability
proof process is shown in Fig. 5, where D1, D2, D3, D4 are the predefined error regions. In this
proof process, e3 is first proven to be restricted to a fixed region D1, followed by the e2 limited in
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region D3. Then the rough boundaries of D1, D3 are used to prove finite-time convergence of e1.
When e1 converges to zero, the results will lead to finite-time convergence of e2 in turn. Finally, e3

will approach zero together with the convergence of x1, x2.
Choose a candidate Lyapunov function V0 (e3 (t)) = 1/2e2

3, and the first derivate of V0 along the
observer error dynamics (14) is given by

V̇0 = e3(−k4sgn (w2) − k5
ˆ̇d1 − d̈1)

≤ −k5e3
(
e3 + ḋ1

)+ k4 |e3| + |e3|
∣∣d̈1

∣∣
≤ −√

2V 1/2
0 (k5 |e3| − k5 Q2 − k4 − Q3) .

(23)

Define two new sets D1, D2 as

{D1| |e3| ≤ (k5 Q2 + k4 + Q3)/k5}, {D2| |e3| > (k5 Q2 + k4 + Q3)/k5}. (24)

It can be concluded from the results of Eq. (23) that V0 will decrease monotonically when e3 ∈ D2,
which means e3 will approach the border of region D1 and D2 in finite time with Lemma 4. In another
case, when the initial state e3(0) ∈ D1, e3 will not escape from D1 to D2 on account of the attraction
of the boundary, which means D1 is the region of attraction. Furthermore, when choosing the proper
initial value satisfying e3 (0) ∈ D1, it can be concluded that |e3 (t)| ≤ (k5 Q4 + k4 + Q5) /k5 = ē3 for
all t ≥ 0.

Choose another candidate Lyapunov function V1 (e2 (t)) = 1/2e2
2, and taking the first derivate of

V1 gives

V̇1 = e2(e3 − k2sgn (w1) − k3d̂1)

≤ −k3e2 (e2 + d1) + |e2| |e3| + k2 |e2|
≤ −√

2V 1/2
1 (k3 |e2| − k2 − k3 Q1 − |e3|)

(25)

With the rough constraint of ē3, define two new sets D3, D4 as

{D3||e2| ≤ (k3 Q1 + k2 + ē3)/k3}, {D4||e2| > (k3 Q1 + k2 + ē3)/k3}. (26)

Similar with the above analysis, it can be concluded that D3 is the attraction region for |e2|, which
means |e2| ≤ (k3 Q1 + k2 + ē3)/k3 = ē2 for all t ≥ 0 by choosing the proper initial value d̂1 (0)

satisfying e2 (0) ∈ D3.
Again choose a candidate Lyapunov function V2 (e1 (t)) = 1/2e2

1 for the variable e1, the first
derivate of V2 along the observer error dynamics is given by

V̇2 = e1 (e2 − k1sgn (e1))

≤ −√
2V 1/2

2 (k1 − |e2|)
(27)

Note that k1 − |e2| ≥ k1 − ē2, thus there exists a positive constant such that k1 − |e2| ≥ λ1, λ1 > 0 and
it leads to

V̇2 ≤ −√
2λ1V 1/2

2 (28)

Applying Lemma 4, it can be conducted that e1 is finite-time stable and the convergence time
Tob1(0) ≤ √

2V 1/2
2 (e1 (0)) /λ1, that is, e1 ≡ 0 for all t > Tob1(0). With the concept of equivalent control

in SMC theory,8 the equivalent control for e1 ≡ 0 is ė1 = 0 and it leads to

(k1sgn (e1))eq = e2 = w1, t > Tob0 (29)

where the subscript “eq” denotes the equivalent state on the sliding surface e1 = ė1 = 0. The equiv-
alent control describes the average effect of the high-frequency switch control, thus the equivalent
control can be achieve by the low-pass filter of the high-frequency switch term sgn (e1)

8 as

σẇ1 = −w1 + k1sgn (e1) (30)
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where τ is a small positive scalar representing the time constant of the filter. When t > Tob1(0),
substitute the equivalent control w1 = e2 into Eq. (25) and it leads to

V̇1 = e2(e3 − k2sgn (w1) − k3d̂1)

= e2 (e3 − k2sgn (e2) − k3 (e2 + d1))

≤ − |e2| (k2 − ē3 − k3 Q1)

(31)

From Eq. (31), it can be derived that there exist positive constants k2, k3 such that k2 − ē3 − k3 Q1 ≥
λ2, λ2 > 0. Thus, the Eq. (31) can be further simplified as

V̇1 ≤ −√
2λ2V 1/2

1 (32)

With Lemma 4, it can be concluded that e2 is finite-time stable, that is, e2 ≡ 0, t > Tob1 and the
convergence time is Tob1(1) = Tob1(0) + √

