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Abstract 

For human assistance device, the particular properties are usually focused on high precision, compliant interaction, large torque 
generation and compactness of the mechanical system. To realize the high performance of lower extremity augmentation device, in this 
paper, we introduce a novel control methodology for compact elastic module. Based on the previous work, the elastic module consists of 
two parts, i.e., the proximal interaction module and the distal control module. To improve the compactness of the exoskeleton, we only 
employ the distal control module to achieve both purposes of precision force control and human intention recognition with physical 
human-machine interaction. In addition, a novel control methodology, so-called high precision data-driven force control with disturbance 
observer is adopted in this paper. To assess our proposed control methodology, we compare our novel force control with several other 
control methodologies on the lower extremity augmentation single leg exoskeleton system. The experiment shows a satisfying result and 
promising application feasibility of the proposed control methodology. 
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1  Introduction 

The past two decades have seen a renewed im-
portance in the human assistance robot owing to its 
potential application in human strength augmenta-
tion[1–3], rehabilitation service[4–6] and interface of 
virtual reality[7,8]. Therefore, to reach the predestining 
target of the specified application, numerous studies 
have been devoted to designing novel control meth-
odology and its mechanical structure. 

Since the exoskeleton robotic system aims to 
follow to a specified task, i.e., stroke or rhythmic 
primitives, the sensor system should be able to pro-
vide the input signal to the controller. A typical design 
of the HMI proposed in the Hybrid Assistive Limb 
(HAL)[9] exoskeleton is focused on the Elec-
tro-Myo-Graphical (EMG) signals. Moreover, the 
intention is obtained from the pattern recognition 
technique. However, the main weakness of the above 
design is that the EMG signal heavily relies on the 
location of the sensors and the pattern recognition 
classifier is also different among different people. 

An alternative is equipped with the sensor sys-
tem according to the physical HMI, which is focused 
on the mapping from the physical interaction to in-
cremental joint angle. Such interaction is usually de-
rived from the impedance delivered from the exo-
skeleton to the user and vice versa[10,11]. Thus, the 
corresponding impedance controller is composed of 
an impedance dynamic model and a force control-
ler[12,13]. For the application in Unluhisarcikli et al.[14] 
and Tsukahara et al.[15], the specified task is per-
formed by the open-loop impedance controller 
without feedback from the force sensor. An im-
provement design is suggested by Carignan and 
Cleary[16]. In addition, the closed-loop position im-
pedance controller is associated with the open-loop 
position control and feed forward term. Unfortunately, 
there is still considerable uncertainty with regard to 
model error. 

To design compliant force control, the accuracy 
of the impedance dynamic model should be well 
considered, especially for a delicate haptic interface 
and rehabilitation therapy coping with the interaction 
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force[17]. Consequently, several self-tuning methods 
of the impedance parameter are introduced by Bae 
and Tomizuka[18] to meet the corresponding demand. 
Moreover, a series elastic module has been proposed 
for the purpose of the requirement of high fidelity 
interaction force. 

Although the interaction accuracy can be en-
hanced with the series elastic actuator, the unwilling 
interaction force owing to the uncertainty of the hu-
man-exoskeleton coupling model cannot be 
avoided[19]. Since the system identification of the 
dynamic model is not easy to obtain, a typical tech-
nique trick for dealing with the dynamic uncertainty is 
disturbance observer (DoB)[20]. Consequently, the 
uncertainty is compensated by the error between the 
observation from the DoB and feedback loop. How-
ever, a key problem with much of the literature is that 
such a controller highly depends on the accuracy of 
the prior knowledge of the control plant. Moreover, 
the stability and the performance of the corresponding 
control system also rely on the modeling precision. 

To improve the performance of the control sys-
tem in the presence of the time-delay and model un-
certainties, a novel robust control methodology is 
suggested by Kim and Bae[21]. Disturbance and model 
uncertainties are canceled owing to the previous ob-
servation of the control input and system response. 
Such a feature is derived from the conception of the 
Time-Delay robust Control (TDC). In addition, since 
there is no need to identify the control system and 
gain scheduling, the desired performance can be 
maintained regarding the presence of the disturbance 
and model uncertainties. However, a strong assump-
tion is that the system sampling frequency should 
cover the magnitude of the frequency of system un-
certainties. Although the current technology of 
hardware might make the algorithm mentioned above 
possible, the improvement of the control system 
should not depend too much on the hardware. 

Taking the above limitation into consideration, 
in this paper, the high precision data-driven force 
control system, a DoB is applied to mainly deal with 
the disturbance in terms of the human factors. For 
improvement of the closed-loop control performance, 
the model predictive control is utilized to handle 

constraints as well as model uncertainties. 
Not akin to the work in Kong et al.[20], we aim to 

address the overall control issue as a discrete system, 
which is more straightforward in dynamic modeling 
and software programming. Moreover, the core idea 
of the control scheme[20] is the combination of the PD 
controller and the Linear Quadratic (LQ) method. 
Nevertheless, our main idea of the control scheme is 
based on the Model Predictive Control (MPC) theory. 
The main advantage of the MPC is the fact that it 
allows the current timeslot to be optimized, while 
keeping timeslots in account[42], thus differing from 
LQ. Also, the robustness is not only improved from 
the constraint of additive uncertainties but also from 
the internal model control theory. 

