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SUMMARY
In this paper, hybrid control of central pattern generators (CPGs), along with an adaptive supper-
twisting sliding mode (ASTSM) control based on supper-twisting state observer, is proposed to guard
against disturbances and uncertainties. Rhythmic and coordinated signals are generated using CPGs.
In addition, to overcome the chattering of conventional sliding mode, supper-twisting sliding mode
has been applied. The ASTSM method triggers sliding variables, and its derivatives tend to zero
continuously in the presence of the uncertainties. Moreover, to acquire maximum stability, the desired
trajectory of the upper limb based on zero moment point criterion is designed.

KEYWORDS: Exoskeleton; Adaptive CPG; Adaptive super-twisting sliding mode controller;
Super-twisting observer algorithm; ZMP.

1. Introduction
Wearable robotic systems (Exoskeletons) are devices that are generally similar to the human body or
part of the human body and have harmonious behavior along with the movements of the human body.
Exoskeletons are applied to enhance the performance, ability, and potency of healthy human or as
a rehabilitation device. Conformity with the human body and also control strategies which are used
in exoskeletons has immense impacts on the performance of these means.1 In 2003, predetermined
joint angles of a lower limb exoskeleton robot was controlled, an impedance controller has been
used to facilitate a more convenient and user-friendly movement.2, 3 The Blix robot was introduced
to increase human strength and endurance in military applications. A model-based control with aux-
iliary strategy is employed to increase the sensitivity against forces and external torques.4 To carry
out heavy loads for a long periods of time, and for moving on inclined surfaces, a robot called Exo
Hicker has been designed, with active control on joint angle.5 In medical field, to assist people with
disabilities to walk, an exoskeleton has been introduced that is controlled based on the pursuit of
predetermined joint positions.6

Choosing the appropriate control strategy to cope with disturbances, unmodeled dynamics and
uncertainties in the system are crucial. Applying the efficient control strategy, the metabolic cost of
a person can be reduced by overcoming the disturbances from humans and the environment.

To guard against exogenous disturbances and internal uncertainties, controllers such as feed-
back linearization, robust and adaptive control, and observer-based controller have been proposed. It
should be noted that such control approaches are at highest level but majority of them satisfied rela-
tive stabilities.7 In this state, to track the desired trajectories, control system will spare considerable
time. In other words, to ensure that the control law is stable, a great value needs to be chosen for
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control gain, which is impractical. Therefore, a robust controller is required with fast convergence
for military applications. Nowadays, new control methods have been developed which guarantee the
finite-time stability of nonlinear systems, such as Lyapunov finite-time stability approach,8 terminal
sliding mode scheme, and super-twisting sliding mode.9, 10

Sliding mode control has been developed in recent years as a robust control technique against
disturbances and uncertainties.11, 12 Reducing chattering phenomenon which is one of the significant
challenges of the sliding mode controller (SMC) leads to save energy. To overcome and mitigate the
chattering influences, a boundary layer is defined around the sliding surface which entails detracting
the robustness in spite of uncertainties and disturbances.13

Super-twisting sliding mode control (STSMC) has been proposed as a new generation of high-
order sliding mode control, in which control law inherently and without defining the boundary layer
attempts to reduce the chattering phenomenon, while keeping the ability of conventional sliding
controller to deal with uncertainties and disturbances.14 Super-twisting sliding mode (STSM) is one
of the most vigorous second-order continuous SMCs. This control method produces a continuous
control function which obliges sliding variables, and its derivatives tend to zero in finite time in the
presence of disturbances with restricted amplitude. Since this control method has a discrete integral,
the chattering phenomenon is not eliminated but is reduced to a satisfactory level.15 The basis of this
control methodology was presented by Mornova and Serio in 2008.16 It was used in the wind turbine
system17 and accurate control of the rotor position and the estimation of the stator resistance of a
synchronous magnetic machine.18

In sliding mode control, knowing the range of uncertainties and disturbances is a fundamental flaw
and in many cases is not measurable. An adaptive super-twisting sliding mode (ASTSM) control
law is as an efficient method for dealing with disturbances with unknown amplitude. Significant
properties of this method are precise tracking within finite time, reducing mechanical stresses, and
coping with the chattering phenomenon without requiring the output derivatives, high resistance to
uncertainties and internal and external disturbances, and relatively simple control laws that can be
designed based on nonlinear models.