2V 1/2
1 (e2 (0)) /λ2. The equivalent control for e2 ≡ 0 after

t > Tob1(1) is w2 = (k2sgn(e1) + k3d̂1)eq = e3. Substituting this term into V̇0 leads to

V̇0(e3) = e3(−k4sgn (w2) − k5
ˆ̇d1 − d̈1)

= e3(−k4sgn(e3) − k5(e3 + ḋ1) − d̈1)

≤ − |e3| (k5 |e3| + k4 − k5 Q2 − Q3)

(33)

Similar with the previous analysis, there exist constants k4, k5 such that k5 |e3| + k4 − k5 Q2 − Q3 ≥
λ3, λ3 > 0, which results in finite-time stable for e3 with Lemma 4. The convergence time of
e1, e2, e3 is Tob1 = Tob1(1) + √

2V 1/2
0 (e3 (0)) /λ3. With the similar analysis, the convergence time of

e4, e5 is Tob2 = √
2
(

V 1/2
3 (e5(0))/λ5, V 1/2

4 (e4(0))/λ4

)
. Thus, the total convergence time of proposed

observer is

Tob = √
2 max

⎧⎨
⎩
⎛
⎝V

1
2

0 (e3(0))

λ3
+ V

1
2

1 (e2(0))

λ2
+ V

1
2

2 (e1(0))

λ1

⎞
⎠ ,

⎛
⎝V

1
2

3 (e5(0))

λ5
+ V

1
2

4 (e4(0))

λ4

⎞
⎠
⎫⎬
⎭ (34)

In summary, selecting proper observer gains and initial state values, the observer error will con-
verge to zero in finite time, that is, ei = 0, i = 1, 2, · · · , 5 for all t > Tob. Thus, the proof for Theorem
1 is completed.

4.2. Proof of Theorem 2
The stability analysis of Theorem 2 is divided into two cases: when t < Tob, disturbance estimation
is still in the transient process, and we are going to prove the errors will not escape to infinity in any
time interval [0, t]. When all the disturbances are accurately estimated at t > Tob, the global finite-
time convergence of torque control is going to be proven. In this part, we are going to provide the
proof of the latter case first and followed by the former case.

(1) Proof of Case 2
Choose Lyapunov function as follows

V1 =
∫ x1

0

(
s1/r1 − 0

)2−r2 ds (35)

Remark 4. In order to keep the power integral type Lyapunov function positive, a positive r1 and
a negative τ should be chosen such that r1, r2, r3 are ratios of two odd integers.

The first derivate of V1 along system trajectory Eq. (6) is give by

V̇1 = ξ
2−r2
1

(
x2 − x∗

2 + x∗
2 + d1

)
≤ −2ξ 2

1 + ξ
2−r2
1

(
x2 − x∗

2

) (36)
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where ξ1 = x1/r1
1 , x∗

2 is virtual control law, here we choose x∗
2 = −β1ξ

r2
1 − d1 and β1 � β∗

1 = 2.
Applying Lemmas 1 and 2 to scale Eq. (36), one has

V̇1 (x1) ≤ −2ξ 2
1 +

∣∣∣ξ 2−r2
1

∣∣∣ ∣∣∣(x2 + d1)
1

r2
r2 − (

x∗
2 + d1

) 1
r2

r2
∣∣∣

≤ −2ξ 2
1 + 21−r2 |ξ1|2−r2 |ξ2|r2

≤ −2 |ξ1|2 + 1

2
|ξ1|2 + c1 (r2) |ξ2|2

(37)

where c1 (β1, r2) = r2
2

(
2r2−1

2−r2

)(2−r2)/r2

. Choose Lyapunov function about x1, x2 as

V2 (x1, x2) = V1 (x1) + W (x1, x2)

=
∫ x1

0
(s1/r1 − 0)2−r2 ds +

∫ x̄2

x̄∗
2

(s1/r2 − x̄∗1/r2
2 )(2−r2−τ)ds

(38)

Taking first derivate of V2 (x1, x2) along system trajectory Eq. (6) produces

V̇2 (x1, x2) = V̇1 (x1) + ∂W (x1, x2)

∂x1
ẋ1 + ∂W (x1, x2)

∂ x̄2

˙̄x2

≤ −2 |ξ1|2 + 1

2
| ξ1|2 + c1 (r2) |ξ2|2 +

∣∣∣∣∂W (x1, x2)

∂x1
ẋ1

∣∣∣∣+ ξ
2−r2−τ
2

˙̄x2

(39)

From Lemma 1, one can obtain | ∫ x̄2

x̄∗
2

(
s1/r2 − x̄∗1/r2

2

)2−r2−τ

ds| ≤ ∣∣x̄2 − x̄∗
2

∣∣ ξ 2−r2−τ
2 ,

∣∣x̄2 − x̄∗
2

∣∣=
|x̄

1
r2

r2

2 − x̄
∗ 1

r2
r2

2 | ≤ |x̄
1

r2
2 − x̄

∗ 1
r2

2 |r2 = 21−r2 |ξ2|r2 , and it leads to

∣∣∣∣∂W (x1, x2)

