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SUMMARY

This paper presents a bi-level adaptive computed-current impedance controller for electrically driven
robots. This study aims to reduce calculation complexities by utilizing the electrical equations of
actuators, instead of the entire model of the electromechanical system. Moreover, taking the dynami-
cal effects of mechanical parts into account through the current’s feedback, external disturbances are
compensated. In order to handle uncertainties, a bi-level optimization problem is formulated to obtain
guaranteed stability besides the estimation convergence. An adaptation rule and its optimal tuning
gain are achieved. The proposed method is applied to control of a rehabilitation robot to evaluate its
performance.

KEYWORDS: Electrically driven robots (EDRs); Rehabilitation robot; Bi-level optimization
problem (BLOP); Bi-level adaptive control; Impedance control.

1. Introduction

The main idea of impedance control methods (ICMs) is to enhance the desirability of transient rela-
tion between motion and force' while considering the dynamical interactions between a robot and its
environment.> Muscles have the duty to adjust the mechanical impedance of human body.? Therefore,
when the injured limbs or weak muscles are unable to accomplish their main functions, the patients
need a series of rehabilitation treatments to improve the quality of their daily life.> Lower limb reha-
bilitation robots (LLRR) have been widely developed in recent years.* For instance, a planar parallel
manipulator,’ a sitting-type robot,® an articulated 3-degree-of-freedom robot,? an ankle rehabilitation
robot,” and a treadmill-based bodyweight support exoskeleton (Lokomat)® have been developed for
lower limb rehabilitation therapies. Rehabilitation and impedance control are innately interwoven.
For example, the application of impedance control in a therapeutic robot for hip joint (HipBot),” in
a parallel robot for ankle joint,' in a LLRR with iterative learning approaches,!! in an assist-as-
needed robots with predictive approach,'? and hybrid impedance controller for wrist and forearm
rehabilitation'* have been addressed.

The electrically driven robots (EDRs) take the attention of control engineers due to their impor-
tance, whereas many of them are actuated by the permanent magnet direct-current motors.>!* In
1993, Lewis et al. considered an approximated model of these actuators to be integrated with the main
dynamical model of the robots, in control design process.'> Following that, in 2006, approximated
model of the actuators was utilized to design an adaptive controller for EDRs.!® In this pioneering
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paper, the desired current for the actuator has been computed by the help of the model and a state
observer. However, the controller needed visual task-space information and encountered difficulties
from computational complexity. This method has been developed later in 2014 with the elimination
of acceleration measurement.'” In 2016, Wu et al. utilized the actuator dynamics in an integrated way
with the mechanical model of the robot to compute the desired current of the actuator and to obtain
the control law for an LLRR.? However, the values of all the dynamic parameters are considered
to be known accurately, which is not true in the reality. Xu et al. considered the robot parame-
ters to be unknown, thus designed the control law with the help of robot nominal parameters and
RBF neural network approximation.'® In 2018, Ahmadi introduced another control method based on
Taylor-based approximation of integrated dynamics of an EDR.!

In 2008, Fateh introduced the voltage control strategy (VCS) in which only the electrical equation
of the motors has been considered to control the robot.?’ The basis of the VCS method roots in the fact
that the dynamical effects of the entire mechanical model of an EDR can be observed in the electrical
current of its actuators. In 2013, the VCS has been expanded to the impedance control approach.?!
Khoshdel et al. expanded the VCS-based impedance control method for an LLRR as an adaptive
impedance force control,?? as a variable impedance control,'* and as a Surface Electromyography-
based impedance control.”® In 2018, a voltage-based robust impedance controller was developed
using time-delay compensation.?* Shahhosseini introduced a robust impedance VCS controller based
on Fourier series for EDRs.?® A robust adaptive impedance voltage-based controller that use function
approximation techniques was developed. This way, the number of required regressor matrices was
reduced, and the desired current was obtained based on the approximated dynamic of robot.>> In addi-
tion, a voltage-based impedance model-reference robust controller for EDRs has been introduced,
using fuzzy uncertainty estimator.”’

However, the aforementioned papers either estimate/approximate the model or ignore some parts
of it, which the first approach produces computational complexity and the second reduces the perfor-
mance indices. Here, we introduce an altered approach that computes the desired current based on
the desired impedance model.