How to determine the desired trajectories of robot joints has been another important issue in lower
limb exoskeleton. Central pattern generator (CPG) is one of the online and robust methods against
environmental disturbances for designing the desired trajectories of exoskeletons. In many biological
systems such as breathing, base motion patterns are generated by CPG. The CPGs include neural
networks which can produce rhythmic and coordinated signals for controlling the motion of legged
robots.20

CPG models are also among approaches for online trajectory generation that have been repeatedly
employed in different robotic applications, for example, snake-like robots,21 Quadruped Robots,22

swimming salamander robot23 and exoskeleton robots.24

CPGs are a collection of coupled nonlinear oscillators that can encode periodic input signals
as limit cycles of oscillators.25 The walking pattern is usually set by the parameters of the CPG
which allows altering the walking characteristics, such as frequency and amplitude. The use of CPGs
and also various oscillators in robotics are expressed in Refs. 26, 27. CPG for controlling motion
systems has many advantages, such as providing stable moron patterns and quick return to normal
and rhythmic behavior in case of disturbances in the system. Also, the utilization of feedback signals
makes it possible for CPGs to create flexible movements in unknown environments.26 To optimize the
CPG parameter, including the parameters of each oscillator and the weight of the coupling between
them, evolutionary algorithms are applied.28–30

Hybrid CPG and controller or movement characteristics of the robot such as stability have been
applied in order to ameliorate exoskeleton performance and also boom the controllability of such
devices.15–25

Stability is one of the crucial duties of walking mechanisms during gaiting. Center of mass sta-
bility,31 energy-based stability,32 and zero moment point (ZMP) criterion are the most important
stability criteria in this realm.33 If the robots have active joints, and in each moment stand on one
leg, ZMP can be applied regarding stability assessment. This criterion was taken into account for
the bipedal robot in Vasda University and then has been widely employed. In many researches, to
guarantee stability during gaiting process, well-suited trajectories are designed for upper limb joint
based on ZMP.34
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Table I. Parameters of lower limb exoskeleton robot.

Parameter Units Values Parameter Units Values Parameter Units Values

m1 kg 1 I3 kg m2 1 L5 m 0.5
m2 kg 3 I4 kg m2 2 L7 m 0.2
m3 kg 5 I5 kg m2 1 r1 m 0.1
m4 kg 10 I6 kg m2 0.6 r2 m 0.25
m5 kg 5 I7 kg m2 0.2 r3 m 0.25
m6 kg 3 L1 m 0.2 r4 m 0.25
m7 kg 1 L2 m 0.5 r5 m 0.25
I1 kg m2 0.2 L3 m 0.5 r6 m 0.25
I2 kg m2 0.6 L4 m 0.5 r7 m 0.1

In this paper, an exoskeleton dynamic model is extracted using the Lagrange method. In order to
control the robot and ensure stable walking, a hybrid method comprising an adaptive CPG (based on
Vander Pol oscillators) and an adaptive super-twisting sliding mode controller (CPG-ASTSMC) is
proposed to effectively deal with the disturbances and uncertainties as well as a quick return to the
correct walking pattern. Also, the motion of upper limb joint is used as compensator to achieve robot
stability based on ZMP. The joints variables are estimated at each moment by using a super-twisting
observer. Moreover, in order to acquire maximum stability and minimum tracking error, the param-
eters of the proposed controller and the upper limb desired trajectory are optimized using Harmony
Search Algorithm (HSA).35 In the next step, the proposed controller performance is compared to the
proposed method in Ref. 25, in which control command is generated using only the CPG algorithm,
as well as the hybrid method including the adaptive CPG algorithm and an optimal adaptive SMC
(CPG-SMC).