∂x1
ẋ1

∣∣∣∣≤ ∣∣x̄2 − x̄∗
2

∣∣ (2 − r2 − τ) ξ
2−r2−τ−1
2

∣∣∣∣∣dx̄∗
2

1/r2

dx1
ẋ1

∣∣∣∣∣
≤ (2 − r2 − τ) 21−r2ξ 1−τ

2

∣∣∣∣∣dx̄∗
2

1/r2

dx1
ẋ1

∣∣∣∣∣
(40)

Applying Lemma 1 again gives∣∣∣∣∣dx̄∗1/r2
2

dx1
ẋ1

∣∣∣∣∣≤
∣∣∣∣∣dx̄∗1/r2

2

dx1

∣∣∣∣∣ |ẋ1|

≤ β
1/r2
1

1

r1

∣∣21−r2 |ξ2|r2 + β1|ξ1|r2
∣∣

(41)

Applying Lemma 2 to scale the power product term to power additive term, one has∣∣∣∣∂W

∂x1
ẋ1

∣∣∣∣≤ (2 − r2 − τ) 21−r2β
1/r2
1

1

r1
|ξ2|1−τ

∣∣21−r2 |ξ2|r2 + β1 |ξ1|r2
∣∣

≤ (1 − 2τ) 2−τ β
1/r2
1 |ξ2|1−τ (21−r2 |ξ2|1+τ + β1 |ξ1|1+τ )

≤ 1

2
|ξ1|2 + c3 (β1) |ξ2|2

(42)

c3 (β1) = c2 (β1) + (1 − 2τ) 2−2τ β
1/r2
1

c2 (β1) = (1 − τ) (1 − 2τ)

2τ+1
β

(r1+r2)/r2
1

(
2τ

(1 + τ) (1 − 2τ) β
(r1+r2)/(r2)

1

)−(1+τ)/(1−τ)
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Substituting control law Eq. (19) and inequalities Eqs. (40), (41), (42) into Eq. (39) gives

V̇2 (x1, x2) = V̇1 (x1) + Ẇ (x1, x2)

≤ − |ξ1|2 + (c1 (r2) + c3 (β1)) |ξ2|2 − β2 |ξ2|2
(43)

where β2 > β∗
2 , β∗

2 = c1 + c3 (β1) + 1 and it can be conducted that

V̇2 ≤ − (|ξ1|2 + |ξ2|2
)

(44)

Meanwhile, by scaling the Lyapunov function V2(x1, x2) , we can get

V2 (x1, x2) =
∫ x1

0

(
s1/r1 − 0

)2−r2 ds +
∫ x̄2

x̄∗
2

(
s1/r2 − x̄∗1/r2

2

)2−r2−τ

ds

≤ |x1|
∣∣s1/r1 − 0

∣∣2−r2 + ∣∣x̄2 − x̄∗
2

∣∣ ∣∣∣x̄1/r2
2 − x̄∗1/r2

2

∣∣∣2−r2−τ

≤ 2−τ
(|ξ1|2−τ + |ξ2|2−τ

)
(45)

Applying Lemma 3, one has

V
2

2−τ

2 (x1, x2) ≤ 2
−2τ
2−τ

∣∣|ξ1|2−τ + |ξ2|2−τ
∣∣ 2

2−τ

≤ 2
−2τ
2−τ

(|ξ1|2 + |ξ2|2
) (46)

Establish the connection between V2 and V̇2 and it leads to

V̇2 + λV
2

2−τ

2 ≤ − (|ξ1|2 + |ξ2|2
)+ λ2

−2τ
2−τ

(|ξ1|2 + |ξ2|2
)

≤ −
(

1 − λ2
−2τ
2−τ

) (|ξ1|2 + |ξ2|2
) (47)

where λ is the coefficient determining the finite convergence time. From Lemma 4 and Eq. (47),
it can be conducted that the following inequality Eq. (48) should be satisfied to ensure finite-time
convergence of error variables.

τ ≤ 2 ln λ

ln λ + 2 ln 2
(48)

Convergence time is as follows:

Treach ≤ τ − 2

λτ
V2 (0)

τ
τ−2 (49)

(2) Proof of Case 1
When t < Tob, observer errors are not zero, which will introduce extra disturbance to the system
dynamics. Here we will give the proof that the state variables are bounded and will not escape to the
infinity in any t ∈ [0, Tob]. Choose the candidate Lyapunov function as

B(x1, x2, d̂1) = 1

2
(x2

1 + x2
2 + d̂2

1 ) (50)

Take the first derivate of the Lyapunov function and substitute the control law Eq. (19) into Eq. (50).
Apply Lemmas 3 and 5 and it yields

