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SUMMARY

In the present work, the ankle rehabilitation robot (ARR) dynamic model that implements a new
series of connection control strategies is introduced. The dynamic models are presented in this
regard. This model analyzes the robot LuGre friction model and the nonlinear disturbance model.
To improve the ARR system’s rapidity and robustness, a composite 2-degree of freedom (2-DOF)
internal model control (IMC) controller is presented. The control performance of the compound 2-
DOF IMC controller is simulated and analyzed in the present work. The simulation shows that the
composite 2-DOF IMC controller has high following performance. For practical testing purposes,
1-DOF passive training and predetermined trajectory following have been completed for different
swing amplitudes and frequencies. Moreover, the thrust and tension torque of the robotic dynamic
and static loading characteristics are studied in active control mode. The experimental results show
the effectiveness of passive training of the given trajectory and impedance training active control
strategy. This paper gives the specific functions of ARR.

KEYWORDS: Ankle rehabilitation robot; IMC control; Impedance training; Nonlinearity;
Dynamic model.

1. Introduction

The ankle joint plays a key role in human walking and running.'=> Any injuries to the ankle would
seriously intimidate daily activities. In this case, the ankle rehabilitation robot (ARR) can assist
patients in joint flexibility and muscle strength training. In an aging society, the development of such
a device has started since the 20th century. A research group at the Rutgers University*> devel-
oped the Mega-Ankle robot which is a 6-degree of freedom (6-DOF) parallel ARR based on two
small Stewart platforms. This robot can simulate actions including walking on the road and climbing
stairs. However, its movement does not fully apply to patient activity or passivity.® Zhang et al. pro-
posed a new adaptive patient-cooperative control strategy for improving the effectiveness and safety
of robot-assisted ankle rehabilitation. However, they did not study the active control strategy.” Xie
and Jamwal studied the 3-DOF pneumatic soft parallel robot which has four sets of air-driven arms
and cables. The robot changes the length of the cables to perform platform movement. Thereby it
can achieve a series of ankle exercises. However, the development of the control system is compli-
cated.® Furthermore, a 3-DOF wearable ARR has been developed by Roy et al. in the Massachusetts
Institute of Technology. It has a very low intrinsic mechanical impedance and weighs <3.6 kg. The
joint between the foot and calf has 3-DOF, which can achieve 25° dorsiflexion, 45° plantar flex-
ion, 25° inversion or eversion movement, and 15° internal or external rotation. However, the control
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Fig. I. ARR.

system did not realize the active recovery of ankle joint muscle function. Therefore, patients take
little active participation in rehabilitation training.”~!! Azcaray et al. proposed the generalized pro-
portional integral (GPI) controller to guarantee safe rehabilitation movements. This parallel robot
showed good results and various movement possibilities for lower limb rehabilitation. However, it
is still in the simulation stage.'? Bachir designed a kind of nonlinear IMC controller based on the
Cartesian signal and applied the nonlinear IMC method to linearize high-power amplifier (PA) fre-
quency in Bachir and Duvanaud. The results showed that the nonlinear IMC method can reduce
the influence of nonlinearity and time delay.'> Wen et al. investigated the IMC method in the posi-
tion control loop, where the simulation results clearly demonstrated that the robustness of the IMC
method outperforms other methods, such as the three-loop control method, the PI control method and
the fuzzy-PID control method.'* Zhou and Sagarakis presented a thorough kinematics analysis of a
humanoid 2-DOF ankle module, based on a parallel kinematics mechanism. Therefore, patients take
little active participation in rehabilitation training.'> Based on simulation studies, Eilenberg et al.
presented an adaptive muscle-reflex controller that utilizes an ankle plantar flexor comprising a Hill-
type muscle with a positive force feedback reflex. They showed that the model’s parameters are in a
good agreement with the ankle’s torque-angle profile.'® Currently, there are two main kinds of ankle
robots,’ including wearable'” and platform'8-2° robots. It should be indicated that platform robots are
better suited for ankle exercises. However, the excessive cost and limited application potential are the
major drawbacks of the state-of-the-art ARRs. It can be summarized from these literature review that
further research is required to improve the two aspects. In a previous paper, the detailed structure
of ARR has been studied.?! The original contribution of the present work is to design a composite
2-DOF IMC controller for the ARR, which focuses on a specific control strategy. Dynamic mod-
els and simulation results are presented in this regard. It is intended to improve the ARR system’s
rapidity and robustness.