The structure of the paper is organized as follows: In Part 2, an exoskeleton robot is introduced
and the dynamic model is extracted using the Lagrange method. In Section 3, the control method is
presented and its stability is investigated. In Section 4, the desired trajectory for the upper limb is
determined to achieve the highest system stability based on ZMP criteria. In Section 5, the proposed
controller has been applied to the extracted model of the Lagrange method in order to track the
desired trajectories of the joints and finally, and conclusion is presented in Section 6.

2. Introduction and Modeling of Understudied Mechanism
Kinematic compatibility of the degrees of freedom (DOFs) with human body and strict conformity
between robot joints and human joints oblige the kinematics of the robot to follow the user’s kine-
matics completely, which solves many design problems. This approach has been used in designing
Hall series.36, 37 The understudied model in this paper is a lower limb exoskeleton robot containing
seven links and five active joints for the hip, knee, and ankle of the left and right legs. In Fig. 1, the
schematic of this robot is shown.

In Fig. 1, θi for i = 1, 2, . . ., 7 is the absolute angle of each joint, qi is the relative angle of each
joint and Ii is the moment of inertia of the links. By extracting the kinematic relationships and using
the Lagrange method, the dynamic model of the robot is expressed as Eq. 1.38

τ = M(θ)θ̈ + C(θ, θ̇) + G(θ) + τ d (1)

where τ is the torque vector of the actuators, M(θ) is the inertia moment matrix, C
(
θ, θ̇

)
is the

centrifugal and gyroscopic effects matrix, G(θ) is the vector of gravitational forces, and τ d is the
disturbance torque. The parameters of lower limb exoskeleton robot are shown in Table I.40

2.1. Distinct phases of walking gait
A single gait of motion is divided into two phases, a single-support phase (SSP) and then a double-
support phase (DSP). Immediately after each phase, the robot receives an impulse in contact with the
ground. The simplified steps of one gait of walking are shown in Fig. 2.

In the first phase (Fig. 2(a)), the robot motion is considered as a 5-DOF motion on two supports
(the front heel and the rear paw). The holonomic constraints associated with this constrained motion
are applied in the simulation.
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Fig. 1. Schematic of a 7-DOF lower limb exoskeleton.

At the end of the first phase (Fig. 2(b)), impact of the front paw is occurred with the ground in an
instance and simultaneously the rear foot loses its contact with the ground.

In the second phase (Fig. 2(c)), the robot motion is considered as a 7-DOF motion on a single
support (fixed foot) and it is simulated as an unconstrained motion.

At the end of the second phase (Fig. 2(d)), impact of the front foot heel is occurred with the ground
and simultaneously the heel of the opposite foot lifts from the ground.

2.1.1. Impact model. The impact at the end of each phases is modeled like an impact between two
rigid bodies. Using well-suited hypothesizes, the velocity of generalized coordinates can be deter-
mined after impact based on the velocity of the coordinates before impact. It should be noted that, all
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(b)(a)

(d)(c)

First Impact

↑

Phase 1: Two-support motion

↑ ↑

Second Impact

↑

Phase 2: Single-support motion

↑

Fig. 2. Motions phases and impact instances: (a) double-support phase, (b) paw impact, (c) single-support
motion phase, and (d) heel impact.

of the DOFs should be considered for impact modeling. It is assumed that during impact, rebound
and slipping will not occur and stance leg lifts from the ground without any interaction. In the next,
the following hypotheses have been taken into account:

• The impacts are instantaneous.
• The external force acting on the model during the impact is considered impulsive.
• The impulsive force causes instantaneous change in the generalized velocities, while there is no

change in positions.
• All of the applied torques on the joints of the robot are not impulsive.
• The impact is fully plastic.

Under the abovementioned hypotheses, by integrating from Eq. (1) over the impact duration:

M(q)
(
q̇+ − q̇−) =

∫ t+

t−
δFext(τ )dτ = JT

2 λ (2)

where q̇− and q̇+ are the velocities just before and after the impact. According to the third hypothesis,
the positions do not experience any change during the impact, and thereby q+ = q−. Moreover, J is
the Jacobean of the swing leg’s coordinates, which is obtained using kinematic equation of the leg.