The remainder of the paper is organized as fol-
lows, after the introduction, section 2 is devoted to 
discussing the mechanical designing of the compact 
elastic model in light of the biomechanical inspiration. 
In section 3, the main routine of the control scheme is 
outlined, along with the discussion of the enhance-
ment of the system robustness. The implementation of 
the experiments and the comparison of the control 
methods are presented in section 4. Finally, section 5 
concludes with a summary. 

2  From the biomechanical inspiration 

Concerning designing an exoskeleton, the bio-
mechanics of human factors cannot be neglected, 
“since human legs have inherent damping as well as 
stiffness properties”[22]. In some daily life situations, 
the body does not act as an undamped spring and mass, 
i.e., standing up, sitting, walking and running. In ad-
dition, the viscous damping is of great significance in 
the functioning of human movement. From the other 
aspect, such a property plays a crucial role in stability 
maintaining as well as shock absorbing. However, 
much less attention has been paid to the designing 
from the biomechanical conception. 
 
2.1  Pseudo-anthropomorphic 

Generally, overall structural architecture is de-
rived from the human biomechanics conception. 
Moreover, in light of mechanical designing analysis 
in Zoss et al.[23], to form a function exoskeleton, al-
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most any designing layout falls into the following 
three types, i.e., anthropomorphic, Non-Anthropo-
morphic (NA) and Pseudo-Anthropomorphic (PA). 

Anthropomorphic designing aims to match the 
human body properties exactly, such as joint range, 
limb length and misalignment. However, in practical, 
barely a perfect anthropomorphic architecture can 
achieve all the critical requirements ranged from joint 
misalignment to the exact end-effector matching. As 
an alternative designing conception, NA architecture 
is widely considered in many scenarios. As long as 
the pilot is not interfered by the robot, a wide range of 
possibilities can be implemented. Nevertheless, such 
a scheme is difficult to develop, since the foot is re-
quired for all the possible maneuvers (deep squats and 
turning tight corners). In addition, the collision be-
tween the pilot and the exoskeleton is a crucial issue 
owing to complicated development consideration. 
Thus, the safety concern brought by the collision 
should also be well addressed. 

Considering the above limits, in this paper, the 
designing conception of our exoskeleton is based on 
the PA architecture. The PA is intended to choose a 
scenario which is nearly anthropomorphic. More 
specifically, the mechanical designing is almost  
kinematically similar to the human biomechanics. 
This means that the exoskeleton has three DoFs at 
both hip and ankle, while for knee joint only one DoF 
is designed in the sagittal plane. According to Clinical 
Gait Analysis (CGA), the range of exoskeleton should 
be larger than the range of human walking and less 
than the maximum range of human range of motion. 
Thus, our range of each joint is given in Table 1. 

 
2.2  Elastic module prototype 

Since the human joint owns features such as 
damping as well as stiffness, the Compact Elastic 
Module prototype (CEM) as shown in Fig. 1a is util-
ized to fulfill this requirement. From one aspect, the 
CEM is designed as a compliant torque generator, 
which transfers low impedance torque to actuate the 
exoskeleton torso. From the other aspect, the con-
nection between the deformation of the CEM and its 
driven torque can be interpreted as an intrinsic force 
sensor. Thus, we seek to combine these two properties 

to achieve compliant force control. 
Moreover, the control performance of the cor-

responding actuated joint mainly depends on the 
characteristics of such a CEM. If the CEM has a large 
stiffness, the pilot may feel uncomfortable. On the 
contrary, CEM should consider the above two facts, 
i.e., control performance as well as maximum torque. 

In our previous work, a torsional spring has been 
designed to transfer the assistive torque, as shown in 
Fig. 1b. The torsional spring should be capable of 
high sensitivity to the HMI. Moreover, it should have 
the ability to prevent the control system from distur-
bance. The designed process is derived from the Fi-
nite Element Method (FEM). According to the itera-
tive FEM analysis, the optimal structure has been 
selected as rotational symmetry. Note that, this kind 
of topological designing is superior to the symmetric 
structure[24]. 

We conduct a calibration experiment to obtain 
the static characterization of the CEM and the cali-
bration platform is shown in Fig. 1c. The body of the 
CEM is fixed on the ground, while an encoder is 
mounted on the outer ring for deflection measurement. 
Additionally, the load torque is generated by the 
force-bearing bar. The test bed is connected to the bolt 
to keep stability. For signal collection, A Program-
mable Multi-Axis Controller (PMAC, Delta, USA) is 
applied to obtain the deflection of CEM by a magnetic 
encoder in real-time. 

In the experiment, the maximum weight is 2 kg, 
while the minimum is 50 g. The test load cell ranges 
from 100 g to 2.5 kg with 50 g incrementally. In order 
to avoid the presence of noise disturbance, each value 
was tested for ten times. The results shown in Fig. 1d 
are chosen with 95% confidence. Moreover, it 
 

Table 1  Joints ranges of motion 

Joints DoF Scope (deg) 

Flexion/extension −30 – 90 

Adduction/abduction −20 – 35 Hip 

Medial/extension −35 – 35 

Knee Flexion/extension     0 – 85 

Plantarflexion/dorsiflexion −30 – 25 

Pronation/external rotation −25 – 15 Ankle 

Inversion/eversion −15 – 10 
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Fig. 1  (a) As shown above, 1: the shank segment, 2: the encoder, 3: the encoder support, 4: the thigh segment, 5: bevel gear pair, 6: the 
torsional elastic module and 7: encoder; (b) the properties of the designed torsional elastic module are given in Table 2; (c) 1: bracket. 2: 
encoder, 3: force-bearing bar, 4: the torsional elastic module, 5: position pin; (d) the experimental data is presented in stat dots, while the 
simulation data are given in circle dots. 
 