2. ARR

A prototype of the ARR is shown in Fig. 1.2! Based on the UOT configuration, the 3-DOF turntable
robot is designed, which is composed of the dorsiflexion-plantar flexion mechanism (DPFM), varus-
valgus mechanism (VVM) and adduction-abduction mechanism (AAM). The robot can achieve
3-DOF of individual and compound movements. The robot’s plantar flexion, dorsiflexion and varus-
valgus mechanisms are driven by DC motors with worm gear reducers, which can realize the posture
of a large space angle. The driving torque of the AAM is provided by the driving mechanism of the
electric push rod and the connecting rod mechanism, which has the mechanical limiting function.
The driving torque meets the requirements of the 3-DOF rehabilitation training for patients with
ankle injury.

The control system of the ARR consists of a host PC and ARM controller. They communicate
via the CAN bus. The host PC mainly completes the following functions: (1) setting movement
parameters and rehabilitation modes; (2) displaying the current working state of the robot; (3) saving
the rehabilitation training data; (4) protecting software security. On the other hand, the main functions
of the ARM controller are as follows: (1) executing the host PC’s control instruction; (2) driving
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Fig. 2. Structural sketch and the coordinate system of the ARR.

the servo motor; (3) security protection. In order to facilitate the operation, the control system also
includes an application for the smartphone, which is connected to the host PC through the Bluetooth.

3. Dynamic Model
Figure 2 illustrates the structural sketch and the coordinate system of the ARR. Initially, the
institutional framework is in the horizontal state.

Figure 2 shows that O; — x1y;z1, Oy — x2y222 and O3 — x3y3z3 are defined as the fixed coordinate
systems of the DPFM, VVM and AAM, respectively. Moreover, it illustrates that the x; and y, axes
are fixed with DPFM and VVM, respectively, while the z;axis is fixed with the AAM and coincident
with the inertial coordinate system z;-axis.

Assuming that the three mechanisms mentioned above rotate around their fixed coordinate systems
by «, B and y angles, respectively, the angular velocity of the mechanisms can be expressed as:

DPFM:

@1y o 0 0
Wy | = 0| +Ty | B |+ Top 0 (1
w1z | 0 0 )/
VVM:
i W)y 0 0
a)zy = ,3 + Tﬂ 0 (2)
L w2, 0 Y
AAM:
w3, =Yy (3)
where
1 0 0 cosfp 0 —sinp
To=|0 cosa sina |, Tg= 0 1 0 » Tap=TuTg 4)
0 —sine coso sinf 0 cosp

where w;; denotes the angular velocity of the mechanism i relative to the rotating axis j.
According to the dynamic equation of the rigid body rotating around the fixed point, the dynamic
equations of each mechanism are obtained from the equations below:

T, =J 22— (J, — ) o0,

g
Ty =J,% ), — Jyw.o, (5)
T, =1, % —(J, — Iy)w,0,
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3.1. DPFM

The torque acting on DPFM (Tlx, Ty, le)Tcan be obtained from Eq. (5). Furthermore, 7, _internal 18
assumed to be a rotational torque which is loaded on the DPFM rotational axis O — X;. Therefore,
the kinetic equation can be written as:

Ty _internal = T1x = (le — le) (ysina cos B + Bcos o )(ycosa cos B — Bsinoe )

+J1:(@ — ysin B — y feos B) 6)
3.2. VVM ;
(lex, Ty, T]Qz) is assumed to be the torque that DPFM acts on VVM, which can be described as:
1 0 0 T,
Tio= (Tioy, Tiay, Ti2)) = | 0 cosa  —sina T, (7
0 sine cosa T,

Moreover, Ty_middic is assumed to be the torque loaded on the O — Y axis and is the summation of
the torques on the central axis of DPFM and the torques from VVM. Therefore, it can be written as:

Ty _middle = T2y + T12, 3)