Here, we have two optimization objectives, namely: (i) handling parameters uncertainty with-
out disturbing the system stability and (ii) fast parameter estimation through an optimal adaptation
gain. To solve this multiobjective optimization problem, we propose a bi-level optimization prob-
lem (BLOP). The mathematical relation between these two optimization models is detailed in ref.
[28]. The BLOPs are formulated with Stackelberg in the context of economy,” and so they have
been termed Stackelberg games as well.*® The BLOPs are optimization problems with two levels;
the outer problem (upper level problem) is an optimization problem with an especial constraint that
itself is another optimization problem (inner problem or lower level problem).3! This approach has
been employed in a vast range of applications including predictive control as described in ref. [32],
distributed stochastic model predictive control,** optimal autonomous architecture for uncertain pro-
cesses management,> multiple objectives hierarchical decision making,*® bi-level optimal control,
leader-follower joint optimization problems,?’ collision avoidance of unmanned aerial vehicles.?®

In this paper, a novel bi-level adaptive computed-current impedance control method is proposed.
Contributions of this study may be highlighted as follows: (1) an altered approach to computation
of the independent-joint desired current based on the desired mechanical impedance is proposed. (2)
A solution for the realization problem of VCS,2 which encounters difficulties in measuring of the
current derivative,* is proposed. (3) An impedance controller for the Electrically Driven Lower Limb
Rehabilitation Robots (EDLRs) based on their passive nature is obtained. (4) An adaptive mechanism
is proposed to estimate the parameter’s values, since the actuators’ parameters vary during the run-
time due to heat and temperature.*’ (5) A novel BLOP is defined to determine the optimal values
of the tuning gains of adaptation rules, which were previously determined by the trial and error in
the literature.*'™*3 Accordingly, an optimal robust adaptive mechanism for parameter estimation is
achieved. Therefore, the parameter estimation convergence along with the Lyapunov-based stability
of the closed-loop system during the estimation is guaranteed. (6) It is noteworthy that the proposed
method can be even used in position control systems, since they are a specific mode of impedance
control, which is termed differently in the literature as maximum-impedance mode, inactive mode,
trajectory-tracking mode, or zero-admittance mode.**

The rest of this paper is organized as follows: in Section 2, the systems model is presented. The
proposed impedance control is explained in Section 3. The problem is modeled in the presence
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Fig. 1. (a) schematic of an LLRR, (b) the experimental setup.

of parameter uncertainty in Section 4, while Section 5 introduces a BLOP to overcome the
uncertainties. Section 6 investigates the solution of the optimization problem in the proposed control
design method. Section 7 addresses the implementation of the method in rehabilitation exercises.
In addition, the comparison is accomplished and the results are discussed where high efficiency and
superior performance of the proposed method are shown. Finally, Section 8 explains the conclusions.

2. System Dynamics

The EDR is an electromechanical system, which consists of a mechanical body including articulated
links interconnected through joints, and an electrical circuit, as a part of the actuators.’? This system
has several practical considerations, which are discussed in the form of properties or assumptions
during the context.

Property 1, (joint-space representation): Since the lower limb rehabilitation tasks are defined
typically in the joint space, the dynamical equations of the LLRR may be defined in the joint space
as well, > 14

Mr(q)ii+Hr(q7 Q)+Th+dr=Tr (1)

in which, q is the vector of joints angles, M, (q) is a matrix containing the robot inertia, H;(q, q)
is a vector including centrifugal, Coriolis, and gravitational torques, Ty, is the vector of human load
torques, T, is the vector of joints torque, and d, is a vector containing the uncertainty included
modeling imperfection, parametric uncertainties, unmodeled dynamics, friction forces, and external
disturbances. Schematic and experimental setup of the LLRR are shown in Fig. 1.

Human load torque vector, Ty, which is composed of two torques caused by human limbs
dynamics and patient exerted forces, is represented by the following dynamical equations.

