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Abstract— Assistive exoskeletons are a category of exoskeleton 
robots designed to provide extra powers and energies for elderlies 
or healthy subjects. The control algorithms of these robots, termed 
as assistive strategies, should control the robot in way that a 
portion of the user's required torques is provided by the robot 
actuators. This paper uses non-linear model predictive control 
(NMPC) method to propose a new assistive strategy for 
compliantly actuated exoskeletons. The user's required torques 
are estimated by using an identified model of the human-
exoskeleton system. The NMPC method is then used to control the 
series elastic actuators of the robot to provide a user-selected 
portion of the estimated torques. The successful performance of 
the proposed assistive strategy is verified through multiple 
simulations. The force tracking performance of the NMPC method 
is also compared with a PID controller. The results clearly show 
the outperformance of the NMPC method in providing lower 
tracking errors and less control efforts. 

Keywords—Assistive control; Non-linear model predictive 
control; Series elastic actuators; 

I.  INTRODUCTION 
Exoskeleton robots are increasingly used in different areas 

of the human life for easing the daily tasks of the users or 
providing them with some extra functionalities. According to 
[1], these robots are generally designed for one of the three main 
purposes of increasing the load carrying capabilities of the users 
[2], regenerating the lost mobilities for paralyzed patients [3] or 
providing extra powers and energies for elderlies or healthy 
subjects[4, 5]. The exoskeleton robots designed for the latter 
purpose are termed as assistive exoskeletons and their control 
algorithms are correspondingly termed as assistive strategies. 
An assistive strategy should control the robot to provide a 
portion of the required power for different motions of the user. 

Various assistive strategies are proposed by the researchers 
[6-9]. However, most of the available strategies do not consider 

the saturation of the actuators as well as the possible 
disturbances which may act on the system. The exoskeleton 
robots are in contact with the human bodies and arbitrary 
motions of the users may act as some disturbances on the system. 
Therefore, an effective assistive strategy should be able to 
effectively reject the possible disturbances and should consider 
the saturation limits of the actuators. Some available assistive 
strategies such as the generalized assistive control framework by 
Oh et al. [10] and non-linear disturbance observer based control 
by Li et al. [11] consider the external disturbances but do not 
account for the saturation issue of the actuators.  

Model predictive control (MPC) is a powerful control 
method which can readily account for the possible disturbances 
acting on the system and the saturation issue of the actuators.  A 
model predictive controller predicts the future outputs of the 
system using a combination of measured states and applied 
control inputs. Considering the predicted outputs and their 
deviation from the desired values, the control inputs are then 
regulated to decrease the future errors. Following the three 
decades of development [12], the MPC method is currently 
found an increasing attention by the researchers and is largely 
applied to different dynamic systems [13-17]. The MPC method 
is also used for tracking control of the non-assistive upper limb 
[18] and lower limb [19] exoskeletons. 

In this paper, a non-linear MPC (NMPC) method is used to 
develop an assistive strategy for a lower limb exoskeleton 
powered by series elastic actuators (SEA). The proposed 
strategy accounts for the measurable and un-measurable 
disturbances on the system and considers the limits on the 
control inputs to prevent the saturation of the actuators. To the 
best of the authors’ knowledge, the NMPC method is not 
previously used in the available assistive strategies. The 
performance of the proposed assistive strategy is simulated for 
FUM-Physio robot built in robotics laboratory of the Ferdowsi 
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University of Mashhad. A custom made series elastic actuator, 
called FUM-LSEA, is attached to the robot as a source of 
supplementary forces.  

The rest of the paper is organized as follows; General 
outlines of the proposed assistive strategy is described in Section 
II. The SEA powered FUM-Physio robot is introduced in 
Section III and its dynamic model is derived. Section IV 
described the structure of the NMPC controller. The proposed 
assistive strategy is applied to the SEA powered FUM-Physio 
robot in Section V. Finally, Section VI concludes the paper.   