3.3. AAM
The torque of AAM (T3X, T3y, T3Z)T can be obtained from Eq. (5). Assuming that the torques from

DPFM and VVM are (T1 3xs T3y, T 3Z)T and (T23x, T3y, T23Z)T, respectively, then:

cosB 0 sinp Ty,
Tos= (Toax, T3y, To3)" = 0 1 0 T, 9)
—sinf 0 cosp 1>,

cosB 0 sinp 1 0 0 Ty
T13: (T13x, T13y, T13Z)T = 0 1 0 0 cosa —sin o le (10)
—sinf 0 cosp 0 sina cosa T,

T, —external 18 assumed to be the torque loaded on O — Zs, and it is the sum of torques on DPFM,
the VVM external torque projection on O — Z3 and the applied torque on AAM. In other words,
T, —external 18 Written in the form below:

Tzfexternal = T3z + Tl3z + T23z (1 1)
After processing T7, T, and T3, the dynamic equations of these mechanisms are obtained as
follows:
T —internal = J1x — VIB [JIXC,B + (le - le) (C2O(C:3 - SZO[C:B)]

+ ysacac®B (Ji. — Jiy) + B2 (iy — i) saca (12)
Ty—middte = BImiaaie — ¥ (Jiy — J12) sacacp + y* (Jo; — Jo) sPep — JisBep

+ (lesza + lecza) x spcp + aB (2]1Z - 2J1y) so

+ay [Jlxcﬂ + (le — le) (czoz — sza) C,B] (13)
T extemal = VJeextemal — @158 + B (Jiy — J12) sacacp + B (Ji. — )iy sacasp

+ ,3)/ [2]1,( (le - le) (szoe - cza) —Jiy = Ji 4200 — 2J2z] sBcB

+ap [—Jlxcﬁ + (le — le) (czoz - sza) cﬁ] +ay [2 (le — le)] sacac’p (14)

where
Jy—middle = Joy + leCZOt + leSZO( (15)
Joexiemal = J3: + Joe8™ B+ T B+ J1u8”B + Iyt B+ J1.CCa B (16)
s =sinf, cf = cosPB, sa¢ = sinaw, c¢ = COSK .
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Table 1. Rotational inertia (kgm?).

Jie  437e05  Jo,  3.09-04  Js 0
Ty 27905  Jh,  421e03 s 0
Ji.  323¢05  J,  T147e-04  Jy,  5.32e-02

Equations (12)—(14) show that the rotational inertia and suffered torque of the three mechanisms
are coupled. However, the ARR system actually works in the low speed state, where the angular
velocity of each mechanism does not exceed 0.2 rad/s. Since the rotational inertia of the sys-
tem is relatively small (see Table I), the influence of coupling effect is neglected in the present
work.

4. Nonlinear Discussion Model

The nonlinear disturbance torque mainly includes friction, idle running and partial load torques. The
friction torque will affect the process of starting and stopping of the system, especially in the low-
speed stage. The friction torque leads to the crawling phenomenon of the system and affects system
motion accuracy and stability. The idle running torque is generated by mechanical clearances and
causes additional motion of components, accelerates the wear of mechanical parts and affects oper-
ational accuracy of the mechanical system. The existence of nonlinear partial load causes difference
between the mechanism motion state before and after commutation. Therefore, the speed curve has
a asymmetric pattern.

4.1. Mathematical model of friction torque Ty

In the present section, a simplified LuGre model is employed to describe the robot friction character-
istics. The LuGre model describes the correlation between friction torque and rotational speed.??>*
Moreover, it accurately describes the creep phenomenon and the Stribeck friction effect. The LuGre
model applies the first-order differential equation to model friction force. Using the mane model,
the Stribeck and the average change effects in the Dahl model are well described and the dynamic
and static friction characteristics are analyzed. Since so many parameters of the model need to be
determined, the simplified model is usually used®>2° as shown in Eq. (17):

Ty=sign (w) To+sign () (T — T,) e~ @/ 4 8,0 (17)

where T}, Tsand T, are the friction torque, the maximum static friction torque and the Coulomb fric-
tion torque, respectively. Moreover, w, w; and §, denote the relative angular velocity of the rotating
mechanism, the stribeck angular velocity and the viscous friction coefficient, respectively.