Mu(@)q +Hu(q, @) + Ty +dy =Ty (2)

where, T, is the torques exerted by the patient. The other parameters/variables are similar to Eq. (1),
correspondingly, except that their subscripts are changed into h to show the relevancy with “human”.
The equations of motion, which describe the mechanical portion of actuators, that provides the joints
torque (T}), are:

Jmém + Bmgm + rTr = I<mI (3)

where Jn,, B, and Ky, are the inertia, damping, and torque constant diagonal matrices, respectively,
Oy, is the vector of actuators shaft angles, I is the vector of motors’ electrical currents, and r is a
diagonal matrix of gear reduction coefficients. Gear reduction coefficients relate the joints’ velocities,
(q), to the actuators rotational speeds (®y,) as:

q=r0, (4)
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Based on Egs. (1)-(4), the dynamics of complete mechanical portion of an EDR can be written as

follows:
M(q)q + H(q, q) + K;,erp +d=1I 5)
in which,
M(q) =K' (rM;(q) + rMp(q) + r ' Jmm) (6)
H(q, ) =K 'n (rHi(q, @) + rHi(q, @) +r 'Bnd) ()
d=K_'r (d, +dyp) ()

Furthermore, each actuator has an electrical circuit that produced the electrical current, /, as the
driving input of Eq. (5), which is provided by Eq. (9).

Lol + Ryl + K6, =V 9

where L,,, R,,, and K}, are the armature inductance, resistance, and back-EMF constant, respectively,
[ is the electrical current, and V is the terminal voltage of the specific joint actuator. In the notation
of this paper, bold characters and narrow ones represent the matrices/vectors and scalar values,
respectively.

Property 2, (symmetry feature): The total inertia matrix, M(q), is invertible because it is a
positive-definite symmetric matrix which is uniformly bounded.*> %

Based on the second property, if a new state variables vector is defined asx=[q', q",I"]", then
the state-space representation of the dynamical equations of the EDLR can be written as:

X2 0 0 0 v
x= | Mx) ' —HELX2) |+ 0 —Mx)'Klr  —M(xp)! T, (10)
—L,' (Kpr'xz + RinX3) L} 0 0 d

This state space is a coupled nonlinear multivariable system. Control design for an EDR is a
challenging task due to the combination of all these complexities, simultaneously.>

Property 3, (boundedness of human forces): Human limbs can provide a limit amount of force;
therefore, the patient exerted torque, T, is bounded.

3. Impedance Control Design based on Passivity Theorem

The key role of impedance control is to drive the system to resemble the desired impedance.
However, this role is altered in different types of rehabilitation exercises, which are categorized into
four main groups:*”*? (1) range of motion or passive exercises. (2) active assistive exercises (AAEs),
(3) active resistive exercises (consists of isotonic, isometric, and isokinetic trainings), and (4) manual
exercises. In the AAEs, an assistive apparatus helps the patient to accomplish the task. This exercise
hiddenly encourages the patient to try more without damaging his muscles.’*2 In this study, an AAE
rehabilitation training is considered in which the desired impedance rule for each joint is defined as

a second-order dynamic equation:>!-3

11,48

Ma(Ga — @) + Ba(qa — §) + Ka(qa — q) = Kl + T, (1D

in which, My, B;, and K, are the desired impedance parameters predefined by the physiotherapist,
and g is the desired trajectory, that is defined based on the exercise. To simplify the notation, vectors
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of desired impedance parameters (P,), joints extended-position (Q), the desired trajectory (Q,), and
error (E) are defined as follows:

Py2 My By Kd]' (12)
02[iqq] (13)

042 [d4a 40 q4)" (14)

E20,— 02— Ga— @qa—9] (15)

One can rewrite the desired impedance rule using these simplifications.
PJE=K,I+T, (16)

Property 4, (boundedness of desired trajectory): The desired trajectory (Qg) is prescribed for
human joint; thus, it has to be limited inside the interval of maximum range of motion (MROM);
therefore, it is bounded.

Assumption 3.1. (desired impedance parameters condition): The desired impedance parameters
(Py) are assumed to be finite real positive constants.

Lemma 1. (desired current definition): The desired motor current can be computed considering
the satisfaction of desired impedance rule, Eq. (16):

1L,=K, (PJE—T,) (17)
Note that, /; is computable, since the right-hand side of Eq. (17) is completely in hand.

Based on Lemma 1, a simple control law can be proposed for each actuator as
V= Lyl + Rula + Ky — Lt (18)

in which, u is a new control signal. Applying this control law, the closed-loop system can be obtained
as a linear passive system.

Ry
é1+L—€1=M (19)

m

in which, e; £ (I; — I) is the tracking error of motor current.