II. PROPOSED ASSISTIVE STRATEGY 
An assistive strategy should provide a portion of the torques 

required by the user joints in performing different tasks. 
Therefore, the required torque should be somehow estimated. 
Considering a rigid coupling between human and exoskeleton, 
the dynamic model of the so-called human-exoskeleton system, 
can be obtained as [20], 

  (1) 

generalized

  (2) 

where, ,  and  are the estimated dynamic 
matrices of the system and is the 
assistance coefficient. This constant determines the portion of 
the torques to be provided by the actuators. 

Assuming an ideal torque controller, the actuator torques 
will instantly reach to their reference values. In other words, 

. Substituting Eq.(2) in Eq.(1) the required human 
torques for the assisted motions can be calculated as, 

 

  (3) 

Eq.(3) clearly indicates that a better estimation of the 
dynamic matrices leads to a more accurate estimation of the 
assistive torques and a more effective assistance. Assuming a 
perfect estimation, the required human torques for the assisted 
motions simplify to,   

  (4) 

Hence, in an ideal condition, by changing the value of the 
assistance coefficient from 0 to 1, the delivered assistance can 
be regulated between 0% and 100%.  

Fig.(1) depicts a general scheme of the proposed algorithm 
in which  is a vector function relating the output 
force/torque of the actuators to the assisting torques applied to 
the system. Clearly, for rotary actuators which are connected to 
the joints through gearboxes,   is simply the vector of the 
gearboxes’ ratios. However, in general,  is a function of the 
joint angles and depends on how the actuators are placed on the 
system. In the next section,  will be derived for the SEA 
powered FUM-Physio robot. 

Output force of a series elastic actuator is a function of the 
spring deflection which is governed by both of the motor 
rotations and system motions. Therefore, considering the series 
elastic actuators as separate plants, the motion of the human-
exoskeleton system will act as external disturbances to the SEA 
plants. This fact is also indicated in Fig.(1). 

 
Fig. 1. Block diagram of the proposed assitive strategy. 

Performing a good identification of the system, the dynamic 
matrices can be estimated by an acceptable error. Therefore, 
successful performance of the proposed strategy mostly depends 
on the quality of the torque controllers of the actuators. The 
exoskeleton robot is attached to the user’s body. Consequently, 
arbitrary motions of the user act as external disturbances on the 
output torques of the actuators. 

Regarding the nonlinearities in the system equations and the 
presence of the powerful disturbances, the nonlinear model 
predictive control method (NMPC) is used in this paper for 
regulating the actuators’ torques. This method is well 
established for nonlinear and multi-DOF systems, readily 
accounts for the measurable and non-measurable disturbances 
on the system and takes care of the saturation of the actuators. 
Details of the NMPC controller are given in the Section IV. 

III. FUM-PHYSIO ROBOBT 
Fig.(2) shows FUM-Physio robot built in robotics laboratory 

of the Ferdowsi University of Mashhad. The main application of 
this robot is for automated knee rehabilitation. However, as 
shown in Fig.(2), FUM-Physio robot is designed in a way that a 
custom made series elastic actuator, FUM-LSEA, can be easily 
attached to the robot as a supplementary torque source. 
Therefore. FUM-Physio robot actuated by FUM-LSEA actuator 
can be considered as a single joint SEA powered exoskeleton. 
The arm of the robot represents a combination of the exoskeleton 
link and the user's leg while the servo motor of the robot 
represents the knee joint of the user. The torque required for 
following a given trajectory, , is provided by the servo motor 
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of FUM-Physio. These assumptions are true as long as a rigid 
coupling is established between human limbs and exoskeleton 
links. 

(a) (b) 
Fig. 2. FUM-Physio robot; (a): FUM-Physio without SEA actuator, (b): FUM-

Physio with FUM-LSEA as the suplementry force source [6]. 

 
Fig. 3. Kinematic parameters of FUM-Physio robot actuated by FUM-LSEA. 