 
Table 2  Properties of the elastic module 

Parameters Values 

Stiffness 60.2 Nm·rad−1 

Diameter of outer circle 60 mm 

Diameter of inner circle 8 mm 

Maximum torsion torque 4 Nm 

Thickness 5 mm 

Maximum deflection 0.087 rad 

 
indicates that the stiffness is Ke = 60.2 Nm·rad−1. 
Owing to the lack of space, for more information 
please refer to Long et al.[25]. 
 
2.3  Model representation 

The assistive torque generated by the motor is 
transferred with the CEM. Therefore, the dynamics 
equation of the flexible joint is composed of two parts: 
i.e., motor as well as HMI: 

( ) , M M M M M H MI C kθ θ θ θ τ+ + − =           (1) 

( ) sin( ) ,H H H H M H H HI C k mglθ θ θ θ θ τ+ − − + =      (2) 

where the index M and H are defined as the motor and 
the human body segment respectively, I donates the 
inertia of the corresponding component, θ is the joint 
angle from neutral position, l is the distance between the 
center mass and the human joint center, m is the segment 
mass of human body, k is the elasticity coefficient ob-
tained from the identification experiment, τ is defined as 
the joint torque. 

For the convenience of analysis, we transform  
Eq. (2) into the normal viscous damping equation: 

2
error error error force2 ,Fθ λθ ω θ+ + =                 (3) 

where θerror is the tracking error, λ is the damping coef-
ficient, ω is defined as the systematic frequency and 
Fforce 

is the forced term. Moreover, these terms are sat-
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isfied with the following definition: 

error ,H Mθ θ θ= −                                 (4) 

2 ,H

H

C
I

λ =                                       (5) 

2 ,
H

k
I

ω =                                        (6) 

   force
1 ( sin( )).H H
H

F mgl
I

τ θ= −                   (7) 

According to the vibration theory[26], the ratio ζ = λ/ω is 
introduced as the fraction of critical damping. If ζ is less 
than 1, the system is Under Damping; if ζ equals to 1, the 
system is Critical Damping; otherwise, the system is 
Over Damping. Considering the coefficients of damping 
and stiffness of human body joint in Granata et al.[27,28], 
the human dynamic system is Under Damping. From our 
tuition, the large damping coefficient results in too much 
dissipate energy. Therefore, naturally, the effective hu-
man joint movement requires not too much damping. 

The designing conception of CEM aims to function 
human locomotion. Therefore, the constraints of above 
analysis should be also taken into consideration. From 
the point view of energy saving, Critical Damping will 
limit the feasibility application of exoskeleton in real 
daily life. 

3  Control methodology for CEM 

The input signal to the control system is obtained 
from the physical HMI, which is quantified by the de-
formation of the CEM. Thus, the controller should be 
capable of rejecting the undesired disturbance concern-
ing the model uncertainties and measurement noise. In 
addition, the human factor may pose a threat to the 
control precision of the exoskeleton system. 

The second crucial issue should be addressed is the 
time-delay effect caused by the physical HMI sig-
nal[29–31]. To achieve real-time control performance, the 
controller should be upgraded to the optimal parameters 
after every control closed-loop, i.e., forward loop and 
feedback loop. Moreover, the controller should be in a 
position to predict the next time-stamp control input on 
the purpose of decreasing the time-delay effect. 

Therefore, the control scheme of the predictive 

force control is outlined in this section to meet the above 
demand of our exoskeleton system. In addition, to 
achieve precise control and safe physical HMI, the ro-
bustness of the proposed controller is carefully discussed 
from the point view of the internal model control[32,33]. 
 
3.1  Data-driven model predictive control 

Data-driven control[43] aims to design the con-
troller only relies on the input/output measurements 
data of the control plant as well as the sensor system, 
without explicitly or implicitly applying the dynamic 
information or whatever the model is linear or 
nonlinear. In this paper, the dynamic model is defined 
as an I/O discrete control plant and interpreted as a 
step response model. The overall control scheme is un-
der the implementation of the Receding Horizon Opti-
mization (data-stream optimization) and the Error Cor-
rection frameworks as detailed in this subsection. 