The driving mode of VVM is the same as that for DPFM, so that there are partial load disturbances
affecting the establishment of the friction model. The specific process of parameter determination is
as follows:

1) Five sets of starting current and speed data are collected. The data are fitted by the fitting toolbox
of MATLAB, called “cftool”, to calculate the maximum average value of the starting current.
Then the maximum static friction (75) is calculated.

2) Under the condition of uniform speed, the correlation between 10 groups with different speeds
and currents is collected. Curve fitting is applied on 10 sets of velocity values and 10 sets of
current values, employing the “cftool” fitting toolbox.

3) Considering the obtained velocity and current curves and the 7, value from the experiment,
Eq. (17) is employed to simulate the friction torque so that the parameters 7, 6, and w; can
be calculated.

4.2. Idle running impact torque T), (f)

A mathematical model of idle running has not been established yet, because its impact on the system
is complex. Furthermore, it is too difficult to eliminate idle running by the control system for large
clearances. In order to reduce the impact of idle running, the mechanical transmission systems except
the AAM are preloaded. The worm gear reducer is replaced with a larger clearance one.
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Fig. 3. Compound controller for the ankle joint rehabilitation robot.

4.3. Mathematical model of partial load torque T4 (¢)
The partial load torque is mainly caused by the VVM movement as expressed below:

Ty (¢) =Trsin (@) (18)

where r = 0.09 m is the maximum arm of the partial load torquer; T, =G,,r, where T, is the maximum
torque generated by the drive motor gravity of DPFM. Moreover, G,, = 10 N denotes the partial load
weight and ¢ is the rotational angle of VVM relative to the initial position. Its positive direction is in
the counterclockwise along the negative direction of the y-axis.

In terms of the analytical results above, the nonlinear disturbance torque (7; (¢, w)) is stated as:

T) (¢, 0)=Tyq(9) + Ty (19)

5. Control Strategy

ARR is mainly employed to restore the joint movement of functional training and improve the muscle
strength of active training. Because of its simple tuning procedure and good set-point tracking capa-
bilities, there have been some works in combining IMC to facilitate the processes mentioned above
in the robotic mode.?’3° Because of its simple structure and easy implementation, many machines
have used IMC.?"-32 A composite controller based on the IMC passive control with 2-DOF and resis-
tive active control is designed. In order to improve the reliability and stability of the motion control
of ARR, the protection function of the control system includes patient’s lower limb spasm and the
overrunning signal in the rehabilitation training process, as shown in Fig. 3. The system input is
the position signal (6,). Furthermore, the passive training parameters are set to k2 = 1 and k3 = 0.
A passive controller acts to achieve the movement trajectory control. Moreover, the active training
parameters are set to k2 = 0 and k3 = 1. An active controller acts to k1 position signal into current
reference to achieve current control. The robot position and the current output signal are used to
determine whether the robot and patient movement is normal so that, in case of a robot failure or
lower limb spasm, the controller is adjusted timely.

5.1. Passive controller

The corresponding mathematic model of the nonlinear friction and nonlinear eccentric load distur-
bances have been established. Moreover, the characteristics of the feedforward-feedback controller
have been analyzed above.

1) PD controller
The PD controller can be expressed as:
Upg () =k, + kgNs/(1+Ns) (20)

where k, and k; are individually adjusted. Differential link has high-pass filters, and the turning
frequency is equal to N.

https://doi.org/10.1017/50263574719001188 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574719001188

946 Internal model control and study of ARR

Fig. 4. Block diagram of the 2-DOF IMC controller.
2) 2-DOF IMC controller

The IMC controller with 2-DOF is used for position control. Two independent IMC controllers are
used to adjust the system’s rapidity and robustness. Moreover, the feedforward controller is increased
so that the controller improves the following performance and anti-perturbation performance of the
system, while accelerating the system response speed of nonlinear disturbance. Therefore, the steady-
state error of the system reduces.