Considering Fig.(3), the dynamic model of the system can be 
easily derived as, 

  (5) 

where,  is the rotary inertia of the arm,  is the damping 
coefficient of the robot joint,  is the mass of the arm and  
is the distance from center of gravity of the arm to the robot joint. 
According to Fig.(3), the output force of FUM-LSEA, , 
applies an assistive torque to the arm as, 

  (6) 

in which, 

  (7) 

 is  

  (8) 

Using Eq.(6),  can be calculated as, 

  (9) 

The output force of FUM-LSEA is function of the spring 
deflection and can be calculated as, 

  (10) 

where,  and  are the stiffness and damping of the spring used 
in the structure of FUM-LSEA and  is the linear displacement 
of the servo motor of the actuator.  is the change in the length 
of FUM-LSEA calculated as, 

  (11) 

The servo motor of the actuator should rotate the ball-screw, 
move the ball-screw nut, overcome the friction forces and 
deflect the spring. Therefore, the linear force of the servo motor 
of the actuator (linear equivalent of its torque) can be calculated 
as, 

  (12) 

in which, ,  and  are respectively the equivalent linear 
mass, viscous friction coefficient and dry friction coefficient of 
the actuator parts geared to the servo motor. Eq.(12) defines the 
dynamic equation of the elastic actuator plant.  is the control 
input to the system and  is the system output which should be 
controlled to follow the desired value of, 

  (13) 

Assuming an ideal force controller, , and 
substituting Eq.(13) and Eq.(6) in Eq.(5), the required torque for 
moving the assisted system can be obtained as, 

  (14) 

In an ideal condition, by setting the assistance coefficient to 
, all the required torques are provided by FUM-LSEA and 

the given trajectories are followed with no effort. However, due 
to imperfections in identified system parameters and the tracking 
errors of the force controller, this condition will not hold in 
practice. 

Using Eq.(10), the output force of FUM-LSEA can be 
divided into two separate parts as, 

   (15) 

where,  

  (16) 

  (17) 

 is a function of the motions of the actuator motor and  
is a function of the system motions. Therefore,  can be 
considered as the nominal output of the system and  acts as 
an additive output disturbance. The arm angle  can be 
measured by using the encoder of the servo motor of FUM-
Physio robot and  can be calculated using Eq.(11). Hence, 

 is a measurable additive output disturbance. 

IV. NON-LINEAR MODEL PREDICTIVE CONTROL 
Model predictive control method is based on optimizing the 

control effort, to minimize the future errors between actual and 
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desired system outputs. This method uses a prediction horizon, 
, and a control horizon, , to form a dynamic matrix, , and 

calculate the future outputs of the system [21, 22], 
. 

  (18) 

where,  are calculated from impulse responses of the system. 
If the system under control is a linear system,  will be a 
constant matrix. However, in the case of a non-linear system, 
this matrix will not be constant. In such case the dynamic matrix 
is denoted as  at  sampling instant. At each step the 
changes in the control signal, , 
is calculated by minimizing the objective function  defined as, 

 (19) 

in which  and  are the weights of the  sample of the output 
signal and control signal, respectively. In order to account for 
the saturation issue of the servomotors, the objective function 
should be minimized subjected to the following constraint. 

  (20) 

Solving the constrained minimization problem, the future 
changes in the control signal are obtained as, 

   (21) 

in which, the future outputs of the system are obtained as, 

    (22) 

where, 

  (23) 

In Eq.(23),  is the system response to the control signal 
,  is a dynamic matrix similar to   whose elements 

are the system response to impulsive disturbance inputs. 

V. SIMULATION 
In this section, the performance of the proposed assistive 

strategy is evaluated through implementation on the SEA 
actuated FUM-Physio robot. The identified parameters of the 
system are given in Table I. As given in Table I, the saturation 
limit on the output force of the servo motor of FUM-LSEA is set 
to . 

The MPC parameters are optimized by running multiple 
simulations and minimizing the integrated squared error (ISE) 
as the cost function. The ISE is calculated as, 

  (24) 

Optimized control parameters are also given in Table I. Note 
that the control and prediction horizons should be chosen 
normally to maintain a desirable speed for the system. 

Two different harmonic trajectories are considered for the  
angle. The first trajectory, called Taj.I, is a biased sinusoidal 
motion with a frequency of . The second 
trajectory, called Traj.II, is a summation of four harmonic 
motions with different frequencies and phases. Mathematical 
definitions of these trajectories are given in Eq.(25) and Eq.(26) 
and depicted in Fig.(4).  