Remark 1. The concept of passivity theorem is detailed in ref. [54], where for a system like:

{)'c =f(x, u)

y = h(x, u) (20)

in which, x € R" is a state vector, u € R’ and y € R” are the input and output variables respectively,
f(.) and h(.) are two mapping functions (R" x R’ — R"), which are Lipschitz and continuous, respec-
tively, and (0, 0) = h(0, 0) = 0. Now, if an energy/storage function, F'(x), can be found such that it
is a positive semi-definite and continuously differentiable function, and also:

T . oF
V(x, u), wyzFx)=-—f(xu 21

X
Then, the system, Eq. (20), is termed as a passive system. Since the passive systems converge to
minimum energy states when there is not any other input, passivity theorem has been utilized in

control design in the literature.>>>7 One can change the minimum energy states through proposing a
simple proportional feedback controller like u = —K;y, where K;; = K; > (, thus, in the closed-loop
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Fig. 2. Block-diagram of the proposed scheme at a glance.

system F(x) >0, and F(x) <u'y=—y K;y <0, and the system converges to the new minimum
energy states. We use this theory here in Lemma 2.

Lemma 2. (passive closed-loop system definition): The dynamic of tracking error of motor cur-
rent, which is described in Eq. (19), is a passive system.”S To study the passivity of Eq. (19), a simple
storage function is suggested.

1,
F=Ze (1) (22)
2
Differentiation of this storage function leads to:
. . Ry
F=ei(t)e)(t) = ue (1) — 7 e (1) < uey (1) (23)

It confirms that the system Eq. (19) is passive;>° therefore, to achieve a desired tracking

performance, the control signal (1) can be simply a state feedback like:

B (1) (24)
u=|-——=x1je
L, !
in which, A is a predefined positive constant. Substituting Eq. (24) into Eq. (19), the closed-loop
system can be obtained as follows:

é1(t) + rey(H) =0 (25)

Solution of the closed-loop system Eq. (25) is ¢;(f) = ¢;(0)e™*, which is an exponentially stable
system.
Based on the introduced lemmas, the unified proposed control law is:

V =L+ Ruly+ Kpyr™'g+ Lk — Ry)e; (26)

in which, I, is calculated through Eulers backward differentiation approximation. I= TS Y(I(t) —
1;(t —Ty)) , where Ty is the sampling time of sensors.%0-0! Figure 2 illustrates the proposed scheme
at a glance in a block-diagram.

4. Parameter Uncertainty Modeling
The closed-loop system, Eq. (25), is obtained by applying the proposed controller, Eq. (26), to the
electrical equation of the actuators, Eq. (9). However, the parameters of the motors electrical portion
may gradually vary during the time due to heat and temperatures changes; consequently, their exact
values are unknown at a certain time.*’

Assumption 4.1. (parameters estimation): In this paper, the parameters of electrical portion are
assumed unknown constants.
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Remark 2. Though mechanical parameters may vary during time (alike electrical parameters), the
closed-loop system is not sensitive to their variations because the current feedback compensates for
their dynamical effects, as seen in Eq. (5).

Therefore, the proposed controller, Eq. (26), should be modified as:
V =Lolg+ Ry + 6§ + re; (27)

in which, i,m, Rm, and & are the estimation of the real positive constant unknown parameters L,,, R,,,
and a £ K,r~', respectively. Applying this controller to the system, Eq. (9), we have:

Lyd 4RI + ag=Lyudg + R,y + &G + re; (28)

The vectors of regressors and parameters are defined as:

(29)

Substituting these definitions into Eq. (28) yields:
'Y =V=0"Y,+re (30)
Subtracting 6TY from both side of Eq. (30), we have:
0'Y=0"Y+ e (31)

in which, #=6 — 60 and Y=Y — ¥ are estimation and tracking errors. The closed-loop system
Eq. (31) is rewritten as:

Lér+ Ry +2)e;=0"Y (32)

To overcome the effects of parameter uncertainty on the system stability, a BLOP is proposed.