A block diagram of the IMC controller with 2-DOF is shown in Fig. 4, where C; (s), C, (s) and
P (s) are the stable IMC controller, the following IMC controller and the controlled object, respec-
tively. Furthermore, M (s), r (s), y (s) and d (s) denote the internal model of the controlled object, the
system input, the system output and the disturbance, respectively. The stable IMC controller is mainly
used to adjust the robustness of the system and enhance the system’s ability to resist disturbance.
The following IMC controller is mainly used to adjust the system’s following performance.

Figure 4 shows that

G GC(s)P(s) 1 =M (s) Cy (s) D (s)
YO wre Mol YT ore Mo’ Y D
Considering P (s) = M (s), Eq. (21) can be rewritten as:
yE)=Ci ()G ()M (s)r(s)+[1-M(s) Cy ()] D (s)d (s) (22)

In order to facilitate the design, the system internal model M (s) is decomposed into A (s) and
B (), in the following way: M (s) = A (s) B (s), where A (s) is composed of the zero point of the right
half plane of the controlled object and pure lag link, while B (s) denotes the minimum phase system.
Furthermore, C; (s) often uses the conventional design methods, as follows:

1
C, () =B(s) ' —— 23
1 () =B(s) TESL (23)
On the other hand, C; (s) often uses the following form:
(1 4+ Ap8)™
Cs)y=—""""— 24
2 () A+ A3 (24)

The selection of m and n should make the system feasible. Their numerical value is determined
according to the order of B (s).
Applying Egs. (22) and (23) into Eq. (21) yields:

s re+|1-me LY b (25)
S ) S (1+)\'1s)” ) )

B(s)™' (14x.9)"
y(s)= 7 m
(14+219)" (14+A2s)

Equation (25) shows that the change of A, can adjust the following performance, and the change
of A can adjust the robustness of the system for the 2-DOF IMC.

Each controller of the 3-DOF robot has the same design methods. The model of VVM is studied
as the controlled object. The parameters of the driving motor are listed in Table II. The parameters of
the equivalent rotational inertia of the robot are illustrated in Table III. The transfer function of the
rotational speed (w) and the input voltage (u) can be obtained from the following equation:

1
0.018s% + 0.36s5 + 0.05

P(s) = (26)
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Table II. DC motor parameters.

Motor model P Ty wN Iy U
50SYXBJ 80 W 0.4 Nm 2000 rpm 5A 24V

Tm La Ra B J Cm
0.05 N.m/A 0.0013 H 2.6Q2 2e4 1.86e-5 kg.m*>  0.05 V.s/rad

Table I11. Equivalent moment of inertia parameters of the robot rotation mechanism (kgm?).

Rotation mechanism DPFM VVM AAM
Equivalent moment of inertia 4.37e-05 4.21e-3 3.39e-2

n e —
N
Step1 0.1852+0.365+0.05

Add Saturation
PID Transfer Fcn1,
o N 1]
PID
Pulse2 Scope
Pulse1 Product

»{pd 1 *
outt >+ | IMc
pr P 0.1852+0.365+0.05 | IMC

IMC2 Saturation  Transfer Fcn2

Fig. 5. Controller analysis and comparison program.

For Eq. (26), the poles are in the left half plane, and the system is stable. So B (s) = P (s). In order
for the system to have physical feasibility, the parameters in Eqs. (23) and 24 are set to m = 2 and
n =2, respectively. Then the controllers can be given as follows:

0.18s% + 0.36s + 0.05 (14 1y9)?

C = C R
21 (5) st 1) 22 ($) (L1 7s)

(27)

5.2. Controller simulation analysis
The control effect of 2-DOF IMC and PD controllers is mainly analyzed in this section. The
simulation program diagram is shown in Fig. 5.

First of all, in the case of no disturbance signal, the same step signal is applied and the controller
parameters are adjusted. Different amplitudes are set to observe the output response of the PD and the
2-DOF IMC controllers. Then, in order to analyze and compare the two kinds of controller’s ability
to restrain disturbance, the same amplitude of pulse disturbance is loaded at the same position.

Initially, the step amplitude is set to 1 rad. The PD controller parameters are set to K, = 53, K; = 18,
while the 2-DOF IMC controller parameters are set to A; = 0.15, A, = 0.25. Then, the step amplitude
is given to observe the system response. Finally, a pulse disturbance signal with an amplitude of 0.05
rad is added, as displayed in Fig. 6.