The Newton’s law and Hooke’s law hold for: 

HMI error .kτ θ=                              (8) 

The interaction torque measured from the CEM 
is defined as τHMI. From tuition, if the desired torque 
can be compensated by the joint motor, the desired 
position can be followed precisely. Thus, the desired 
position is defined as: 

des
des .H k

τ
θ θ= +                          (9) 

Note that, the measured torque and the desired 
torque are not the same, since the presence of meas-
ured noise and friction cannot be avoided. According 
to Eq. (2), the transfer function from human joint 
angle θH to motor angle θM can be defined as: 

2
error

2

( )
( )

( )
,H H

M H H

s I s C s mgl
s

s I s C s k mgl
β

Θ + +
= =

Θ + + +
      (10) 

where the term sin(θ) in Eq. (10) is approximated as θ 
for analysis. Note that, IH cannot be seen as the pure 
inertia of human leg segment since the physical HMI is 
not always the same. Moreover, in the single or double 
support phase of human locomotion, the inertia is in-
creased dramatically owing to the contact with the 
ground. Therefore, β(s) is a time-varying transfer func-
tion and depends on the physical HMI[20]. 
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According to Eq. (8), the connection between the 
torque of rotary elastic spring as well as motor angle is 
given as: 

HMI ( ),Mkτ φθ=                        (11) 

Therefore, we rewrite the Eq. (1) as: 

HMI .M M M M MI Cθ θ τ τ+ + =              (12) 

For simplification, the input of the model is assumed as 
u(t) = τM(t), while the output is given as ( ) ( )My t tθ= .  
In addition, we transform the above Eq. (12) into the 
state space form: 

HMI

1
( ) ( ( ) ( ) ( )),M

M

y t u t C y t t
I

τ= − −            (13) 

Owing to ( ) ( ( 1) ( )) /y t y t y t T= + −  with sample period 
of T, the k step moment discrete-time predictive model is 
given as:  

HMI( 1) (1 ) ( ) ( ) ( ).M
M M M

T T Ty t C y t u t t
I I I

τ+ = − + −    (14) 

Since the partial derivatives of the next step output y(t+1) 
respecting to the current output y(t) and input u(t) are 
continuous, the control system is generalized Lipschitz. 

Predictive model: According to model predictive 
control theory[34,35], the plant model can be obtained by 
the step response model described in Eq. (14). Moreover, 
we assume that the output reaches the stability after 
sampling time N. Thus, the coefficients excited by the 
step response are defined as a1, a2,…, aN, where N is the 
length of the model time domain. 

Based on the superposition principle of the control 
system, the system outputs are given by the contribu-
tions of the inputs 

( ) (1 )
( ) ,

( ) ( )
i

m
N

a t i i N
y t

a t i i N
τ
τ

Δ − ≤ <⎧
= ⎨ Δ − ≥⎩

          (15) 

Since only the past series inputs are known, we have to 
separate the sum into two parts, i.e., before the current 
step and after the current step. Thus, the sum of a series 
of output predictions is described as: 

0

min( , )

1
1

( ) ( )

+ ( 1), 1,..., .

m m

M i

i j
j

y t i t y t i t

a t j i Nτ− +
=

+ = +

Δ + − −∑
     (16) 

A more compact description can be presented in a 
matrix form: 

0 ,= Δ +m mY A τ Y                         (17) 

The matrices defined in Eq. (17) are given as: 

T

T

0 0 0 0 T

[ ( 1 ), ( 2 ),..., ( )] ,

[ ( ), ( 1),..., ( 1)] ,

[ ( 1 ), ( 2 ),..., ( )] ,

m

m m m m

y t t y t t y t n t

t t t M

y t t y t t y t P t

τ τ τ

= + + +

Δ = Δ Δ + Δ + −

= + + +

Y

τ

Y
 

where M and P are the length of the control sequences 
and prediction sequences respectively (M≤P≤N). Addi-
tionally, the dynamic matrix A, which is composed of the 
coefficients of the step response, shows the dynamic 
performance of the control system: 

1

1

1

0  

.M

P P M P M

a

a a

a a − + ×

=

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

A  

Receding horizon optimization: For the purpose 
of improving the control performance, a possible solu-
tion is to find the ‘best’ control parameter vector Δτ such 
that an error function between the desired trajectory and 
the actual trajectory is minimized. Therefore, the control 
object can be expressed through a 2-norm cost function: 

2 2( ) ( ) ( ) ,d
m m RQ

J t t t= − + Δy Y τ             (18) 

where ( )td
my  is the desired motor angle, while Q and R 

are the weighting parameters, with 

T( ) [ ( ),..., ( )] ,d d d
m m mt y t y t P= +y          (19) 

1diag( ,..., ),Pq q=Q                     (20) 

1diag( ,..., ).Mr r=R                      (21) 

For a compact form, using Eq. (17) and necessary con-
dition of minimum 0/ ΔJ =∂ ∂ τ , the optimal solution 
for control input is given as: 

T 1 T 0Δ ( ) [ ( ) ( )].t t−= + −d
m mτ A QA R A Q y y           (22) 

Based on the receding horizon control principle, only the 
first sample of the sequence Δτ is implemented, ignoring 
the rest part, thus: 
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T T 0( ) [ ( ) ( )],d
m mt t tτΔ = Δ = −c τ d y y         (23) 

with T [1,0...,0]=c  and T T 1 T( ) .−= +d A QA R A Q  
Error correction: Due to uncertainties in dynamics 

and measurement noise, the precise prediction model is 
not easy to obtain. To improve the prediction of the in-
cremental input, the error correction between the meas-
ured output and the predicted output is deployed to meet 
the demand 

ˆ( 1) ( ) ( 1),Cor
m mt t e t+ = + +y y h                 (24) 

with ˆ( 1) ( 1) ( 1 ).me t y t y t t+ = + − + Also, note that 
h=[h1,…,hN]T is the weighting parameters of error cor-
rection. The term ( 1)t +Cor

my  in Eq. (24) is the prediction 
sequences after error correction. The next step prediction 
can be obtained using one-step shift matrix 

( 1) ( 1),Cor
m mt t+ = +y Sy                  (25) 

with the shift matrix defined as: 

0 1 0

0 1

0 0 1

.=

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

S                    (26) 

Note that the error correction acts as the role of the 
state observer. Additionally, the performance of the 
control system is improved by the feedback control loop 
and the next step prediction is implemented on line by 
error correction. 
 