S. Bi-Level Adaptive Optimization Approach

Single-level optimization methods cannot consider the system stability and optimal convergence
of parameters estimation simultaneously in the runtime. In other words, they cannot guarantee the
reduction of system tracking error and parameters estimation error at the same time. Because there
is a mutual dependency between these two objectives. What is usually done in the literature is to
consider only one objective. If high-performance tracking is needed, then the parameter estimation
error is ignored. The main disadvantage is that although the system is stable, its dynamical behaviors
are strongly dependent on the setting parameters. If the parameters are to be estimated well, then
the system stability will be affected. To the best of our knowledge, currently, the setting parameters,
including the adaptation gain, are set by a predetermined fixed value through a series of trial and error
methods.*'™ Predefining the setting parameters is a challenging task, because these parameters have
a significant effect on the system stability, while the system condition may vary. In this paper, as an
innovation, we introduce a method to find an optimal value for the adaptation gain parameter. To
optimize both objectives, the two problems are to be solved iteratively. Therefore, a bi-level opti-
mization method is proposed, in which the values of the lower level variables are assumed constant
when solving the upper level problem, and the values of the upper level variables are considered
to be fixed at the time of solving the lower level problem. Therefore, we do not need to predeter-
mine the adaptation gain, and it will be adjusted online and iteratively during system runtime. At the
same time, as the system has Lyapunov stability, tracking error converges to zero, and the estimated
parameters converge optimally to their correct values, while they do not disturb the system stability.
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The problems of handling parameter uncertainties and tuning adaptation gain can be unified into

a BLOP formulated below:

~ 1 . - -

min J;(e; (1), 6(1)) = E(Lmeﬁ(n +0"Q7'6@) (33a)
0
subject to

Lner (1) + (R, + Mer(t) =0(1) 'Y (2) (33b)

5 =t+T,, 5 5
max J>(0(1) =~ f 6(r, )" 0(z, Qdr (33¢)

=1
subject to

Q>0 (33d)

where J; in Eq. (33a) is a cost functional index, which provides the error reduction via I:melz(t),
and estimation convergence through 6 (f) " Q~'6(r). The first constraint, Eq. (33b), is the closed-loop
system dynamics in the presence of uncertainty, Eq. (32). Since J; is a value-function for Q2 based
on the value of estimation error through a forward moving window of length T, constraint Eq.
(33c) maximizes this value, and finds the argument of this maximization as 2*. The tuning gain
matrix, €2, is diagonal and positive definite, Eq. (33d). In fact, J, computes the value of parameter
estimation errors toward a forward moving window. This hierarchical optimization problem is termed
bi-level because it is a minimization problem, which has another optimization problem inside its
constraints.?%3!

6. Solution Procedure

In order to solve the BLOP, Egs. (33a)—(33d), it is decomposed into a master problem and a subprob-
lem. The iterative solving of these two problems continues iteration-by-iteration until both converge
to their optimal solution. A similar approach is used in [62], where Baringo used a column-and-
constraint generation method® to solve a three-layer optimization problem. The inner problem is
named the subproblem because its solution makes it possible to solve the outer problem, which is the
master optimization problem (MOP). In our proposed method, the lower level variable (i.e., €2) that is
the solution of inner optimization problem, Eq. (33c), is assumed to be a known constant. Therefore,
we can solve the outer optimization problem, Eq. (33a), to obtain an adaptive law for parameters
estimation, Eq. (36), which is considered as a constraint for a new single-level optimization problem
(i.e., Eq. (37)) based on Eq. (33c¢).

6.1. Master optimization problem

The MOP, Eqgs. (33a)—-(33b), is a relaxed representation of the original problem, Egs. (33a)—(33d),
since the tuning gain matrix, €2, is supposed to be a fix constant during the solving process. In order
to solve the MOP, based on the Lyapunov second method, the derivative of its cost function should
be negative semi-definite.

d ~ n ~ A
EJI (er(1), 0(1)) = Line; ()& (1) — () ' Q27'0(1) (34)

where ¢ is assumed to change very slow and can be supposed as a constant; accordingly, 6(1) =

—0(p). Considering the first constraint of the MOP as the closed-loop systems dynamics, Eq. (34)
yields:

d ~ ~ ~ X
EJI (er(1), 0(D) = =R+ Ner* (1) + 01 (Y (D)er(t) — Q'0(1) (35)

The goal is to make the left side of Eq. (35) negative. The first term of the left side is negative
definite; however, the value of 6(r) is unknown; consequently, the coefficient of 6 () must be zero.