Two other equations can be extracted using geometric conditions in the impacts’ point. Based
on the impact hypotheses, the external forces applied to stance leg are equal to zero due to the fact
that the leg in impact lifts from the ground instantaneously. Hence, it seems necessary to consider
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exogenous forces on the bottom of swing leg. The two required equations can be written based on no
slip and no rebound hypothesis:

ẋ+
p = 0, ẏ+

p = 0 (3)

where xp and yp are the coordinates of the impact point of the robot.
So,

J2(q)q̇+ = 0 (4)

Equations (2–4) can be solved for λ and q̇+, so the generalized velocities after impact (q̇+) can be
determined knowing those (q̇−) before it.

3. Hybrid Control System
In this paper, a hybrid method including CPG algorithm and ASTSMC has been applied for tracking
the desired trajectories in the presence of disturbances and uncertainties and also generating a soft
and stable motion for the exoskeleton.

3.1. Central pattern generator
Wearable robotic systems such as lower limb exoskeletons do not only provide effective and repet-
itive gait training but also reduce the burden of physiotherapists. This is because it allows the
integration of the human intelligence with that of the mechanical power of the robot. Among other
applications, these devices may be required for gait rehabilitation and human locomotion assistance.
Rehabilitation via exoskeletons is of great importance to people with lower limb disorders. For any
exoskeleton to perform its required function, it has to be equipped with some form of control mech-
anism. Initiating a control mechanism involves generating a reference input signal which is expected
to go through the controller in order to produce the control signal necessary to drive the actuators of
the exoskeleton. In gait rehabilitation and human locomotion assistance, the wearer depends almost
solely on the torque generated by the exoskeleton device. This is because the joint torque generated
by the muscles of the wearer is either infinitesimally small or zero. Generating a reference input
(desired motion) signal does not have to be arbitrary since it has to suit the natural envisaged motion
(nerve signals) of the wearer developed by the brain. This does give rise to the use of CPGs to produce
such signal that is closely related to the nerve signals.

CPG can be defined as a neural network which is able to generate rhythmic patterns intrinsically
or as a neural circuit to produce periodic commands for rhythmic behaviors like locomotion. In this
regard, a wide variety of neural oscillators such as Vander Pol, Hopf, Wilson-Cowan, and Matsuoka
oscillators have been applied to create CPG and also desired trajectories.25, 26 It should be noted that
the main ambition of CPG stemming from the behavioral pattern of the oscillatory neural networks
and also stable rhythmic pattern. In this paper, a network of coupled Vander Pol oscillators is applied
to determine the desired angles of ankle, knee, and hip of both left and right legs. In following,
the differential equations of coupled Vander Pol oscillators for generating the walking trajectory are
introduced.39

ẍ1 − μ1
(
p2

1 − x2
a

)
x1 + g2

1xa = ϕ1

ẍ2 − μ2
(
p2

2 − x2
b

)
x2 + g2

2xb = ϕ2

ẍ3 − μ3
(
p2

3 − x2
c

)
x3 + g2

3xc = ϕ3

ẍ4 − μ4
(
p2

4 − x2
d

)
x4 + g2

4xd = ϕ4

ẍ5 − μ5
(
p2

5 − x2
e

)
x5 + g2

5xe = ϕ5

ẍ6 − μ6
(
p2

6 − x2
f

)
x6 + g2

6xf = ϕ6 (5)

where xi is the output signal, p2
i represents the amplitude, g2

i refers to the frequency, ϕi is the off-
set parameter, μi indicates the nonlinearity and the damping strength, while xa−f is the coupling
equations and mathematically written as
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Fig. 3. Nature of coupling between the oscillators.

xa = x1 − λ21x2 − λ31x3

xb = x2 − λ12x1 − λ42x4

xc = x2 − λ13x1 − λ31x4 − λ53x5

xd = x4 − λ24x2 − λ34x4 − λ64x6

xe = x5 − λ35x3 − λ65x6

xf = x6 − λ46x4 − λ56x5 (6)

with λij (i �= j) refers to the coupling coefficient. Moreover, the coupling of the networked oscillators
is depicted in Fig. 3.

