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Accepted Feb 14, 2020 or the angle commands. Meanwhile, each patient may have different scenario
of therapy from the others. When progress on the patient exists, the range
Keywords: of the flexion may be increased step by step. Therefore, the treatment can be
different in term of the range of flexion from time to time. This paper proposes
CPM CPM with hybrid proportional integral derivative (PID) and iterative learning
ILC controller (ILC). The system has capability in learning the trajectory tracking.
Learning algorithm Therefore, the CPM will be able to follow any load or trajectory changes
PID applied to it. The more accurate CPM machine can follow the trajectory

command, the better its performance for the treatment. The experiment showed
that the system was stable due to the PID controller. The tracking performance
also improved with the ILC even there exist some disturbances.
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1. INTRODUCTION

A continuous passive motion (CPM) machine is a mechanism that works according to rehabilitation
theory of a continuous and repetitive passive motion [1]. This movement has the purpose in medical practice
to recover injured limbs motoric function [2]. the function of a CPM is it may reduce the therapist’s workload
at the hospital [3]. CPM is expected can be programmed to do a repetitive movement in flexing and bending
the patient’s muscle.

Some accidents on the knee may cause problem in the anterior cruciate ligament (ACL). The accidents
usually make strong impact or hyperextension. In this case, sometimes surgical reconstruction of the ACL must
be conducted [4]. ACL injuries are common for some active people [5]. ACL is the most important component
for the knee movement. The main function of ACL is to control posterior translation of the femur when
the tibia is fixed [6]. Patient with ACL rupture usually need a surgical treatment using tissue autografts or
allografts [7] to restore the pivoting spots [8].

After the surgery, early treatment that usually conducted is passive rehabilitation to minimize swelling
and pain, but mostly to bring back the range of motion. Passive rehabilitation is moving the limbs while
the muscle remains relax. If it is not done by a therapist, it can be done by a CPM machine [9]. According to
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some researches, by using CPM machine, significant range of motion gain from 7 to 22 degrees has been
reported [10-16]. Another reported that during the hospital stay, CPM machine increase the speed of knee
flexion recovery [16-19].

Some CPM machine use On/Off control. However, some researchers using proportional integral and
derivative (PID) controller, a linear and simple controller to control the CPM machine [20-22]. To handle
the non-linear dynamics of the CPM, PID with Neural Network algorithm was also proposed [23]. However,
variation of loads may affect the trajectory tracking of the CPM. Iterative learning control (ILC) is a relatively
new algorithm that is able to learn and fix a trajectory tracking control problem of a repetitive works [24-26].
CPM machine works in repetitive way. This paper explains the development of a knee CPM machine and its
control algorithm using PID-ILC. The goal is having a knee CPM with capability to track the trajectory
reference in the presence of various load from the patient’s leg.

2. RESEARCH METHOD

A knee CPM machine was designed and manufactured for the prototype. The machine was actuated
by a dc motor. To control the motor, a PID-ILC controller was developed and implemented to the system.
The mechanical, electronic, and the controller design are explain in this chapter.

2.1. Mechanical design

The structure is made from stainless steel and aluminium. The drawing of the design is shown in
Figure 1. The 3D design of the CPM prototype is shown in Figure 2. The final result of the hardware is shown
in Figure 3. The controller and the dc motor driver including the adaptor are put in one box. The the shank
support has sponge and covered with vinyl sheet. It also has vinyl strap to hold the patient leg during machine
operation. In this case we measure and control the angle of the hip joint (b). The angle was measured from
the convertion of the encoder value. Figure 4 shows the hardware test on an adult’s leg. It shows also the ratio
or the proportion of the hardware size to an adult’s leg. The straps used to hold the leg so it can follow
the CPM movement.
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Figure 2. There dimensional drawing of the CPM
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Figure 4. Leg test on the CPM

2.2. Electronic design

The CPM movement is generated by a rotational movement produced by a DC motor. By using a
crank slider mechanism, the rotational movement is translated into linear motion. The rotation of the motor is
read by using a rotary encoder attached directly to the dc motor shaft at the back. The information of the actual
position of the motor is sent to the microcontroller. The position information then will be compared to
the trajectory defined and then the error will be manipulated using proportional, integral, and derivative term
inside the PID controller. The performance along the trajectory was recorded. The performance in each
particular point of the quantized trajectory is compared to the previous one and manipulated using proportional
and derivative term inside the ILC controller. The manipulated variable from the ILC was sent and add up to
the PID output. The correction signal from the ILC will refine the control signal of the PID. The controller
uses Arduino UNO board, and the DC motor driver uses VNH2SP chip that has many advantages such as
polarity, over voltage, and over current protection. The detail of the electronic diagram is shown on Figure 5.