(1) = QY (e (1) (36)
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This adaptation rule determines the value of parameters estimation iteratively. However, the val-
ues of the tuning gain (£2) affect the performance of parameters convergence. In other words, based
on Eq. (32), the reduction speed of tracking error depends on the reduction speed of the parame-
ters estimation error, which is sensitive to the values of €2, based on Eq. (36) . This imperfection
in the adaptation rules inspired us to introduce the second-level optimization problem. In fact, in
adaptive approaches, the adaptation rules guarantee the convergence of tracking error and estimation
errors into zero. However, to the best of our knowledge, they do not pay attention to the optimality
of this convergence.*!*3 Here, we proposed an optimal adaptive rule that guarantees the optimal
convergences, by solving the subproblem.

6.2. Subproblem

Replacing the MOP, Eq. (33a), by its solution, Eq. (36), and reformulating Egs. (33a)—(33d), we can
provide the subproblem associated with the original problem as a single-level optimization problem
based on 0 over Q2. Actually, the aforementioned adaptive procedure (solution of the MOP) performs
as a level reducer and changes the bi-level main problem, Egs. (33a)—(33d), to the following single-
level optimization problem, Egs. (37a)—(37d).

min J>(@(1)) = / T i )i, @ (37a)
subject to -

6(1, ) TY(1) =01, 2) Y (1) + res(1) (37b)

0(1. Q) = —QY(D)es (1) (37¢)

Q>0 (37d)

The subproblem, Egs. (33¢)-(33d), evaluates the value of 2 through a forward moving window;
thus, Eqgs. (37a)—(37d) is a kind of predictive value-function. Solving this predictive problem in
continuous time is complicated; therefore, the discrete version is

k+N
ngn L0k, Q) = Z 6(n, ) "0(n, Q) (38a)
n=k+1
subject to
Ok, Yk =0k, Q)Y (k) + res(k) (38b)
Ok +1, Q) =0(k, Q) — T,QY (k)e;(k) (38¢)
Q>0 (38d)

in which, T is sampling time and N is the number of samples inside the forward moving window.
One can consider N = 1; therefore, the cost function is obtained as

A (é(k, sz)) —0k+1,2)T0(k+1,9Q) (39)
Substituting Eq. (38c) in Eq. (39) yields:
A (é(k, Q)) - (é(k, Q) — TSQY(k)e,(k))T x (é(k, Q) — TSQY(k)eI(k)>

=0k, Q) "0k, Q) — 2Tse; ()Y (k)T QTO(k, Q)
+ T2 (k)Y (k) " QTQY (k) (40)

To find out the optimal value of €2, the gradient of J, is computed.

Va(h2) = 2Ter (k) (Iss - (1, @ Y () ) (T2Y Wer (k) — (0 (41
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in which, Vg (J,) is the gradient vector of the cost function J, over 2, I3,3 € R33 is an identity
matrix, the dot stands for dot product operator, ]l3TXl is arow vector of all ones, and ® is the Kronecker
tensor product operator. The Hessian matrix of the cost function, J,, over 2 is:

Ho) =2126, () (Is - (YT @ Y(0))) “2)
The Hessian, Hq(J>), is a positive definite matrix; thus, J, is a convex system, and the root of

gradient is a global minimum. Therefore, the optimal value of €2 can be computed by putting the
gradient equal to zero.

—1 »
Q" = (Tl AL, @Y 1)) (T - (11, @) “3)

Here, a simple recursive least square (RLS) method based on the equation Eq. (30) is utilized to
estimate the value of unknown constant 6, bearing in mind that Y (k) "6 = V (k). The equations system
of this estimator is detailed in the follows.

K(k) = P(k — 1)Y(k) (1 + Y (k) PGk — 1)1/(1<))_l (44)
P®) = (Ts = K®OY RO )Pk —1) (45)
61 (0) = Ok = 1) + KR (V) = Y (0 6,k — 1)) (46)

in which, K € R**! and P € R**? are auxiliary matrices, where the variables are initialized by P(0) =
[543 and 6,5(0) = 033. Therefore, the estimation is proposed as 6 = 6,;,(k), by which,

@ = (Tes) (s - (AT, © Y4))
x (Lsa - (15,0 ® Gush) — Ok, @) ) 47)

Therefore, the following optimal adaptation rule for adjusting the parameters estimation is
obtained based on the adaptation rule, Eq. (36), and the continuous time representation of optimal
tuning gain, Eq. (47),

0(1)* = QY (D)e, (1) (48)

6.3. Algorithm
The proposed optimal adaptive robust computed-current impedance controller is obtained through
the steps below:

. Set the initialization values of P(0) = I35 and 6,;5,(0) = 033.