3.2  Robustness improvement 

Since the stability is crucial to the control system, 
the issue of performance robustness should also be ad-
dressed in terms of avoiding fine-tuning of gain 
scheming. This requirement is essential in the situation 
that the system dynamics vary significantly. 

Considering our exoskeleton control system, the 
prediction model in Eq. (14) depends on β(s) strongly, 
which varies in a large magnitude. Meanwhile, the 
source of disturbance mainly consists of dynamic un-
certainties, human torque and systematic noise. In this 
paper, we apply disturbance observer (DoB)[36,37] for 
enhancing system robustness. 

In terms of the disturbance, the set of control plant 
with the unstructured uncertainty of the human factors 

can be described as the perturbation Δ(z). Thus, the ac-
tual control plant is given as: 

( ) ( )(1 ( )),m
p nG z z G z z−= + Δ              (27) 

where Gn(z) is the nominal model. In addition, the 
time-delay term z−m is identified by the system identifi-
cation process. 

Since the transfer function from the input τ(t), d(t) 
and ξ(t) to the output θm  can be defined as: 

( ) ( )
( )

( ) [ ( ) ( ) ] ( )
,p n

m
n p n

G z G z
G z

G z G z G z z Q zτ −
=

+ −
     (28) 

( ) ( )
( )

( ) ( ( ) ( ) ) ( )
,p

m
n p n

G z Q z
G z

G z G z G z z Q zξ −
=

+ −
     (29) 

( ) ( )(1 ( ) )
( )

( ) ( ( ) ( ) ) ( )
.

m
p n

d m
n p n

G z G z Q z z
G z

G z G z G z z Q z

−

−

−
=

+ −
     (30) 

The close-loop characteristic is represented by the 
following polynomial function: 

 

 
Fig. 2  The designing structure of discrete-time DoB. The DoB is 
used to estimate the disturbance and to compensate for the sys-
tematic uncertainties. For our control scheme, the DoB is mainly 
applied to deal with the interaction disturbance the pilot and the 
exoskeleton. 
 

 
Fig. 3  Reformulated form of the DoB for analysis purpose cor-
responding to Fig. 2. 
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( ) ( ) [ ( ) ( ) ] ( ),m
c n p nA z G z G z G z z Q z−= + −         (31) 

Substituting Eq. (27) into Eq. (31), we obtain: 

( ) ( )(1 ( ) ( )).m
c nA z G z z z Q z−= + Δ            (32) 

Based on the robust stability[38], the sufficient and 
necessary conditions for DoB to be stable are that the 
zeros of transfer function are all fall into the unit circle, 
thus: 

e
| ( ) ( )) | 1, .| j

m

z
z z Q z ω ω−

=
Δ < ∀               (33) 

According to the above analysis, in order to main-
tain the stability of the control system, the design of the 
filter Q(z) is crucial such that the following constraint 
should be noticed: 

1

e
| ( ) | | ( ) | ,| j

m

z
Q z z z ω

− −

=
< Δ               (34) 

For the dependence of Q(z) on Δ(z), the priority task is to 
design the perturbation Δ(z). As mentioned before, in the 
situation of single support and double support, the inertia 
of the human leg is dramatically increased[39]. Thus, the 
transfer function has an extremum, reaching to zero. 
This situation can be well explained that if the pilot has a 
steady pose with double support, the exoskeleton is 
supposed to maintain the same joint position. Due to the 
difference between the two cases, the perturbation can 
be designed as: 

12

(1 ( ) )
( ) e

( ) ( )
.|dT s

z
s

M M T

s k
z

I s C s s k C s
β
β

−
−

=

−
Δ =

+ + +
  (35) 

In light of Eqs. (28), (29) and (30), the output θM is 
given as: 

( ) ( ) ( ) ( ) ( ) ( ) ( ),dt G z t G z d t G z tτ ξθ τ ξ= + +      (36) 

where Gτ, Gd and Gξ 
define the transfer function from 

motor torque, human factors and measurement distur-
bance, separately. In the low-frequency range, where the 
filter Q(z) ≈ 1 the undesired human disturbance is 
eliminated with Gd ≈ 0 and the system dynamics behave 
as the nominal plant Gn(z). In this situation, the 
low-frequency disturbance has been observed with  
Gξ  ≈ 1, and also the robustness is well guaranteed. 

On the contrary, in the high-frequency domain, the 
filter Q(z) ≈ 0, the DoB is not sensitive to the meas-
urement noise due to Gξ =0. Additionally, the human 

torque is considered in the perturbation term Δ(z) which 
is compensated in the feedback loop. 
 

3.3  Internal model properties 
The Internal Model Control (IMC) aims to provide 

a straightforward design method, which is based on the 
perfect control structure theoretically. Additionally, the 
IMC has several fundamental properties, such as Dual 
Stability Criterion, Perfect Controller and Zero Offset. 