Ḃ = x1

(
x1 + d̂1 − e2

)
+ x2

(
u + d̂2 − e5

)
+ d̂1

( ˆ̇d1 − k2sgn (w1) − k3d̂1

)
≤ |x1|2 + |x1| |d̂1| + |x1| |e2| + β2 |x2|

(
1 + |x2| + |d̂1| + β

r3/r2
1 (1 + |x1|)

)
+ |x2| | ˆ̇d1| + |x2| |e5| + |d̂1|| ˆ̇d1| + k2

2

4k3

(51)
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Note that the observer error e3 has been proven to be bounded with ē3, and it leads to

| ˆ̇d1| = |e3 + ḋ1| ≤ |e3| + |ḋ1| ≤ Q4 + ē3 = ¯̇̂
d1 (52)

Substitute the boundary into Eq. (51), and it can be conducted that

Ḃ ≤ |x1|2 + β2 |x2|2 + |x1|2 + |d̂1|2
2

+ |x1|2 + |e2|2
2

+ (β2 + β
r3/r2
1 β2 + | ˆ̇d1|) |x2|

+ β2
|x2|2 + |d̂1|2

2
+ β

r3/r2
1 β2

|x1|2 + |x2|2
2

+ |x2|2 + |e5|2
2

+ |d̂1| + | ˆ̇d1|2
2

+ k2
2

4k3

≤
(

2 + β
r3/r2
1 β2

2

)
|x1|2 +

⎛
⎝3

2
β2 + β

r3/r2
1 β2

2
+ 1

2
+ |β2 + β

r3/r2
1 β2 + ¯̇̂

d1|2
2

⎞
⎠ |x2|2

+
(

1 + β2

2

)
|d1|2 + 1

2
|e2|2 + 1

2
|e5|2 +

¯̇̂
d2

1

2
+ k2

2

4k3

≤ K B + L

(53)

K = max

[
2 + 1

2

(
β

r3
r2
1 β2

)
,

3

2
β2 + 1

2
β

r3
r2
1 β2 + 1

2
+ 1

2
|β2 + β

r3
r2
1 β2 + | ˆ̇d1||2, 1

2
(1 + β2)

]

L = 1

2
|e2|2 + 1

2
|e5|2 + | ˆ̇d1|2

2
+ k2

2

4k3

(54)

where K and L are constants as Eq. (54). Solving the above inequality, we can obtain

B(x1, x2, d1) ≤ (B(0) − L/K )eK t + L/K (55)

Hence, it has been proven that the system state x1, x2 are still bounded even in the transient process of
disturbance observation. In the steady state of the observer, the finite-time convergence of the whole
system has been validated in the above content. Therefore, the stability proof of the proposed torque
control scheme is completed.

5. Simulation and Experiments
In this section, simulation results are first presented to evaluate the performance of the proposed
torque controller. Then, the control scheme is implemented into the physical SEA testing platform to
validate the robustness and practical effectiveness. Moreover, we have also applied this algorithm in
human walking and squatting experiments with the assistance of the robotic exoskeleton to conclude
the superiority and application limitations. We further recruited six human subjects to evaluate the
assistance effects during walking and upstair activity by the assistive torque, where the impacts on
spatiotemporal parameters of gait and related muscle efforts are demonstrated.

5.1. Simulation
As mentioned above, the series elastic actuation system is suffered from internal driving system dis-
turbance, external human–exoskeleton interaction uncertainties as well as fluctuated input delay. To
approximate the practical environment, we built a SEA model considering various uncertainties in
MATLAB Simulink, whose nominal dynamical state equation is described in Eq. (1). The simulation
parameters are set in Table I, where JM , CM denote the inertia and damping coefficients of actuation
system, while KS is the stiffness of elastomer. TS, TD represent the static and dynamical coefficients
for the friction model described in Eq. (57). mL is the human–exoskeleton interaction disturbance
amplitude defined in Eq. (58). Regrading the control parameter, k1, · · · , k8 are the feedback gains
of proposed disturbance observer, while l1, l2, l3 stand for the gains for linear observer in Eq. (59).
β1, β2, r1, τ, σ are the parameters of proposed torque controller, which have been defined and dis-
cussed in Section 3. In this part, the desired torque generation and simulated disturbance consisting
of input delay, internal friction, and interaction uncertainties are first discussed. Then is the observer
performance comparison and followed by the ultimate torque control conclusion.
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Table I. The simulation and control parameters

System parameters Value Control parameters Value

JM 0.215 Kg · m2 k1, k2, · · · , k8 0.6,1.0,0.4,13.0,0.4,20,600,0.1
CM 1.0 Nm/(rad · s−1) l1, l2, l3 5 50 75
KS 100 Nm · rad−1 β1, β2 50,150
TS 2.0 Nm r1 1
Td 1.4 Nm τ −2/9
mL −0.1 σ 0.001

Time(s)

(a) (b)

Time(s)

Fig. 6. Simulated time delay and delayed input torque profile.