. Set the counter k = 0.

. Estimate the 6,;;(k) based on Eqgs. (44)—(46).

. Compute the optimal value of tuning gain for the next sample time, €2 (k)*, based on Eq. (47).

. Find the optimal 6(1)* such that the stability of closed-loop system and the correctness of
parameter estimation are guaranteed, using Eq. (48).

6. Obtain the desired value of electrical current based on the desired impedance law, with the help

of Eq. (17).

7. Calculate the terminal voltage of DC motors as the control signal, Eq. (27).

. Apply the voltage to the robot, (9) and (5), and compute the tracking error, Eq. (15).

9. If k < kjpax, then k =k + 1 and go to step 3.

| O R S R

oo

Therefore, the proposed scheme consists of four main parts, namely, the desired current, Eq. (17),
the voltage controller, Eq. (27), the parameter adaptation rule, Eq. (48), and the online tuning gain
optimization, Eq. (47). For the sake of clarity, the proposed scheme flowchart is depicted in Fig 3.
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Optimization
(47)
Q°(¢)

Q*

F 3

X

Desired Adaptation (48) |
trajectory (14) 6 = Qve, ‘Y

€r

v 2a L A4

Ya Voltage
controller (27)

V= @T Yq+ A.E;

Desired
impedance (17)

Y

X 3
Tp Q "’V

EDLR (30)
eTy=v

Y 7'y
A 4 Ty

Patient

Fig. 3. The block-diagram of the system with optimal adaptive parameter estimation.

For performance evaluation of the proposed controller, it is implemented in the presence of uncer-
tainty, which address the model imperfection, and external disturbances. The results are presented
and discussed in the next section.

7. Implementation and Results

The proposed control scheme is applied to impedance control of an EDLR to provide an AAE for
knee rehabilitation. To begin with, the desired trajectory for knee joint is designed in joint space,
such that it makes available enough rest in each period, and it remains inside the interval of the joint
MROM. In addition, the proposed desired trajectory is differentiable and smooth. The exact value of
ROM for the knee joint, which is considered in the interval of (—90°, 0), is derived from the available
literature.? To perform the analysis, actual angle, speed, and acceleration of the joint are recorded, as
well as the limbs exerted torque, motor voltage, and current. The desired impedance parameters are
setto, M, =4, B, =2, and K; = 100, as the same as.?? Figure 4 shows the desired and actual values
of the joint angle, velocity, and acceleration, in dashed and solid lines, respectively.

As seen in Fig. 4, the patients knee joint tracks the desired trajectory such that the tracking error
is neglectable. Figure 5 depicts the tracking errors for better understanding.

External disturbance is applied to the robot during the seconds 70 and 90. Effect of the external
disturbance on the angle, velocity, and acceleration is neglectable. This proves that the robot succeeds
in helping the patient to track the desired trajectory while the mechanical impedance between robot
and patient remains desired. As seen in Fig. 5, since the value of desired stiffness coefficient is big
enough, the angle tracking error is neglectable, that is, less than 0.8% (less than 0.01 radian or half
a degree). Patient exerted torque, desired and actual robot torques, and the torque tracking error are
illustrated in Fig. 6, respectively.

As seen in Fig. 6, the robot helps the patient to conform with the desired impedance. Robot torque
tracks its desired values closely such that the mean square tracking error of its tracking is less than
0.015%. In addition, it is worth noting that the effects of external disturbance are damped sufficiently.
For this assistive rehabilitation, the desired and actual electrical currents are compared in Fig. 7. In
addition, the current tracking error and the terminal voltage of the DCM are illustrated as well.
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Fig. 6. (a) Patient-exerted torque, (b) desired and actual values of the robot torque, and (c) tracking error of the

robot torque.

As expected, the electrical current tracks its desired trajectory perfectly, while the terminal voltage
remains smooth and bounded. It is seen that the external disturbance is observable in the desired and

actual curves of the current, torque, and consequently in the voltage.

As mentioned, the proposed optimization method finds an optimal value for the adaptation gain, €2,
based on the existing situation of the control system. However, its impact on the systems total perfor-
mance can be studied through a comparison with the case in which the adaptation gain is determined
arbitrarily (as same as the previous literatures) without online observation of the uncontrollable inputs
of the system like external disturbances and patients torque. Here, we discuss this comparison. With
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Table I. Comparison study (2" vs. Q).

