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MISO Model Free Adaptive Control of Single Joint Rehabilitation
Robot Driven by Pneumatic Artificial Muscles*

Yi Li, Quan Liu, Wei Meng, Member, IEEE, Yuanlong Xie, Qingsong Ai, Member, IEEE, Sheng Q
Xie, Senior Member, IEEE

Abstract— Pneumatic artificial muscles (PAMs) are widely
used as actuators in the field of rehabilitation robots, but their
intrinsic compliance properties make it difficult to control
precisely. In this paper, an improved multiple input single
output model free adaptive control (MISO-IMFAC) method is
proposed for the modeling the uncertainty, high nonlinearity
and time-variability of the single joint rehabilitation robot
driven by antagonistic PAMs, so as to realize the high-precision
control of the joint angle. Considering the influence of the error
change of adjacent time on the actual control effect, a new
control law is formed by adding a term representing error
change to the original control input criterion function. The
experiment is carried out on a real rehabilitation robot and
four types of errors are used to evaluate the effectiveness of the
control system. The results show that the control algorithm can
improve the accuracy of angle trajectory tracking at different
amplitudes. Compared with original algorithm, the experiment
errors of MISO-IMFAC were significantly reduced. In addition,
the MISO-IMFAC still maintains stable performance in the
process of load variation and external disturbance.

I. INTRODUCTION

With the improvement of people's living standards, the
incidence of cardiovascular diseases also increases.
According to the world health organization (WHO), among
the top 10 causes of death in the world in 2016, stroke ranks
the second, becoming the biggest killer following ischaemic
heart disease [1]. Rehabilitation after stroke has become a
problem worthy of attention. The use of rehabilitation robots
helps patients recover more quickly from the injury after
stroke [2]. In fact, the robot can provide long-term and
quantitative rehabilitation treatment for patients, which is
similar to the treatment effect provided by therapists, and the
use of sensors also makes real-time monitoring possible. The
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evaluation becomes convenient, at the same time, there is
also a basis for the next rehabilitation program [3].

Rigid actuators have the possibility to cause secondary
damage to the human body, which is detrimental to the
patient's recovery [4]. Compared with rigid motors,
pneumatic artificial muscles (PAMs) are more compliant and
safer. The use of them as actuators meets the requirements of
safety, softness and comfort during the rehabilitation process.
The structure of the single joint rehabilitation robot driven by
PAMs is not complicated. On the one hand, the driving
method determines that the robot has the same advantages as
the PAMs. On the other hand, the similarity of human joints
makes the robot suitable for the rehabilitation of elbow, knee
and any other limb joint, which can greatly improve the
utilization rate of equipment.

However, the special structure of PAMs determine that
they have nonlinear and time-varying characteristics, which
makes it very difficult to control the robot driven by PAMs
[5]. A large number of people have been involved in related
research, using different control methods to control PAM and
the robot driven by PAMs. Taking PAM as the control object,
Chen et al. [6] proposed a T-S fuzzy logic control method
based on genetic algorithm optimization. The experimental
results show that this method can achieve ideal control
performance, and has the ability to improve control accuracy
while overcoming the jitter phenomenon of trajectory
tracking. Liu et al. [7] designed PID and two kinds of novel
sliding mode control methods. The experimental results show
that the novel sliding mode control method has more superior
performance in the position control of PAM. Considering the
characteristics of the exoskeleton rehabilitation robot driven
by PAMs, Tu et al. [8] used iterative learning control to
control the newly designed rehabilitation system, and the
robot realized repetitive task training for patients. Zhong et al.
[9] designed an adaptive controller based on BPNN, which
can track the position of PAM accurately. In addition, due to
the different advantages and disadvantages of different
control methods, there are also examples of combining
various control algorithms to control PAMs [10, 11].

Model free adaptive control (MFAC) algorithm is a
control algorithm that does not need any model information
of the controlled system and has better robustness than
model-based control algorithm [12]. Compared with other
model free control methods, MFAC algorithm has the
following advantages. The training of neural network model
needs huge data, so it is a challenge for data acquisition and
processing [13]. PID control belongs to the category of model
free control, but for the system of high nonlinearity and
time-variability, the effect of PID control is not ideal [14].
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MFAC algorithm has a variety of dynamic linearization
forms including compact format, which is suitable for various
systems, such as single input single output (SISO), multiple
input single output (MISO), and multiple input multiple
output (MIMO). The original algorithm and the improved
algorithm have been used to solve the control problems of
various real systems. Liu et al. [15] applied a new MFAC
algorithm based on a dual successive projection to automatic
driving to realize lateral tracking control during the driving of
the vehicle. When the speed was 5km/h and 10km/h, the
RMSE of MFAC was 0.1320 and 0.1472, respectively, which
were far lower than the traditional PID algorithm. Li et al. [16]
proposed a control scheme based on MFAC to solve the
problem of flexible integrated joint force control for
collaborative robots. The control method has the
characteristics of time-varying and uncertainty, which can
achieve high control performance. Based on the MFAC
method of MIMO nonlinear system, the data-driven
formation control of nonlinear multi-agent system is realized
by Zhang et al. [17] The simulation results show the
effectiveness of MFAC method.