In this paper, CPG parameters are optimized by HSA to minimize the error function of the Eq. (7),
in order to create a smooth and stable motion.

cost function =
∫ t

0
(θReal−Time − θDesired) dt (7)

In Eq. (7), θDesired is generated desired trajectory based on CPG and θReal−Time is the trajectory from
real-time measurement of each joint.

3.2. Adaptive-gain STSMC
In this section, an adaptive-gain STSMC for the system is designed. Sliding mode control is one of
the control methods in the category of robust controllers.23 In order to design an SMC, for each state
variable (q), the error is considered to be e = q − qd and a sliding variable is defined in accordance
with equation (8). For each state variable,

S(q, t) =
(

d

dt
+ λ

)n−1

e (8)

where λ is a definitely positive constant and n is the state space, which is equal to 3 for the robot
being studied. The SMC sets the derivative of the sliding variable near zero. Eq. (9) is obtained by
deriving a sliding variable relative to time.

Ṡ = (q̈ − q̈d) + (q̇ − q̇d) (9)
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Setting the derivative of the sliding variable to zero and using Eq. (1), the control rule ττ (t) is
obtained as Eq. (10).

τ̂ (t) = C
(
θ, θ̇

) + G(θ) + M(q̈d − (q̇ − q̇d)) + τ d (10)

Chattering phenomenon is one of the main disadvantages of the sliding mode control, which increases
energy consumption. In order to cope with this phenomenon, a discontinuous term is added as a
boundary layer to the control rule. Finally, the control law is extracted in Eq. (11).

τ (t) = τ̂ (t) − Ksign(S) (11)

where in Eq. (11), K is a positive constant. Using the boundary layer to eliminate the chattering
phenomenon not only does not completely eliminate this phenomenon but also reduces the robustness
characteristics of the controller. STSM controller is a well-suited approach to eliminate the chattering
phenomenon without reducing the robustness characteristics of the controller. The STSM method is
suitable for confronting disturbances and uncertainties with a known and limited range.39 Defining
a range of uncertainties and disturbances is usually sophisticated or impossible. Hence, ASTSM
method is presented as an effective way to eliminate disturbances and uncertainties with unknown
range. Finally, the adaptive-gain super-twisting sliding mode control law is designed by adding ω to
Eq. (11).41

τ i(t) = τ̂ i(t) + ωi

ωi = Ai

√|Si|sign(S) + ϑi

ϑ̇i = −βi

2
sign(S) (12)

In Eq. (12), β = 2εA and also

Ȧ =
⎧⎨
⎩w1

√
γ1

2 sign (|S| − μ) A > αm

η A > αm

(13)

where w1, γ1, ε, μ, and η are constant. In order to indicate stability of the control method, positive
Lyapunov function is considered as Eq. (14).16

Vi = δT
i Piδi (14)

δi =
[√|Si|sign (Si) ϑi

]T
(15)

Pi =
[

−4βi

2
+ A2

i −Ai

−Ai 2

]
(16)

By taking time derivative and also some mathematical simplification,

V̇i = − 1√|Si|
(
δT

i Qiδi + τdiq
T
i δi

)
(17)

Qi = 1

2

[
−4βi

2
+ A2

i −Ai

−Ai 1

]
(18)

qT
i = −4βi

2
+ A2

i

2
− Ai

2
(19)
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Substituting Qi and qqT
i in V̇i:

V̇i = − 1√|Si|
(
δT

i Q̂iδi

)
(20)

Q̂i = 1

2

⎡
⎣−4βi

2
+ A2

i −
(

8βi

Ai
+ Ai

)
�i −Ai − 2�i

−Ai − 2�i 1

⎤
⎦ (21)

Ai > 2�i, −βi

2
> Ai

5Ai�i

2Ai − 4�i
(22)

If condition (22) is satisfied, V̇i is negative and thereby stability of the closed loop system is
guaranteed.