Indices QF Qi
A=5 A=45 A=5 A=45
MSPEE 7.1131e — 05 7.4081e — 05 0.1882 0.2198
MSCTE 6.1107e — 07 7.7525¢ — 07 9.4748e — 07 0.0117
MSITE 2.0791e — 05 2.0985e — 05 2.9673¢ — 05 2.0265e¢ — 04
1
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g E 1]
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Fig. 7. Electrical current, the desired, actual, and tracking error values, and the voltage.
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Fig. 8. Desired and actual values of the joint angle, velocity, and acceleration, without the assistive efforts.

fixed €2, the performance is sensitive to the gain of voltage controller, A. For instance, if the designer
changes the A from 5 to 4.5, the results of implementation are briefly reported in Table I. In which,
three indices are evaluated including the mean squares of (i) parameter estimation error (MSPEE),
(i1) current tracking error (MSCTE), and (iii) impedance tracking error (MSITE). The indices are
reported for the proposed optimal 2* and fixed €2, each for A =5 and A =4.5.

In Table I, each column describes the results of a specific situation, and each row reports the values
of an index in different situations. That was predictable that the MSE of parameter estimation error
in the case of optimal 2* would be much better than the fixed 24, case. Moreover, in the optimal
Q* case, the sensitivity to every changes of other coefficients is lower than the other case (i.e., fixed
€2c). These two facts are correct about the other indices.

Moreover, to observe the effects of robot efforts, here we study the case that the robot is inacti-
vated. The tracking performance is illustrated in Fig. 8, and the tracking error is illustrated in Fig. 9.

Without the assistance of rehabilitation robot, since the only force source is the weak limbs of
patient, tracking performance decreases, that is, tracking error increases. When patients are not
able to accomplish the tasks, they lose their hope and confidence. Consequently, the treatment
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Fig. 10. Estimation convergences of the motor parameters, 6*(1).

process without the robots will be time consuming. The proposed controller on an EDLR in AAEs
helps patient not only to track the desired trajectory but also to raise the level of their hope and
determination.

Figure 10 shows the parameters estimation convergences. The optimal estimations of motor
parameters converge into their correct values in approximately 20 s. Moreover, the external distur-
bance shows no effect on the parameter estimation. As a summary, this study provides an impedance
controller based on the passivity theorem and a novel current controller for EDLRs to provide the
active assistive exercises. Then, as a practical consideration, it is assumed that the motor parameters
vary during time. Therefore, a BLOP is defined to guarantee the optimal convergence of parameters
estimation besides the system stability. However, the literature tackles these two problems individu-
ally. On the one hand, parameter adaptation rules, e.g. Eq. (36), guarantee system stability without
attention to the estimation convergence. On the other hand, recursive estimation techniques, e.g. Egs.
(44)—(46), consider the parameter estimation with no attention to the system stability. To solve this
issue, we present a combinatorial method that considers system stability along with the optimal esti-
mation convergence simultaneously, by solving Eqgs. (47) and (48), iteratively. Although an incorrect
estimation affects system stability, the proposed method guarantees the stability by means of the
Lyapunov law in the second-level optimization. The simulation results confirm the performance of
the proposed controller.

8. Conclusion

In this paper, we designed a novel bi-level adaptive computed-current impedance controller and
applied it to the control of an EDLR for providing active assistive exercises. A BLOP was devel-
oped for two objectives, namely, handling the parameters uncertainty and adjusting the tuning-gain
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of adaptation. The stability of closed-loop system has been proven by the help of Lyapunov-based
adaptive method, ensuring convergence of the parameters to their real values, in the presence of
uncertainties. It was established that an EDLR, which employs the proposed impedance controller,
is a passive dissipative system; therefore, it is controllable through a simple negative feedback.
Employing the passivity theorem in impedance control design, this paper proposed a simple voltage-
based controller. Without using voltage-based controller, the system model is nonlinear, complex,
multivariables, which its storage functions derivative is hard to be computed, and consequently, the
systems stability is hard to be guaranteed. The main merit of the proposed controller is a simple
solution for these struggles. The results of implementations confirm the high performance of the
controller and admirable efficiency of the proposed scheme, through small tracking errors and the
optimal convergence of the parameter estimations, respectively.
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