Considering  the  nonlinear and  time-varying
characteristics of the single joint rehabilitation robot, this
paper proposes an improved multiple input single output
model free adaptive control (MISO-IMFAC) system to
improve the accuracy of angle control of the joint platform,
and the experimental results show the effectiveness of this
method. The rest of this paper is organized as follows:
Section II introduces motion principle and design of the
single joint rehabilitation robot and its mathematical
expression of kinematics and dynamics. Section III designs
the control system. In Section IV, the actual control
experiment is carried out and the results are obtained. Then
the conclusion is given in Section V.

II. SINGLE JOINT REHABILITATION ROBOT

A. Robot Design

PAM is a new type of actuator which can only contract.
When the PAM is inflated, under the action of air pressure, it
expands radially, resulting in its axial contraction. On the
contrary, when the PAM is deflated, it stretches axially, at
which time its length increases. The single joint rehabilitation
robot is driven by a pair of antagonistic PAMs, as shown in
Figure 1. This form is called pulley type. Besides, there are
lever type [18] and pendulum type [19]. Figure 1(a) shows
the initial state of the single joint rehabilitation robot. In this
state, the pair of antagonistic PAMs are inflated and
contracted to half of the contractible maximum length. When
the robot is in working state, as shown in Figure 1(b), the
PAMs on both sides are alternately inflated and deflated and
the joint starts to rotate under the action of the rope. At this
time, the connecting rod drives the patient's limb for
rehabilitation training.

B. Kinematics and Dynamics
When the initial joint angle is defined as O degree, the
kinematic equation can be expressed by (1).

Ly—1Ly
0= X 360 1
2nR M

where O is the joint angle, L, is the length of the single

S 3

X5
X0

)
56

50
X

V‘V
W

0

k
)

=

(b)

Simplified diagram of the single joint rehabilitation robot: (a) the
initial state (b) the working state

Figure 1.

PAM in the initial state, L, is the length of the left PAM in
the working state, and R is the joint radius of the pulley.

Because the length of PAMs always satisfy the
following relationship: Ly + L, = 2Ly = CONST, where L,
is the length of the right PAM in the working state, so the
above formula can also be expressed by (2).

Ly — Lo
6 =———x360 2
2nR @
If the mass of the load is defined as M, the dynamic
equation can be expressed by (3).

(F, — F,)R + MgLcosb = J6 + B6 (3)

where F; is the tension of the left PAM in the working state,
F, is the tension of the right side, ® and  represent the
first-order derivative and second-order derivative of the joint
angle respectively, | is the inertia of joint motion, B is the
joint damping coefficient, L is the distance from the action
point of the load on the connecting rod to the center of
rotation of the pulley joint.

III. CONTROL SYSTEM

A. MISO-MFAC Algorithm
MISO nonlinear discrete-time system can be expressed by

.

0k +1) = f(6(k),0(k —1),-,0(k
- ng),u(k),u(k - 1)! ,u(k (4)
- nu))

where u(k) € R™, 6(k) € R respectively represents the
input signal and the output signal at time k, and ng and n,
represent the system order respectively, both of which are
positive integers. f(:--) represents the unknown nonlinear
function.

Assumption I: each of the components of f(::+) has a
continuous partial derivative for the control input u(k).

Assumption II: for any k; # k,, ky =0, k, >0 and
u(ky) #uky) , 10(ky +1) —0(k; + 1)| < blluk,) —
u(k,)|l, where b is a positive constant.

In the case that the above two assumptions are satisfied,
the MISO nonlinear discrete-time system is equivalent to



A0k + 1) = 0.7 (k)Au(k) (5)
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where @.(k) = ¥z :(k) represents the pseudo gradient

(k)
(PG) of the system, and AO(k +1) =0(k+1)—6(k),
Au(k) = u(k) — u(k — 1). It should be noted that @.(k) is
bounded for any k.

Consider the control input criterion function expressed by
(6).

(u(k)) = 1684(k + 1) — 8k + 1)

+ Alule) —ulk — DII?

where 0;(k + 1) represents the desired output at time
k +1,and A isthe weight factor, which is positive.