Figure 6(a) shows that when the amplitude of the step is large, the rise time of the 2-DOF IMC
controller is faster compared to that for the PD controller. On the other hand, Fig. 6(b) illustrates
that when the step amplitude is small, the rise time of the PD controller is faster than that for the
2-DOF IMC controller, but it has a poor steady-state accuracy. After adding disturbance, Fig. 6(c)
shows that the 2-DOF IMC controller has better following performance, regardless of the amplitude.
Moreover, the rapidity and anti-disturbance ability of the system increase. This system parameter is
easy to adjust.
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Fig. 6. Controller simulation analysis results.

5.3. Active controller

The impedance training controller converts the collected deflection angle signal (i) to the upper
computer through the Bluetooth and serial communication bus, and ; is the given signal of the
upper computer current closed loop control. There is a linear correlation between deflection angle,
signal and proportion coefficient k;:

¥ = Ik (28)

The design of the active control algorithm for impedance training mainly includes two parts: (1)
analysis and design of data smoothing and prediction algorithm; (2) analysis and design of impedance
training control algorithm.

1) Data smoothing filter design

In order to improve the control performance of the system, it is necessary to filter the current
signal. Meanwhile, in the process of using a smartphone to control the robot, the weak jitter of the
hand causes significant changes in the mobile attitude (MA) signal in a moment. When the jitter
amplitude is large enough, it seriously interferes with the normal operation of the robot. It should
be indicated that the limit-weighted sliding average filtering method is used in the present work to
smooth the received mobile attitude signal.

Assuming that the queue length is N, the queue array is buffer [NV], the weighting factors are
Co, Cy...... Cy_2, Cy_1 and the upper and lower limits are A,, A,, respectively. Then the output
value satisfies:

{ buffer[i] =A, buffer[i] >=A,

buffer{i] =A bufferi] <=Ag = O 1 N—1 (29)

The queue length of N remains constant. The latest sampling data are judged by amplitude limiting,
while the data exceeding the limit are replaced by amplitude limiting. The data fulfilling the judgment
condition are put into the weighted sliding filter queue so that the queue satisfies the first-in first-
out (FIFO) principle. Based on the rapid response of the system, the weighting factor is selected
according to the actual situation to ensure that the new data can be reflected in real time.

2) Design of impedance training controller

The impedance training controller is designed based on the feedforward and the current closed-
loop controls. Equation (30) is the correlation between friction torque compensation current (/r) and
friction torque:

<sgn (w) T, + sgn (w) (Ts — T,) <1+ (f) + Q) + 82(0)

Ty

= G0)

where T, is a constant denoting the motor torque. Equation (18) shows that the current compensation
of the partial load torque is given by:

T,rsin (¢)

I (§) = ——

3D
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Fig. 7. Compound PI controller.

The impedance training controller uses the feedforward and the current closed-loop controller as
shown in Fig. 7. Because of the limitation of the experimental environment, the friction compensation
is considered in the controller design process. The friction compensation is the friction torque com-
pensation function, and the output is the compensation current. The function relations can be found
by Eq. (30). The torque compensation is a partial load torque compensation function, and its output
is the compensation current, which is shown in Eq. (31). These two compensation current values are
superimposed with the given current /; as the actual given for the current closed loop. D3 (s) is the
PI controller. It is expressed as up,; (s) = k, + u; (s). The closed-loop current control is realized. The
integral link u; (s) = k;/s contains clipping and clearing and eliminates the phenomenon of output
transitions due to the presence of the integral value in the switched state.

6. Experiments and Results

The hardware and software are analyzed by experiments to verify the theoretical results. Moreover,
the LuGre model parameters and the improved mechanical structure are analyzed and verified. In this
section, 1-DOF predetermined path passive control experiment, 1-DOF and 2-DOF autonomous
trajectory passive training control experiments are performed under load condition. As a result, a
theoretically predicted function is experimentally analyzed and summarized.

6.1. Passive training experiment of the given trajectory
In order to analyze the passive training performance of the robot, the data are collected under load.
The weight and height of the experimenter are 65 kg and 175 cm, respectively. The feedforward
controller friction model parameters and the IMC controller parameters are as follows:

Parameters for DPFM: A1 =0.17, A, =0.2.