Property I: Dual stability criterion: If the control 
model is perfect, the whole system stability depends on 
the sufficient condition of the stability of plant as well as 
the controller. 

Property II: Perfect controller: If the control 
model is perfect and invertible, thus, the perfect tracking 
control can be achieved, although there exist distur-
bances. 

Property III: Zero offset: The controller yields no 
offset, if the following condition is satisfied, i.e., 

1(1) (1)z mG G−=  and GF (1) = 1. 
For the convenience of analysis, we transform the 

DMC control block into IMC structure. According to 
Eqs. (15), (24) and (25), the corresponding prediction of 
time step k+1 can be written as: 

( 1) [ ( ) ( ) ( 1)].m mt t t e tτ+ = + Δ + +θ S θ a h          (37) 

Based on the z-transform, a compact form can be ob-
tained as: 

( ) ( ) ( ( )),m z z ze zτΔ= Δ +u eθ l l            (38) 

with 1( )z −
Δ = −ul I S Sa  and 1( ) .z −= −el I S Sa  

Then, applying z-transform to the definition of 
( 1) :me t +  

T

ˆ( ) ( ) ( )

( ) [ ( ) ( )]
( ) ( ) ( ( )),

m m

m

m e

ze z z t z z

z t z z
z t z ze zτ

θ θ

θ τ
θ τΔ

= −

= − + Δ

= − Δ −
mc θ a

F F
      (39) 

where T [1,0,..., 0]=c , T T
Δ Δ= +τ τF c l c a  and T=e eF c l . 

In order to obtain the internal-model form, the  
Eq. (39) further can be presented as: 

1
Δ( ) ( ) ( ) ( ). me z t z z e zθ τ−= − Δ −τ eF F          (40) 

Therefore, we obtain control block in Fig. 4. 
Introducing 1( ) ( ) ( )mz t z zτε θ τ−

Δ= − ΔF and 
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1

P

s i
i

d d
=

= ∑ , we have: 

( )
( )

(  1 )
.z

e z
ε

=
+ eF

                       (41) 

The equivalent transformation is shown in Fig. 5, 
meanwhile we obtain the IMC structure in Fig. 6. Addi-
tionally, the equivalent model, controller and filter are 
listed hereafter: 

11( ) ,m
zG z z

z τ
−

Δ

−
= F                      (42) 

T( ) ,
11

s
c

dzG z
z τΔ

=
− + b Gl

              (43) 

T 1( ) .e
F

s e

z
G z

d F
=

d Gl
                      (44) 

For further analysis, if the pilot keeps a static pose, the 
reference input should also keep as a constant input 
sequence T[ ( ),..., ( )]d d

m mt t tθ θ=d
mθ ( ) ; if there is a difference 

 

 
Fig. 4  The control scheme diagram. Note that the control plant is 
described in Fig. 3. The control pant is composed of the nominal 
plant and the DoB compensation. 
 

 
Fig. 5  The reformulated IMC form of the force control diagram 
corresponding to Fig. 4. The force control scheme has been 
transformed into the IMC structure. We demonstrate that our 
proposed control methodology owns the fundamental properties 
of the IMC. These properties can enhance the robustness and 
performance of our exoskeleton control system. 

 

 
Fig. 6  The whole control scheme. For simplification, the pro-
posed control has been transformed into the internal model control 
scheme, the controller Gc(z) set the control signal to both the 
nominal plant P(z) and the forward model Gm(z). If the forward 
model is perfect, there will be no difference between the outputs 
from the two control plants. Otherwise, the difference will be 
compensated according to the feedback control loop. The filter 
GF(z) can be seen as a lower pass filter and maintain the stability 
of the control system. 
 
between human joint and motor angle, the desired input 
is defined as T( ) [ ( 1), ..., ( )]d d

m mt t t Pθ θ= + +d
mθ , which can 

be seen as human joint tracking control task. 
In terms of the control stability, the system requires 

dual stability criterion, i.e., the stability of control plant 
as well as the controller. The robustness of the control 
plant is not difficult to obtain since the stability is 
guaranteed by the DoB and the uncertainty cancellation 
by the filter. If the length of the control steps P is large 
enough, despite any form of the step response{ }ia , the 
stability of the controller can be guaranteed. Neverthe-
less, in extreme situation P→∞, the control scheme is 
defined as mean level control, which the controller can 
only maintain a stable control but cannot change the 
dynamic performance of the system. 

The zero offset derived from the designing of the 
filter GF(z). According to Eqs. (39) and (44) can be re-
written as: 

( )( ) ,
( )F

s

zG z
d h z
ω

=                       (45) 

with 1
1

( ) ( )
N

i
i i

i

z zω ω ω −
−

=

= −∑ , 1
1

P

i j i j
j

c d h + −
=

= ∑  and 
( 1)

1
2

( ) 1 ( )
N

i
i i

i

h z h h z− −
−

=

= = + −∑ . 
For the feasibility of the designing of the filter 

GF(z), the weighting parameters hi are chosen as: 

1 1, , 2,..., , 0 1,ih h i Nα α= = = < <          (46) 

It means that the prediction for the next time step is 
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uniformly corrected by weighting parameter α. Thus, we 
have 

1( ) 1 ( 1)
.