(6)

Let a;gil((g ) = 0, and we can get the equation (7).
p@c()(04(k +1) — 6(k))
u(k) =u(k —1) + A+ 0.0 %

where 0 < p <1 is the step factor, which can make the
control algorithm more general.

@.(k) is a time-varying parameter, and its accurate value
is difficult to obtain. Therefore, the following equation (8) is
used to estimate the PG.

1 (.00)) = [26G0) - 8. (0 suck - 1)|
+ |80 — Bek — D|”

where u is the weight factor, which is positive.

®)

3)(Bc0))
8B (k)

= 0, and we can get the equation (9).
0.() =0k —1) +
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P1(k)
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where 0 <n < 2 is the step factor, and @.(k) = .
P (k)
is an estimate of @.(k).

In order to enhance the ability of the PG estimation
algorithm to track time-varying parameters, the following
reset mechanism needs to be introduced.

?:i(k) = ¢;(1),if @;(k) < b or sign(®;(k))
* sign(qﬁl(k)),i =1,---,m

Equations (7), (9) and (10) together constitute the
MISO-MFAC scheme. It can be seen that this scheme only
uses the input data and output data of the controlled system.
According to the information of the actual output signal and
the desired output signal, the scheme will automatically
update the PG and input signal, so as to achieve the purpose
of adaptive control. The PG is not sensitive to the time-delay
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Figure 2. Structure diagram of MISO-IMFAC system for joint platform

and time-varying characteristics of the system, so the control
scheme has strong adaptability and robustness.

B. MISO-IMFAC Algorithm

Proper usage of error information during control can
improve the control accuracy [20], so we redefine the control
input criterion function.

J(u() = Qilelk + DI* + Qzle(k + 1) — e(k)|?
+ Alu(k) —ulk — D2
where e(k +1) =6,k +1) — 6(k + 1), and Q,, Q, > 0.
They are also called the weight factors.

Let aia_(;l((:))) = 0, and we can get the equation (12).

an
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Therefore, equations (9), (10) and (12) together constitute
the MISO-IMFAC scheme. In the control process, desired
value, initial input and output signal, initial PG, and other
parameters, including the weight factors and the step factors,
need to be provided.

Proportional
Valve

PAM

Angle
Encoder
Joint

Figure 3. Experimental platform of the single joint rehabilitation robot



The single joint rehabilitation robot can be regarded as
an MISO system. The input is the control signal of two
PAMs, and the output is the joint angle. The designed
MISO-IMFAC system for joint platform is shown in Figure 2.
Starting from the actual angle and the desired angle, we can
get u(k) through three steps of the PG estimation, reset
mechanism and acquisition of the control input. They
correspond to equations (9), (10) and (12) respectively.
Under the action of the control signal, the actual angle of the
joint platform is obtained, so a closed loop is formed.

IV. EXPERIMENTS AND RESULTS DISCUSSION

A. Experimental Setup

Figure 3 shows the experimental platform of the single
joint rehabilitation robot. The upper end of PAMs (FESTO
MAS-20-400N) is fixed on a stable support, while the lower
end is free, which is connected to the joint by ropes. The
MISO-IMFAC program is written in LabVIEW. Control
signal sent by the control program is converted into an analog
signal by the data acquisition module (USB-7660BD) and
sent to the proportional valve. Angle of the pulley joint is
controlled by changing the air intake of the antagonistic
PAMs. The angle encoder (XYK-BMJ-2374-V12) is located
at the joint connecting rod. The measured angle signal is
converted into digital value through the data acquisition
device (NI USB-6210) and sent to the control program.

In order to better evaluate the effectiveness of the control
system, four types of errors are defined below.
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AVE = 10,(k) — 0(k)|,k = 1,2+, m

1 m
MAE = Ekzﬂwd(k) — 8k

(13)
AVME = max(|604(k) —0(K)|),k=12-,m

1
RMSE = E}(Z(ed(k) — (k)"

where AVE is absolute value of error, MAE is mean absolute
error, AVME is absolute value of maximum error, and
RMSE is root mean square error.

B. Experimental Results

In order to ensure the effectiveness of rehabilitation
training, it is necessary to control the angle of the joint
accurately. In consideration of the need to ensure the smooth
and slow motion and the suitability of the range of motion in
the process of limb rehabilitation, the desired rotation angle is
set as a sine curve with a frequency of 0.05Hz in this
experiment. Under the condition of no load, the desired angle
amplitude of the joint is 10 °, 15 © and 20 ° respectively. The
results are shown in Figure 4, 5 and 6.