3.3. Estimate the system state with a super-twisting algorithm
In exoskeleton systems, although coordinates of each joint may be measured accurately by an
encoder, sensing velocity by tachometers can encompass noises. Furthermore, numerical integra-
tion and derivation of sensor data such as gyroscopes and accelerometers, as well as sensor noise,
can cause a significant error in the control loop. Therefore, to overcome such challenges, a state esti-
mator algorithm has always been considered. In this study, a super-twisting algorithm is applied to
estimate system states16 which proposed by Levant.42, 43

˙̂q1i = q̂2i + z1i

˙̂q2i = M−1 (q1i)
(
τ − C

(
q1i, ˙̂q2i

)
− G (q1i) − τ d

)
+ z2i (23)

In Eq. (23), q̂1i and q̂2i are the estimated states. z1i and z2i are the correction variables of the output
errors that are added to the estimation equations.

z1i = γ

√∣∣q̂1i − q̂2i

∣∣sign
(
q1i − q̂1i

)
z2i = k sign

(
q1i − q̂1i

)
(24)

In Eq. (24), γ and k are constants. The estimation error can be considered as

e1i = q1i − q̂1i

e2i = q2i − q̂2i (25)

By considering the estimation errors in the form of Eq. (25), the error estimation equations can be
written as Eq. (26).

e1i = e2 − γ
√|e1i|sign (e1i)

e2i = M−1 (q1i) (−C (q1i, q̇2i) − G (q1i)) − M−1 (
q̂1i

) (
−C

(
q̂1i, ˙̂q2i

)
− G

(
q̂1i

))
(26)

− k sign (e1i) − M−1 (q1i) τd

4. Upper Limb Joint Trajectory Based on ZMP Stability Criterion
Another significant issue associated with stability of biped robot is ZMP which should be considered.
The ZMP is a point on the ground in which sum of all the active force moments is equal to zero. If
the ZMP perches into the support polygon between the foot and the ground, stability of the biped
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Table II. Values of oscillators parameters.

Parameters Symbol/value

Damping srength μ1 μ2 μ3 μ4 μ5 μ6

2 1 1.5 1.5 1 2

Amplitude p2
1 p2

2 p2
3 p2

4 p2
5 p2

6

1.5 2 1 1 2 1.5

Frequency g2
1 g2

2 g2
3 g2

4 g2
5 g2

6

15 28 15 15 28 15

Offset ϕ1 ϕ2 ϕ3 ϕ4 ϕ5 ϕ6

3 −2 10 10 −2 3

Coupling coefficients 21 12 31 13 24 42
0.3 0.3 0.3 0.3 0.3 0.3
35 53 46 64 65 56
0.3 0.3 0.3 0.3 0.3 0.3
34 43
0.3 0.3

ASTSM Controller
u

Disturbance

θi ,  i = 1–7

ZMP/HSA

Real-time
trajectory

θ7d

noise

e
X3

X1

X5

X2

X4

X6

λ21

λ12

λ13 λ31

λ43

λ24 λ42

λ34

λ53λ35 λ46 λ64

λ65

λ56

Hip-left

Knee-left

Ankle-left Ankle-right

Knee-right

Hip-right

ST observer

Fig. 4. Block diagram of the proposed scheme.

robot is guaranteed.44 Therefore, instability of the robot can be illustrated through monitoring the
ZMP location. The ZMP in x-axis direction can be calculated as follows:

xZMP =
∑n

i=1 mi (z̈i + g) xi − ∑n
i=1 miẍizi − ∑n

i=1 Iiyθ̈iy∑n
i=1 mi (z̈i + g)

yZMP =
∑n

i=1 mi (z̈i + g) yi − ∑n
i=1 miÿizi − ∑n

i=1 Iixθ̈ix∑n
i=1 mi (z̈i + g)