Parameters for VVM: 1; = 0.15, A, = 0.25.

Parameters for AAM:1; =0.09, A, = 0.23.

1) 1-DOF passive training experiment

The corresponding parameters of the 1-DOF passive training are set before the experiment.
The sinusoidal trajectory signal amplitudes of DPFM are set to 0.087, 0.174 and 0.348 rad, respec-
tively. The frequencies are set to 0.5, 0.1 and 0.05 Hz. The sinusoidal trajectory signal amplitudes of
VVM are set to 0.087, 0.174 and 0.348 rad, respectively. Moreover, the frequencies are set to 0.5,
0.1 and 0.05 Hz. The sinusoidal trajectory signal amplitudes of AAM are set to 0.087, 0.174 and
0.348 rad, respectively. Furthermore, the frequencies are set to 0.5, 0.1 and 0.05 Hz. Figures 8§-10
show the position tracking error curve of the robot in the presence of different swing amplitudes and
frequencies under load. It should be indicated that subfigures(a)—(c) correspond to DPFM, VVM and
AAM, respectively.

Figures 8—10 illustrate that the maximum error of the 1-DOF passive trajectory tracking is 0.021
rad, and the robot operation error is small. It is observed the steady-state error of the system remains
small as swing amplitude increases. Furthermore, the system following error increases from 1.3% to
5.4% as the swing frequency increases. The main reason is that when the frequency is too fast, the
influence of model uncertainty on the accuracy of the system increases.
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Fig. 11. Following curve of predetermined trajectory.

2) Predetermined trajectory experiment

The predetermined trajectory is measured according to the set of toe movement trajectory.
The training trajectory of each joint of the ankle joint rehabilitation robot is calculated based on
toe movement. Figure 11 indicates that the experiment is carried out in the case of load, given the
position curve of the two joint rotations. It can be seen from the curve that the mechanism is sta-
ble and the tracking error of the moving mechanism is basically the same as that for the individual
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DPEM active control angular acceleration curve. (f) VVM active control angular acceleration curve.

running position. The experimental results show that the coupling effect of the turntable in the low

speed state has no obvious effect on system operation and the robot can achieve the predetermined
trajectory training and stable operation.

3) 1-DOF autonomous trajectory passive training experiment

The main contents of the study include the position training control of DPFM and VVM. In the
position training control experiment, the compound 2-DOF IMC controller parameters are consistent
with the ones in the passive training control experiment. Moreover, the impedance training active con-
trol feedforward controller parameters are consistent with the parameters of the passive feedforward
controller. The parameters of the PI controller are set as follows:

Parameters for DPFM: k, =7, k; =32, k = 8.

Parameters for VVM: k, =9, k; =35, k= 8.

Before the autonomous trajectory passive motion experiment of DPFM, the three rotating mech-
anisms are in the initial state. The results of the robot’s active control follow-up experiment curves
are shown in Fig. 12(a)—(f).

The experimental curves indicate that the position following error is kept within 0.01 rad and the
angular acceleration is less than the sensory threshold (2.1 x 10~3rad/s?) of human body diagonal
acceleration. It can be concluded that when the patient is active in 1-DOF position control, the body
does not perceive the jitter of the robot.

4) 2-DOF autonomous trajectory passive training experiment
DPFM and VVM are selected to perform the 2-DOF autonomous trajectory passive control.
Before starting the training, the mechanism is set up in accordance with the exercise requirements.

When carrying out 2-DOF autonomous trajectory passive control, we need to select two mechanisms
and passive motion mode at the same time, set the sensitivity to be moderate, then click the start
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button to train. Figure 13(a)—(f) illustrates the results obtained from the experiment for the 2-DOF
autonomous trajectory passive control.

6.2. Impedance training active control experiment

A 1-DOF impedance active control is mainly used for DPFM and VVM. It should be indicated that
only one mechanism is allowed to exercise resistance active control at a time. The experiment mainly
includes two parts: (1) static loading thrust and tension, (2) dynamic loading thrust and tension. The
right foot is supposed to be the experimental body. The thrust and tension provided by DPFM depend
on the force of the forefoot, while the thrust and tension force provided by VVM is evaluated by the
force on the medial foot.