As analyzed in Section 2, the input time delay consists of inherent nerve conduction time, muscle
response time, and processing time, which is fluctuated around a constant value. Accordingly, it can
be approximated with a constant value plus two sinusoids as described in Eq. (56).

�t = 1.0 + 0.1 sin (3t) + 0.1 sin(7t) (56)

The friction is simulated with “coulomb+viscous+stribeck” model in ref. [28] as

τ f (θ̇M) = (TS + (2.3 − TS)e
−|θ̇M /0.15| + TD θ̇M)sgn(θ̇M) (57)

where θM denotes the rotation angular velocity. Since human walking is a quasi-periodic process, the
human–exoskeleton interaction dynamics θ̈L is approximated with

θ̈L = mL cos(t) (58)

The original desired torque profile is assumed to be a smooth sinusoidal curve in this article, and it
is transmitted to the input through a time-delay block as shown in Eq. (56). The simulated input time
delay, original desired torque profile, and delayed signal are plotted in Fig. 6. It can be seen that the
time delay is oscillating around a constant in a mixed higher–lower frequency, which is compatible
with actual human–exoskeleton transmission delays. From Fig. 6(b), the delayed input is more fluc-
tuated than the original, especially inside the red circles, which introduces extra disturbances on the
torque control. Note that there is no input signal for the first 1 s on account of the time delay and the
delayed signal is assumed to be zero at this time.

Regarding the disturbance observer, the comparison results between the proposed FDOB and
LDOB are presented to highlight the superiority of FDOB. The mathematical form of LDOB29 is
given by ⎧⎪⎪⎨

⎪⎪⎩
˙̂z1 = −l1 ẑ1 + l1 (−l1x1 − x2), d̂1 = ẑ1 + l1x1

˙̂z2 = −l2
2 d̂1,

ˆ̇d1 = ẑ2 + l2d̂1

˙̂z3 = −l3 ẑ3 + l3 (−l3x2 − u), d̂2 = ẑ3 + l3x2

(59)
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Fig. 7. Disturbance observation performance with proposed FDOB and LDOB.

where l1, l2, l3 are the feedback gains defined in Table I. The estimated trajectories and quantitative
results of LDOB and proposed FDOB are shown in Fig. 7.

From Fig. 7(a), both the FDOB and LDOB have estimation errors in the beginning but the over-
shoot of FDOB is just about half of that in LDOB. It can be seen from the enlarged figure that there
exists a phase lag and amplitude error with LDOB methods, while the FDOB can achieve much bet-
ter estimation accuracy. Figure 7(b) also demonstrates similar properties, such as lower overshoot,
smaller phase lag, and better accuracy. Note that d2 has some mutation points, where the signal jumps
from one value to another in a very short time. From the enlarged figure in Fig. 7(c), the convergence
time of FDOB is much shorter than LDOB, which further implies the faster convergence rate of
finite-time control. Figure 7(d) is the RMS estimation error bars of two approaches, and it can be
obtained that the disturbance estimation errors are significantly reduced and the maximum reduction
is up to 65.52%. All these results provide strong evidence that the proposed FDOB behaves a much
better disturbance estimation performance, such as faster convergence rate, lower overshoot, smaller
phase lag, and most importantly higher accuracy.

Based on the observed disturbance, the torque tracking performances of the proposed continu-
ous finite-time control scheme (CFTC) and traditional PID controller are illustrated, respectively in
Fig. 8. To compare the control accuracy, the trajectories of torque error, its derivates, and corre-
sponding error bars are also plotted. Figure 8(a) depicts the torque tracking trajectories, and it can be
obtained that the torque trajectory under PID shows large overshoot in the beginning, while the con-
trol torque of CFTC is capable of following the input in a very short time with lower errors. Moreover,
CFTC has a better control accuracy against the disturbances due to the time-delay suppression mech-
anism, especially in the area of the enlarged figure. Figure 8(b) presents the torque error trajectories,
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Fig. 8. Torque tracking performance with proposed CFTC controller and PID.

which also implies a faster convergence rate and higher accuracy of CFTC. Figure 8(c) is the derivate
of torque error trajectories, where CFTC has a faster convergence rate but higher overshoot while PID
gets a lower convergence rate but much lower overshoot. Besides, there is no significant difference
in this variable under the two cases. From Fig. 8(d), the RMS of torque tracking error of CFTC is
effectively reduced by 74.18% but the RMS of the derivate of torque error is increased by 76.93%.
Note that x2 in CFTC and PID cases are both kept at a relatively low level, thus the increased value
have little impacts on the control performance. Moreover, the torque tracking error is all we need to
focus on and the derivate is just an auxiliary variable. All the evidence demonstrates that proposed
CFTC behaves superior performance than PID, such as faster convergence rate, higher control accu-
racy, lower overshoot, and most importantly better disturbance rejection properties, especially for the
delay input.