Figure 4, 5 and 6 show the angle trajectory and error
trajectory when the desired angle amplitude is 10 °, 15 °, and
20 °, respectively. In the angle trajectory curve, the red curve
represents the desired angle of the joint. The control effects
of the MISO-MFAC and MISO-IMFAC schemes are
expressed by the blue curve and the green curve, respectively.
Change the desired angle amplitude to get multiple effects. It
can be seen from the experimental results that MISO-IMFAC
has better control performance, which can be more clearly
demonstrated after local magnification. The error trajectory
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Figure 6. Angle trajectory tracking and error trajectory results ( The
desired angle amplitude =20° )

Figure 7. Angle trajectory tracking and error trajectory results under
different loads

TABLE L TRAJECTORY ERROR RESULTS FOR ANGLE TABLE IIL TRAJECTORY ERROR RESULTS FOR ANGLE WHEN THE
LOoAD CHANGES
Amplitude =10° Amplitude =15° Amplitude =20°
load =0kg load =0.5kg load =1kg | load =1.5kg

AVME | RMSE | AVME | RMSE | AVME | RMSE
MISO- AVME 0.6236 0.7129 0.7434 0.7657
MEac | 08044 | 00256 | 1022 | 0.1102 | 13454 | 03146 RMSE | 00107 00142 0.0145 00149
MISO-
IMFAC 0.5339 | 0.0032 | 0.6236 | 0.0107 | 0.9059 | 0.0244

curve shows the AVE and MAE of the two algorithms.
MISO-IMFAC are in lower position, indicating that the
control effect of MISO-IMFAC is better than that of
MISO-MFAC. Table I shows the effect of the two control
methods from the perspective of data. Compared with
MISO-MFAC, MISO-IMFAC decreased significantly in
AVME and RMSE. Under different desired angle amplitudes
of the joint, the reduction of AVME is more than 30% and
the reduction of RMSE is more than 85%. In addition, it is
worth mentioning that with the increase of the desired angle
amplitude, the errors of both MISO-MFAC and
MISO-IMFAC increase, which is also within the expectation.

In this experiment, the pulley joint is connected to the rod,

on which a weight is suspended, which can be similar to the
contact between the connecting rod and the limb of the
patient. By changing the mass of the load, the limb weight of
different patients is simulated. In the experiment, four sets of
control experiments were performed using the MISO-IMFAC
scheme. The weight was Okg, 0.5kg, 1kg and 1.5kg, and the
desired angle amplitude of the whole process is guaranteed to
be 15 degrees. The results are shown in Figure 7.

After changing the mass of the load, the actual angle
trajectory curve does not change significantly, which is also

illustrated by the AVE and MAE data. Actually, such results
can be expected. As MISO-IMFAC is a data-driven control
method and does not rely on the system model, the change in
the system model caused by the change in load does not have
a large impact on the control effect. The numerical results
shown in table II illustrate this point more specifically. Let's
explain it in two sets of numbers. When the load mass
increases from lkg to 1.5kg, AVME changes from 0.7434 to
0.7657, and RMSE from 0.0145 to 0.0149. Their rates of
change are only 3.00% and 2.76%, respectively.

During the operation of the rehabilitation robot, there may
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Figure 8. Tracking results of angle trajectory under external disturbance



be external disturbances. To verify that the designed control
scheme has strong stability and anti-interference ability, an
angle tracking experiment under external disturbances was
also performed. As shown in Figure 8, the disturbance is
artificially added at two moments when the peak is about to
be reached and the rise starts from the trough. It should be
noted that the experiment was performed under the condition
of a desired angle amplitude of 18 degrees and no load.

At the moment when external disturbance was added, the
actual angle oscillated to a certain extent, and the maximum
errors were 4.17 and 2.76, respectively. Then, the oscillation
gradually decreases until it returns to normal. The
MISO-IMFAC method is characterized by strong stability
and robustness, which can be well proved by this experiment.

V. DISCUSSION AND CONCLUSION

In this paper, a MISO-IMFAC method is proposed to
control a single joint rehabilitation robot driven by PAMs. In
the actual robot system, several experiments are carried out,
including angle trajectory tracking under different desired
amplitude, different load, and different external disturbance.
The results show that the improved method has good tracking
performance for joint angles. Compared with the original
MISO-MFAC, the errors of MISO-IMFAC are significantly
reduced under different desired angle amplitudes, among
which the reduction of AVME is more than 30% and RMSE
is more than 85%. The load variation and external
disturbance experiments prove the stability and effectiveness
of the designed controller. MISO-IMFAC is not sensitive to
the change of load mass. Under the external disturbance, the
curve can quickly return to normal and achieve accurate
tracking. In the future, we intend to involve real patients. In
addition, human-computer interaction with compliant and
safe features and the modular design of robot software and
hardware are also the focus of the next work.
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