power

Arduin UNO power supply

Figure 5. Electronic diagram of the dc motor control
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2.3. PID and ILC controller design

Proportional Integral and Derivative (PID) controller was invented in 1910, owned by Elmer Sperry’s
ship autopilot. The popularity of the controller even grown more since the tuning methods was introduced by
Ziegler and Nichols in 1942 [27-28]. PID controller is a controller that calculates the difference between
the desired values or Set Point (SP) to the actual value or the output. The difference between SP and output is
called the error signal. The error signal then to be processed based on proportional, integral, and derivative
terms to get the manipulated variable or the control signal. However, despite of its popularity, even PID
controller only consist of three gain to be tuned, it still hard to do. There are still a large number of badly tuned
PID controllers on a process plant [29].

Iterative Learning Control (ILC) is a controller that improves the trajectory tracking by leaning from
previous task. The previous task means a complete tracking of the whole trajectory from start to end.
The conditions that should be fulfilled before using the ILC are:

— Itis a repetitive work on a same trajectory.
— The starting and ending position should be the same.
— The system should be stable.

The accuracy of the tracking is improved from one repetition to the next repetition. The system should
be a stable system before the ILC is implemented. This is done by the PID controller. In combining PID and
ILC then the PID gains should be set to low values but stable. Even the tracking is poor due to the low gain,
ILC will adjust the manipulated control signal until the desired trajectory is achieved [30]. Control signal of
ILC is determined from

u]' = u]'_l + kde]_l(t) + kpej_l(t) (1)

the hybrid PID-ILC is formed by adding signal from ILC to the PID algorithm. Thus, the controller becomes:

upip = kpe;(t) + kqé;(t) + k; [ e;()dt + u; 2)
with the variables are:
Uj . ILC control signal,
€] : error signal,
j . iteration number,
Ko : proportional gain,
Kq : derivative gain,
Ki . integral gain.

The block diagram of the PID-ILC controller is shown in Figure 6.

—t— memory

Figure 6. Block diagram of hybrid PID-ILC

3. RESULTS AND ANALYSIS

The CPM was given a triangle wave trajectory input. The variables being controlled are the amplitude
of the wave that indicates the angle of the hip joint on the CPM. The PID constant setting is usually done when
the CPM has no load on it. Loads may disturb the control system of the CPM. Additional load from patient’s
leg can change the trajectory tracking response. Theoritically Iterative Learning Control fixes the trajectory
tracking within particular time in repetitive way. Figure 7 shows from the experiment that even the PID
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controller has been tuned properly, but some load applied have changed the trajectory tracking. It did not affect
much on the rise time, but the stedy state error was increased significantly. The amplitude reduced 6 degrees.
Three degrees less from the maximum position and three degrees from the minimum position.

Figure 8 shows that PID-ILC controller is able to return the trajectory tracking to the trajectory
reference. On the first repetition, the PID-ILC produced small overshoot, but later it was able to manage
the oscillation to meet the trajectory reference. After four repetitions, the system was able to return to
the trajectory reference. Another experiment is with lower PID constant gains set. In the beginning, the system
could not track the trajectory reference. However, after several iteration, the system was able to track
the trajectory even with initial low PID gain. Figure 9 shows the system response with PID control only and
the gains were set low. There are steady state errors. Figure 10 shows combining with ILC, the PID controller
after seven iterations the system was able to track the trajectory reference.
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Figure 8. (a) PID-1LC controller tracked back the trajectory reference after disturbance,
(b) after four repetitions PID-ILC perfectly track the trajectory reference
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Figure 10. PID-ILC response system

4.  CONCLUSION

The CPM machine has been developed and controlled successfully using PID-ILC controller.
The mechanical part is able to support the patient leg. All the joints movement are smooth. The proposed hybrid
controller successfully controls the system. The system is able to track and follow the trajectory given in
the presence of disturbance or load. Well tuned PID controller has 6 degrees steady state error in the appearance
of load. However, the PID-ILC able to return the trajectory reference after the 4th repetition. PID-ILC is able
to recover the steady state error of a low gain PID controller after 7 repetition. The capability of tracking
the trajectory reference will guarantee the system to follow any set of particular patient rehabilitation scenario
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