The above simulation experiments have validated the unique properties of CFTC and the results
perform as expected. However, the dynamical system is continuous and the model is relatively accu-
rate in the simulation environment, which is, however, not possible in the physical platform. Thus,
it has to be tested further with actual experiments to validate the robustness and properties of the
proposed scheme.

5.2. Experiments on testing platform
We have developed a robot joint testing platform as shown in Fig. 9 to evaluate the control perfor-
mance. To ensure the safety, the CFTC and PID control algorithms with FDOB are implemented
in the testing platform first and then migrated to the robotic exoskeleton. The SEA testing platform
is comprised of an SEA system and a human–exoskeleton interaction simulation system. The inter-
action dynamics are approximated with a simulated load, which is a current-controlled direct drive
motor (KOLLMORGEN, CARTRIDGE DDR, C063). The SEA is actuated by HARMONIC inte-
grated robot drive system (FHA-14C-12S17BE) with a built-in harmonic gear reducer, an absolute
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Table II. The parameters of torque control performance

Methods RMSE (Nm) CT (s) MSSE (Nm)

CFTC 0.2383 1.036 0.2773
PID(kα = 10) 0.4633 1.127 1.2494
PID(kα = 8) 0.9533 1.322 2.3735
PID(kα = 6) 1.7038 2.028 3.2360

Simulated Load Coupling MotorElastomer Encoder Motor

Reducer Elastomer

(a) (b)

Fig. 9. Robot joint testing platform and SEA system. (a) Joint testing platform. (b) Series elastic actuator.

encoder, and a terminal torque sensor (SRI M2210). The encoder is mounted to the shaft of the motor
side and it has a 16-bit multi-turn counter and a 17-bit single-turn counter, which yields a resolution
of 131,072 counts/rev on the motor side. Besides, a Copley Accelnet Plus Amplifier Module (AE2-
090-30) is utilized to drive the actuator, and it has three-loop control modes with the 16 KHz inner
current loop. The main control unit (Raspberry Pi 3B) executes the control algorithm and commu-
nicates with the slave motor driver via a 1 KHz real-time EtherCAT field bus to update the control
command and state variables.

The simulated human–exoskeleton interaction dynamics are set as Eq. (58), and the internal fric-
tion and damping disturbance are already included in the physical system. We use the same delayed
torque input profile as Fig. 6 and both the proposed CFTC control scheme and PID are implemented
into this system to compare the control performance. We selected three control gains for the PID
algorithm, where the gains are the trade-off of control accuracy and disturbance rejection capabili-
ties. Three indicators are chosen to evaluate the performance, where the CT is defined with the first
time to enter the defined error bound 1 Nm, while maximum steady-state error (MSSE) stands for
the maximum control error in steady state. The results are presented in Fig. 10 and Table II.

In Fig. 10(a), it can be obtained that higher gains result in faster convergence speed and smaller
control errors in the PID scheme. However, the chattering phenomenon or even instability is likely to
occur when keeping increasing the gains. From the enlarged figure, we can see that small oscillations
have already occurred in the PID(Kα = 10) case, especially at the peaks and troughs. Compared with
the maximum allowable gain selection in PID, the propose CFTC still presents more superior track-
ing capabilities with faster convergence rate, smaller errors, and most importantly no oscillations.
Figure 10(b) shows the error trajectories, similar to the above analysis, CFTC has the shortest con-
vergence time and the lowest steady-state error. Moreover, the errors have no oscillations but floating
slightly around the zero from the enlarged figure. The quantitative results can be found in Fig. 10(c)
and Table II. The MSSE is mostly reduced by 91.43% and RMSE is decreased by 86.01%, which
implies the control accuracy has been significantly improved by CFTC. And the shorter CT also
demonstrates faster convergence rate of CFTC. The results provide strong evidence that the control
accuracy, convergence rate, and robustness are all enhanced by the proposed CFTC.

5.3. Experiments on hip assistance exoskeleton
The proposed CFTC torque control scheme has been further implemented into the hip assistance
exoskeleton in walking and squatting assistance experiments to demonstrate the practicability. As
discussed in the previous Fig. 2, the assistance torque profile is generated from the constructed nom-
inal biological database in mid-level controller with the gait sensing input from high-level control.
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Fig. 10. Torque control performance of CFTC and PID.

And all the disturbances are included in this human–exoskeleton coupling system. Meanwhile, to
make the results more convincing, several activities of daily life, including normal walking and sit-
to-stand (STS), are considered. In these cases, walking motion is more dynamic while squatting is
more static and these two scenarios are utilized to demonstrate the static–dynamic performance of
torque control. The experimental scenes are shown in Fig. 11.