The active control of static loading is mainly used for the exercise of ankle joint tendon in the
early stage of muscle recovery, while the dynamic loading active control is mainly used in the late
recovery of ankle joint to provide a greater external force so that the peroneal muscle, soleus muscle,
tibialis anterior muscle and varus muscle can get a better exercise.

1) Static loading experiment

The length of the limiting amplitude-weighted sliding filter is set to 10 in the experiment.
Moreover, the weighted coefficients are 0.01, 0.03, 0.05, 0.07, 0.09, 0.11, 0.13, 0.15 and 0.19.
The experimental current curve and current error curve of the DPFM static thrust and tension loading
are presented in Figs. 14 and 15, respectively.

The current curve and current error curve of the VVM static thrust and tension loading are
presented in Figs. 16 and 17, respectively.
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During the experiment, it was observed that the motor torque increases as load current increases.
The current curve also changes when the footsteps are jittering. The maximum error of the

experimental current of VVM is 0.15 A. The change rate of the torque applied to the foot is small
and the robot runs smoothly.
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Fig. 18. Dynamic loading curves of thrust and tension. (a) Load current curve of DPFM. (b) Load current curve
of VVM. (c) Load position curve of DPFM. (d) Load position curve of VVM. (e) Load current error curve of
DPFM. (f) Load current error curve of VVM. (g) Load speed curve of DPFM. (h) Load speed curve of VVM.

2) Dynamic loading experiment

In the process of dynamic loading, the smoothing filter parameters are consistent with the ones
for static loading. During the experiment, the robot exerts a dynamic force on the foot. At the same
time, the experimental personnel change the force of the foot reaction to the robot. Figure 18(a)—(h)
shows the dynamic thrust and tension load curves of DPFM and VVM.

It is observed from the experimental results that the motor torque increases as load current
increases. On the other hand, when the footstep force is jittering, the current curve changes with
the external force and the robot can complete the load of the torque quickly and stably.

The experimental results show that the position following error is within 0.012 rad. The angular
acceleration is less than the sensory threshold of diagonal acceleration. The robot can move according
to the expectation of the experimenter. Moreover, the robot can run quickly and steadily.
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The experiments have been conducted to validate the performance of hardware and software.
Furthermore, the experimental results prove that the ARR achieves the purpose of the project.
The passive training experiment of the ARR for different amplitudes shows that the trajectory fol-
lowing error of the robot is basically kept within 0.012 rad. The commutation process and the low
speed process are the most influential time of nonlinear disturbance. It can be seen from the exper-
imental curve that the angular velocity of the three rotating mechanisms of the robot is relatively
gentle during the commutation process, and there is no obvious peak in the angular acceleration
curve. Moreover, there is no crawling phenomenon, which indicates that the control system plays a
significant inhibitory effect on nonlinear disturbances.

Through the human—machine experiments, it was found that the variation of the acceleration curve
is relatively large during the commutation process. This may be interpreted as follows:

1. When the nonlinear perturbation mathematical model is established, the mechanical clearance is
not compensated, because it is relatively small. However, for the high following frequencies, the
presence of clearance gives the following error curve a large spike.

2. Due to the limitations of the encoder resolution at low speeds, the feedback position signal is
seriously quantified, resulting in the fluctuation of control signal and additional tracking error.

3. The mismatch phenomenon exists in the controlled object model so that the composite 2-DOF
IMC controller cannot fully perform the control characteristics. Moreover, the controller parame-
ters should be optimized.

7. Conclusion

This paper presents a composite 2-DOF IMC controller for a new ARR, which focuses on a specific
control strategy. The specific function of the new ARR and examples involving the passive follow
function, active control trajectory follow function and impedance training function are presented in
this paper. The PID controller and the compound 2-DOF IMC controller are designed for position
control. It was demonstrated that the composite 2-DOF IMC controller significantly outperformed
the PID controller in terms of the control effect. The effectiveness of passive training of the given
trajectory and the impedance training active control strategy was proven by the human-machine
experiment. The obtained results show that the designed control system enabled a safe, stable and
reliable operation of the robot with a small following error.
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