( ) s

h z z
c z d

α
α

−⎧ = + −⎪
⎨

=⎪⎩
                     (47) 

In addition, the filter is equivalent to a first-order 
filter 

1( ) .
1 (1 )FG z

z
α
α −=

− −
                  (48) 

Note that, as α in the range of (0,1] , the filter GF(z) is 
stable and the steady-state gain is given as GF(z)=1. 
Moreover, according to Xi[40], it can also prove that the 
rest requirement of the zeros offset can also be met. 

Thus, the control scheme is summarized below, 
(1) First, the desired position of the motor is ob-

tained from the spring deflection in real-time. If there is 
no difference between the position of the motor and the 
human joint angle, the exoskeleton will maintain a 
resting state. 

(2) Second, the input to the control plant consists of 
the signal from the inner loop of the DoB compensation 
and the signal from the outer loop according to the re-
ceding horizon optimization and error correction. Note 
that, the outer loop control input is designed in terms of 
the nominal control plant (exoskeleton dynamics). 

(3) Third, the unstructured disturbance mainly 
consists of the human interaction and the model uncer-
tainties. Thus, to reject the variation of the model un-
certainties and compensate for the human factors, the 
DoB is employed to enhance the control performance. In 
addition, the outer loop robustness can be analysed from 
the point view of the internal model control. 

(4) Finally, if the outer loop controller is perfect, 
also the DoB can compensate the human interaction and 
reject for all the high-frequency disturbance, the control 
plant can follow the desired position precisely. Other-
wise, the controller will optimise the control parameters 
and add the tracking error to the next time-step input. 

4  From the biomechanical inspiration 

In this section, to improve the robustness of the 
control system, the Q filter is designed according to the 
requirement for the DoB. In order to assess the control 
performance of the proposed control scheme, we test it 

with the other two control methods, i.e., PID and PID 
with Smith predictor. In addition, a double actuated 
experiment is implemented on the single-leg exoskele-
ton platform to verify the validity of our proposed con-
trol methodology. 
 
4.1  Q filter designing 

Choosing the Q filter for the DoB is a crucial task 
of the entire control scheme. The Q filter is applied to 
guarantee robust stability. In designing, the magnitude of 
the filter should be in the boundary of the multiplicative 
uncertainties. 

The main issue we have to address is that the Q 
filter is to keep the balance between the disturbance 
rejection as well as the robustness against the meas-
urement noise. However, the designing process is quite 
intuitive since the properties of the observed loop are 
taken into consideration. Generally, the main purpose of 
the DoB aims to limit the disturbance at low frequencies 
and compensate the uncertainties in order to match the 
nominal plant. The candidate form of Q filter is given as: 

0
( )

( ) ,
( 1)

M
j

j
N

s
Q s

s

τ

τ
==
+

∑
                         (49) 

where the above is a third order (M=3) standard filter 
equation, while the time constant τ is given as 0.15, 
0.075 and 0.03, as shown in Fig. 7. To choose the opti-
mal time constant τ, the constraints in Eqs. (33) and (34)  

 

 
Fig. 7  Designing of the Q filter. The three candidates of the Q 
filter are indicated above. According to the designing conception, 
the Q filter should remain below and closed to uncertainties 1/Δ. 
Also should note that, the magnitude of the Q filter should cover 
the bandwidth of the human locomotion. 
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should be satisfied, which means that the magnitude 
response of Q filter should remain below and closed to 
1/Δ. Thus, it is obvious that the time constant should be 
defined as 0.15. 
 
4.2  Frequency response analysis 

To improve the control performance, the designed 
compact elastic actuator should be able to track the de-
sired input over large sufficient frequency range. It 
means that the inertia of the control plant is effectively 
eliminated and the system dynamics are well controlled 
by the actuator. 

Thus, for generating precision desired torque, the 
frequency range of controller with the CEM should 
cover the frequency range of human locomotion 4 Hz –  
8 Hz[39]. As shown in Fig. 8, the proposed controller can 
cover the frequency of 10 Hz, which can be seen as a 
satisfying design according to the experiment results 
above. 

 
4.3  Control scheme evaluation 

The experiment was conducted on a single leg 
exoskeleton platform. This platform is an ergonomic and 
robust device for strength augmentation purpose. The 
necessary auxiliary facilities for control enclosure are 
PMAC, embedded PC, Copley actuators and power 
supply unit. Considering our situation, the power mod-
ule should produce three kinds of voltage, i.e., 5 V, 12 V 
and 24 V. The actual position signal is collected by  
 

 
Fig. 8  Frequency response of our proposed control scheme. The 
basic property of the controller is that it should have enough 
magnitude of frequency in response to the human locomotion. 

PMAC, while the high-level control algorithm is calcu-
lated in the embedded PC. The driven commands are 
sent to the actuator through the Copley driver. For hu-
man intention recognition, the deformation of elastic 
torsional springs is detected by the magnetic encoders. 

Safety consideration is a key issue since the human 
is closely in contact with the exoskeleton. Thus, we 
guarantee our pilot safety from hardware precaution as 
well as software precaution. Exceeding the range of 
human movement is avoided by the mechanical limits. 
In addition, both the hip joint and the knee joint are 
designed with an upper and lower boundary. The 
real-time current is detected by the control software, and 
the control system will shut the current down unless the 
current is in the setting range. 