The control performance results are presented in Fig. 12, and the black dot line denotes the rec-
ognized walking states, where walking is marked with number 4 while standing and squatting are
marked with number −4. From the walking results in Fig. 12(a), the desired assistance torque pro-
file is quasi-sinusoid but slightly fluctuated on account of delayed gait state sensing, especially at
the peaks and troughs. It can be obtained that the actual assistance torque is capable of tracking
the desired assistance torque in the fast convergence rate and good accuracy even in the positive–
negative alternating walking assistance scene. Moreover, at the walking state-changing points, the
controlled torque can response to the abrupt desired signal instantly with low overshoot. In the more
static squatting activities of Fig. 12(b), CFTC can also achieve pretty well control accuracy with fast
response speed. Below Fig. 12(c) and (d) shows the control error trajectories of walking and squat-
ting, respectively. It can be seen that the signals are noisier in dynamical walking than static standing
or squatting, and that is because human–exoskeleton interaction disturbance is more severe during
dynamical walking. And in that case, the finite-time torque control scheme has to reshape the output
frequently by adaptive disturbance estimation and suppression. Fortunately, the errors are all limited
within the bounds both in the static and dynamical movements. Different from simulations, there
still exist torque control errors in the steady process, and that might be the result of discrete sampling
date and modeling uncertainties. The RMS of torque error in walking is 0.34 Nm, while 0.28 Nm in
squatting and this amplitude control errors are acceptable for human–exoskeleton interaction scenes.

In summary, both the simulation and physical experiments validate the unique properties of pro-
posed CFTC, that is, high accuracy, fast convergence rate, perfect disturbance rejection capability,
well static–dynamic performance, and strong robustness. Compared with traditional PID control, the
interaction disturbance suppression capability, control stability, and accuracy are strongly enhanced,
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------Right Leg in Walking and Left Leg in Squatting

------Assistance Torque Direction

(a)

(b)

Fig. 11. Walking and squatting experiments with exoskeleton assistance. (a) Assistance walking experiments.
(b) Assistance squatting experiments.

Time(s)

T
or
qu
e 
(N

m
)

Torque Tracking Performance during Walking

Torque Tracking Errors during STSTorque Tracking Errors during Walking

Torque Tracking Performance during STS

RMS 0.34 Nm 

T
or
qu
e 
(N

m
)

RMS 0.28 Nm 

Time(s)

Time(s) Time(s)

(a) (b)

(c) (d)

Fig. 12. Torque Tracking Performance in Hip Assistance Exoskeleton.
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Table III. Spatiotemporal parameters of human gait in each case

Cases (Km/h) MHR (deg) Cadence (step/min)

Exo_A
2 35.48±4.41 38.71±2.54

3 38.94±2.36 46.39±3.06

4 43.72±3.19 51.83±1.34

NExo
2 28.95±2.37 43.38±7.90

3 33.17±1.02 48.90±5.47

4 38.42±0.74 55.08±3.76

Changes by assistance
2 22.55% −10.77%

3 17.38% −5.12%

4 13.79% −5.90%

Electrodes

Sensor

RF
BF

(a) (b) (c)

Fig. 13. Wireless sEMG sensors and recording positions. (a) Wireless sEMG system. (b) RF electrode. (c) BF
electrode.

especially for the delayed input. Note that there still exist some errors left in physical exoskeleton
experiments due to the discrete sampling data and uncertainties of modeling. Therefore, it is rec-
ommended to adopt a high sampling rate and a relatively accurate model when implementing this
algorithm.

5.4. Assistance evaluation
Six healthy human subjects with an average age of 31±5 years, body weight of 73±8 Kg, height of
170±6 cm were recruited to evaluate the assistance effects. Each subject was asked to walk on the
treadmill with speed 2, 3, 4 Km/h, and upstair activity respectively under NExo, Exo_A, and Exo_Z
conditions, where NExo is walking without exoskeleton, and Exo_Z is walking with exoskeleton in
zero torque mode, while Exo-A presents walking with FHAE in assistance mode. The exoskeleton
hip joint trajectories and assistance torque were recorded with built-in encoders and torque sensors.
Besides, two EMG electrodes were placed on the rectus femoris (RF) and biceps femoris (BF) as
shown in Fig. 13 to record the muscle activities during walking and upstair activity. To be more
convincing, each trial was repeated three times and all the joint kinematic and kinetic results are
represented with an average value. The assistance performance is evaluated by the spatiotemporal
parameter changes and muscle effort reduction rate in this article, which reflects the assistance effects
on the external gait features and internal muscle voluntary force.
(1) Spatiotemporal Parameters

The hip trajectories of six subjects under 2, 3, and 4 Km/h treadmill walking are presented in
Fig. 14, where the experimental gait trajectories are segmented into several complete gait cycles
using phase synchronization algorithm. The maximum hip rotation range (MHR) in each case is
also plotted with a histogram in Fig. 14. The cadence and step length parameters are compared to
demonstrate the impacts of gait assistance. The cadence is estimated with the mounted IMU, and the
step length is replaced with the MHR, which can be easily obtained from the exoskeleton system
itself.
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Fig. 14. Hip trajectories and maximum hip rotation range under three cases.