(27)

where y and z are the robot center of mass coordinates, respectively, and θ̈ix and θ̈iy are angular accel-
eration of robot links in vertical and horizontal directions, respectively. In this research, to stability
compensation, upper limb motion is neglected, and for doing this, the desired trajectory of the joint
is determined so that ZMP criterion is checked in each moment. The angles, velocities, and angular
acceleration of the joint are obtained based on satisfying ZMP in every moment. The desired trajec-
tory of upper limb is introduced using a five-order spline, embodies a couple of accurate points in one
walking gait, and then trajectories parameters are optimized by minimizing an objective function.
Moreover, to contribute and strengthen the stability of the robot using ZMP, an objective function
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Right foot Right foot

Right shin Right shin

Right thigh Right thigh

Real-time trajectory
Desired trajectory

Real-time trajectory
Desired trajectory

Real-time trajectory
Desired trajectory

Fig. 5. Stable limit cycle in phase plane and desired trajectories.

is considered so that will be able to create the maximum stability margin and minimum deviation
between joint trajectories and reference trajectories in every moment.

CF =
∫

|ZMP − ZMPdesird|2 +
7∑

i=1

∫
|ei|2 (28)

where ZMPdesird is the ZMP in SSP and DSP which is defined based on maximum stability value in
each phase and ei is the trajectory tracking error. To have proportional movement between the robot
and user, the authorize range for upper limb joint is chosen as 75◦ ≤ θ ≤ 115◦. Block diagram of the
proposed scheme is portrayed in Fig. 4.
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Fig. 5. Continued.

5. Simulation Results
In this section, simulations are performed to reveal the effectiveness of the proposed adaptive-gain
supper-twisting SMC in tracking the joints position. To do this, desired stable trajectories are gener-
ated by CPG based on real-time sampling data of actual walking. The joints variables are estimated
at each moment by using a super-twisting observer. It should be noted that to achieve high level of
stability for upper limb, its desired trajectory is designed based on ZMP criterion. Also, to indicate
the robustness of the designed controller, parametric uncertainties and time-varying disturbances are
considered in all simulations.

CPG parameters are optimized by HSA to minimize the error function of the Eq. (4), in order to
create a smooth and stable motion. The CPG parameters are shown in Table II. Stable limit cycle
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Fig. 6. Stick diagram of joint angles profile evolution.

in phase plane and also generated desired trajectories based on CPG and the data from real-time
measurement of each joint from a rehabilitation clinic are compared in Fig. 4.

Figure 5 shows that a set of coupled oscillators can create a suitable trajectory similar to the
reference trajectory for each joint. The results produced by the CPGs are applied to the robot on line,
to create movements that are smooth, continuous, and robust against disturbances. A human gait cycle
consists of the stance and swing phase which is divided into the SSP and the DSP. Periodic sequence
is one of the most amazing characteristics of the rhythmic pattern for trajectories of the exoskeleton.
The automatic transmission between two distinct phases, SSP and DSP, in fast sequence via the stick
diagram is depicted in Fig. 6.

Desired trajectory generated by CPG has a strict conformity with experimental data, which reveals
the outperforming of the coupled oscillators in CPG procedure.

The controller is then implemented to the robot over the designed trajectories, and simulation
results are obtained. Also, to indicate the robustness of the designed controller, parametric uncer-
tainties and time-varying disturbances are considered in all simulations. To optimize two controllers
and upper limb joint parameters, an objective function (Eq. 25) is considered which minimized using
HSA. The CPG-SM method and the CPG-ASTSM method are applied to the robot. Figure 6 illus-
trates how the robot tracks the paths produced by CPG for each joint by using the CPG-ASTSM
method provided. In all of the control methods presented, estimates of system state variables are
accomplished using a super-twisting algorithm.

Figure 7 shows the proper tracking of trajectories designed by CPG method by ASTSMC. In order
to indicate observer performance in estimation of system states, the control command generated by
ASTSMC and estimated control command are shown in Fig. 8, which demonstrates the capability of
the estimation rule by super-twisting algorithm.

Figure 8 represents the proper performance of the super-twisting algorithm in estimating the posi-
tion of the joints. The control signals generated by the CPG-ASTSMC method are in the right amount
to apply to the operators.