The first experiment is single joint tracking, which 
was performed to check the control performance of the 
proposed methodology without the human factor. In this 
experiment, we compare our proposed control scheme 
with a PID controller and a PID controller with the 
Smith predictor. For three control schemes, the input 
signal is all the same sinusoidal function. 

With CEM, the actuator owns low impedance 
properties. This can be seen as an advantage in the in-
teraction between the robot and the human. However, 
the deformation of the elastic module leads to time-delay 
perception, which is a threat to the real-time control 
performance. The time-delay effect is obviously ob-
served in Fig. 9a, which is applied by a PID controller. 

To deal with the pure time delay issue of the control 
system, an alternative solution is the Smith predictor[41]. 
The Smith predictor is a typical predictive controller 
concerning pure time delay. Therefore, we also test a 
PID controller with the Smith predictor as shown in  
Fig. 9b. Although the time-delay effect has been weak-
ened, the model uncertainties pose a threat to the control 
system performance, which can be seen at the upper and 
lower range limits. 

Finally, we test our proposed control algorithm as 
shown in Fig. 9c. The time-delay effect is eliminated as 
the unstructured uncertainties by the predictive force 
controller and DoB, along with the model uncertainties. 
In order to give a distinct comparison, the tracking error 
corresponding to the three control schemes is presented 
in Fig. 11. The control performance has been improved,  
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Fig. 9 Comparison of three control schemes. To evaluate our 
proposed control algorithm, the three different control schemes 
are compared as shown above. 
 

 
(a)                                                         (b) 

Fig. 10  (a) Singe lower extremity exoskeleton platform; (b) pilot 
locomotion experiment. 

compared with the other two control methods in terms of 
the time-delay effect as well as the model uncertainties. 

The second experiment is conducted to verify the 
control performance with the human factors as shown in 
Fig. 11b. During the experiment, the pilot’s leg is com-
pliantly attached with the exoskeleton. The exoskeleton 
is driven by human physical intention, which means that 
the input signal is obtained from the deformation of the 
elastic module. The pilot has been asked to test the 
swing-phase movement in the experiment. 

The experimental results have shown that the 
exoskeleton can track the human motion intention with a 
slight difference in both hip joint and knee joint, as 
shown in Figs. 12a and 12b. For further analysis, the 
information of the desired torque and the generated 
torque are present in Figs. 13a and 13b. Note that, the 
generated torque has the component of high-frequency 
noise and model uncertainties. In addition, compared to 
the desired torque, the Root Mean Square (RMS) value 
of the torque error is 4.5%. While for the same situation 
in the knee joint, the RMS value is 5.5%. 

Additionally, compared with the other algorithms, 
the Root Mean Square Error (RMSE) of the torque error 
of knee joint is 9%[20], as given in Table 3, which is also 
tested with single-leg exoskeleton system with series 
elastic actuators and the algorithm is also based on the 
compensation of the human interaction which is  
considered  as  the  disturbance  of  the  control  system.  
 

 
Fig. 11 Tracking errors of three different control schemes, i.e., 
PID, PID with Smith predictor and proposed control methodol-
ogy. 
 

Table 3 Properties of the elastic module 

Methods Force control[24] Force control[20] Our algorithm

Hip Not mentioned Not mentioned 4.5% 

Knee 5.5% 9% 5.5% 
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Fig. 12  Experimental results of hip joint while walking. (a) Po-
sition tracking of the hip joint; (b) desired torque tracking of the 
hip joint and corresponding tracking error. 
 

 
Fig. 13  Experimental results of knee joint while walking. (a) 
Position tracking of the knee joint; (b) desired torque tracking of 
the knee joint and corresponding tracking error. 
 
According to the RMS results, our control scheme can 
provide more precise driven torque and may be more 
suitable for an exoskeleton application. 

The force control[24] is also implemented on the 

same experiment platform, which can be seen as the 
improvement of the control scheme[18]. Compared with 
our control algorithm, although the torque RMS of the 
knee joint is the same (5.5%), the control platform is 
only tested with knee joint. Moreover, the control 
scheme is also addressed in continuous domain, which is 
not straightforward. 

5  Conclusion 

In the application related to human augmentation 
device, the exoskeleton is a kind of robot driven by 
human intention. However, the precision of the physical 
HMI recognition is still a strong barrier to improve the 
control performance. In addition, the time-delay issue 
may pose a threat to the stability of the control system. 

Thus, in this paper, a novel elastic module is de-
signed and its control scheme is proposed. The control 
algorithm has focused on two aspects, i.e., precision 
control and robustness enhancement. 

The robustness of the control system is guaranteed 
by the internal model control properties and designed Q 
filter. In addition, the precision of the control perform-
ance is carefully considered from the DoB and feedback 
loop. The unstructured uncertainties are compensated by 
the DoB, along with the HMI. The high-frequency noise 
is eliminated by the Q filter. The feedback loop also 
takes precaution for the tracking error and seeks for the 
optimal control inputs. The control performance is veri-
fied by the experimental results. 

In terms of the real-time control performance, the 
time-delay issue does not affect the control system. 
Since the control scheme proposed in this paper is in-
dependent of the human physical properties, the de-
signed controller can be used for each individual. 
Therefore, the proposed control algorithm may provide a 
feasible solution for the HMI applications. 
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