TABLE I.   PARAMETER VALUES 

System Parameters NMPC PID 
Parameter value Parameter value Parameter value 

 1673.9  (s) 0.001  800 
 900  5  26 

2.56  3 20 
 8600  0.045   

 12.61  222.5   
 0.53     

 3.31     
0.29     
0.23     

 
(a) 

 
(b) 

Fig. 4. Given trajectories for evaluation of the proposed assistance strategy; 
(a): Traj.I, (b): Traj.II. 

Traj.II: 

  (26) 

Setting different values of ,  and  
for the assistance coefficient, the required torques for the 
trajectories Traj.I and Traj.II are depicted in Fig.(5).  

The torque trajectories in Fig.(5) clearly indicate the 
successful performance of the proposed assistive strategy in 
assisting the system and reducing the required torques. It is also 
evident that increasing the assistance coefficient, effectively 
reduces the required torques for a fixed trajectory. 

985



26th Iranian Conference on Electrical Engineering (ICEE2018) 
 

 

Fig.(6) compares the force tracking performance of the 
NMPC force controller with a PID controller. The coefficients 
of the PID controller are also optimized by using the ISE cost 
function and running multiple simulations. Two harmonic 
trajectories are applied to the system and the reference force 
trajectories for the actuators are calculated form Eq.(13). The 
first applied trajectory is the previously defined Taj.I with 

. The second trajectory is also similar to Traj.I but 
with a higher frequency of , called Traj.III.  

 
(a) 

 
(b) 

Fig. 5. Required user torques for different values of the assistance coefficient; 
(a): Traj.I, (b): Traj.II. 

 
(a) 

 
(b) 

Fig. 6. (b) Force tracking performance of the NMPC method compared with 
PID controller; (a): Traj.I, (b): Traj.III. 

Fig.(7) depicts the force tracking errors for the two 
trajectories. It is clear that although both of the controllers 
provide similar performances in the low frequency trajectory, 
the NMPC method provides visibly lower tracking errors for the 
trajectory with higher frequency. 

Fig.(8) compares the control effort, , of the NMPC 
method to that of the PID controller. It is clear that for both of 
the low and high frequency trajectories, the NMPC method 
requires less control effort. The outperformance of the NMPC 
method is better justified in the case of the high frequency 

trajectory. In this case, the PID controller completely saturates 
the servomotor of the FUM-LSEA. 

 
(a) 

 
(b) 

Fig. 7. Force tracking Error of the NMPC method compared with PID 
controller; (a): Traj.I, (b): Traj.III. 

 
(a) 

 
(b) 

Fig. 8. Control effort of the NMPC method compared with PID controller; (a): 
Traj.I, (b): Traj.III. 

The provided results clearly indicate that by using the NMPC 
method, the reference force trajectory is tracked with small 
errors while the external disturbances are successfully rejected 
and the servomotors of the actuators are effectively protected 
from being saturated. 

VI. CONCLUSION 
In this paper, an assistive control strategy is proposed for 

compliantly actuated exoskeletons. The proposed strategy 
controls the motors of the series elastic actuators to provide a 
user-selected portion of the required torques. Therefore, lower 
torques should be provided by the user's joints and different 
motions could be performed with less efforts from the user. 
NMPC method is used as the force controller to adjust the output 
force of the elastic actuators. This method readily considers the 
measurable and unmeasurable disturbances and accounts for the 
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saturation issue of the actuator. The provided results clearly 
indicate the successful performance of the proposed assistive 
strategy in decreasing the required user's torques, hence assisting 
his/her motions. The force tracking performance of the NMPC 
method is also evaluated and compared to that of a PID 
controller. The results show that comparing to the PID 
controller, NMPC method provides lower tracking errors and 
requires less control efforts. The outperformance of the NMPC 
method is particularly more evident in high frequency motions 
where the NMPC method provides visibly lower tracking errors. 
Moreover, the PID controller may saturate the actuators in a high 
frequency motion while the NMPC method successfully 
prevents the actuators from being saturated. 
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