The proposed controller performance is compared with the proposed method in Ref. 25. To
demonstrate the performance of the proposed controller, two criteria as the integral of the abso-
lute squared of the error (IASE) and the root mean square (RMS) of the absolute signal control for
different controller have been investigated. IASE error criteria are considered which are defined in
the Eq. (29).

IASE =
∫

|e(t)|2 dt (29)

The IASE and RMS of the control signal are mentioned in Table III to compare performance of the
three methods, CPG-SM, ASTSMC, and CPG-ASTSM.
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Fig. 7. Trajectory tracking of each joint using CPG-ASTSMC.

Based on IASE, it is worth mentioning that CPG-ASTSMC has less tracking error rather than
CPG-SMC. High convergence rate is one of the most characteristics of the ASTSMC in practical
applications. Moreover, control input RMS reveals the influence of CPG when hybrid by ASTSMC,
and the control command of the CPG-SMC has tremendous chattering while due to natural behind of
ASTSMC, the phenomenon has been eliminated. It should be noted that upper limb joint trajectory
is designed based on ZMP in order to achieve maximum stability which is depicted in Fig. 9. In
addition, ZMP is portrayed in Fig. 10.

According to Fig. 10, three methods can create stable motion for the robot using the movement
of upper limb, so that the ZMP generated trajectory by CPG-ASTSMC has a smaller deviation with
desired ZMP trajectory and thus will cater a higher stability margin. The overriding issue resides in
accuracy and resolution of the CPG-ASTSMC in tracking the reference trajectories of robot joints
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Table III. Different criterions for comparing the performance of the controllers.

Controller IASE (rad)2 Control signal RMS (N.M)

CPG-SMC 0.0857 32.801
ASTSMC 0.0408 48.194
CPG-ASTSMC 0.0317 33.345

Fig. 8. Control command and its estimates.

and also smooth and chattering-free control command. The error between ZMP and desired ZMP for
three methods, CPG-ASTSMC, CPG-SMC, and ASTSMC are 1.542, 2.248, and 3.012 m, respec-
tively. To portray the robustness of the controller against uncertainties and disturbances, IASE criteria
are shown in Fig. 11.
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Fig. 9. Desired trajectory of upper limb.

Fig. 10. The ZMP trajectory.

Fig. 11. IASE criterion for disturbances 20, 30 and 50%.
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Fig. 12. IASE criterion for three different uncertainties.

According to Fig. 11, when disturbances experience increase about 30%, all of the controller have
fixed performance and for more than, CPG-SMC has weaker performance rather than others.

According to Fig. 12, when uncertainty experiences increase about 20%, all of the controller
have fixed performance and for more than, CPG-SMC has weaker performance rather than others.
Although the CPG-SM control method is an effective way of eliminating disturbances, but the ability
of the CPG-ASTSMC and ASTSMC to simultaneously reduce the chattering phenomenon and to
deal with disturbances and uncertainties with an unknown range makes it more advantageous.

6. Conclusion
A hybrid walking controller based on ZMP and CPG was developed in this paper which consists of
two distinct sections. The first one comprises a CPG network based on coupled Vander Pol oscil-
lators to produce stable trajectories, and the another one is the stable trajectory tracking controller.
This is a reality that generating well-suited trajectories using ZMP in the realm of humanoid and
walking robots are easier rather than CPG ones due to the intrinsic ability of ZMP-based methods.
Although CPGs have enormous number of parameters which require to be tuned to generate the
stable trajectories, but the CPG-based approaches are more robust and adaptive in comparison with
ZMP-based. In order to develop and design an effective control scheme, the combination of these
methods has been considered in this paper as a hybrid controller which utilizes the CPG and ZMP
concepts to generate the stable trajectory profiles. In addition, to adjust the parameters of the oscil-
lators, the parameters were bounded and then obtained accurately by HSA. Simulation results reveal
adjustability of the exoskeleton with the environmental conditions and exogenous disturbances. In
comparison with ASTSMC and CPG-SMC, it can be clearly seen that CPG-ASTSMC is at in highest
level in terms of robustness and also performance.
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