From Fig. 14, it can be obtained that there are no significant changes on the trajectory pattern
except for the amplitude in all cases, which implies that the robotic exoskeleton is compliant and
unlimited to the human. From the histogram, the MHR is obviously increased with the exoskeleton
assistance, which results in decreased cadence at the same walking speed. Note that the results of
Exo_Z are not so consistent, where both the increased and decreased MHR exist. In Exo_Z case, the
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Fig. 15. Muscle activation levels during treadmill walking and upstair activity.

exoskeleton is purely an external load to the wearer, which might result in a diverse body response
of human bodies. The average quantitative results of six subjects are shown in Table III.
(2) Muscle Effort Reduction with FHAE

In this part, the sEMG signals of 2, 3, 4 Km/h, and upstair activities under Exo_A, Exo_Z, and
Nexo are presented to further demonstrate the assistance effects on the related muscle efforts. The
biological sEMG signals are sampled with 1 Khz rate using a wireless collection system, and the raw
data are filtered with four-order Butterworth high-pass filter to remove the movement artifacts, where
the cutoff frequency is set 5 Hz. The moving average of the rectified sEMG signal is adopted as the
activation level of skeletal muscle, which is calculated as

α = 1/N
N∑

i=1

|xi |, N = 50 (60)

The results from an average gait cycle are shown in Fig. 15 and Table IV. The exoskeleton working
in NExo is purely an external load to the wearers, thus as expected, the RF and BF muscle efforts
are increased in NExo under all cases from the activation curves and bars. The muscle activation
level curves in Exo_A is below the NExo case in most time, and the average muscle level bar graph
also validates the decreased muscle effort with the exoskeleton assistance. Moreover, the reduction
is more significant in strenuous activities, like 4 Km/h and upstair activity. It can be concluded that
the assistance from exoskeleton not only compensates the exoskeleton load itself but also decreases
the muscle efforts.
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Table IV. Muscle activation levels during walking and upstair activity

Cases Muscle Exo_A Exo_Z NExo Effort reduction (%)
Unit:10−6 V Unit:10−6 V Unit:10−6 V

2 Km/h
RF 1.49 1.66 1.64 9.15

BF 1.84 2.06 1.98 7.07

3 Km/h
RF 1.32 1.78 1.66 20.48

BF 1.78 2.27 2.07 14.01

4 Km/h
RF 1.56 1.80 1.73 9.83

BF 2.19 2.97 2.81 22.06

Upstair activity
RF 2.45 3.34 3.00 18.33

BF 2.19 4.15 3.45 36.52

The quantitative comparison results are shown in Table IV, and it can be obtained that both the
RF and BF effort reductions are the lowest with 9.15% and 7.07% in 2 Km/h walking. In low-speed
2 Km/h walking, the step length and step frequency are small but the muscle effort is almost the
same with 3 Km/h walking, and the slow motion limit the assistance amplitude, which results in
lower effort reduction. In 3 Km/h and 4 Km/h experiments, which is closer to the speed of normal
walking, the decreased RF and BF efforts validate the effectiveness of muscle effort reduction with
the assistance of exoskeleton. Moreover, the human is most assisted in upstair activity, where the RF
and BF reduction is up to 18.33% and 36.52%.

In all, the results of assistance evaluation experiments provide strong evidence to demonstrate the
effectiveness of walking and upstair activity assistance with the hip exoskeletons. The gait pattern
is obviously improved with increased gait length and decreased cadence. Moreover, the activation
levels of hip-related muscles are significantly reduced, which implies that the human voluntary hip
torque is also decreased. The above evidence shows great potential for improving walking efficiency
and reducing metabolic energy consumption with the assistance torque.

6. Conclusion
This paper investigated the high-performance torque control algorithm for SEA forced controlled
exoskeleton system, which is disturbed by ever-changing human–exoskeleton interaction, model
uncertainties, and delayed input. The delay input caused by gait sensing is rarely considered but
will degrade control performance and even cause instability. We proposed a novel FDOB to realize
much better disturbance estimation performance than LDOB. Based on the disturbance sensing, a
continuous fractional power control law is designed to achieve perfect matched/unmatched distur-
bance rejection and finite-time convergence. Finally, the proposed CFTC control scheme has been
successfully implemented into the simulation, physical SEA testing platform, and all the results
demonstrated the unique properties of proposed CFTC, that is, high accuracy, fast convergence rate,
perfect disturbance rejection capability, well static–dynamic performance, and strong robustness.
Furthermore, the assistance effects are evaluated with six human subjects, and the results present
improved gait pattern, reduced muscle activations, and consequently decreased muscle efforts with
the exoskeleton assistance.
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