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Abstract: Presented is the application of the Feedback Linearisation Control (FLC) method for compensation of variations in
human masses for the restoration of sit-to-stand movement function with the aid of Functional Electrical Stimulation.
According to literature, enhancement of the control system of such arrangements, which is one of the promising techniques
employed is required to attain the desired goal. Hence, improving the system by making it more accurate and robust with aim
ushering such devices towards clinical acceptance. The FLC approach is employed, and effort is made to investigate the effect
of global human mass distribution as obtained in the literature. The plant is modelled by using the Newton-Euler and Euler-
Lagrange methods for the segment dynamics, and the muscles model is adopted from the previous works. The plant for the
study is the paraplegic subject and for sit-to-stand movement revival. The control system tries to maintain the stimulation
current optimum during the entire process. Results show remarkable improvements with a drastic reduction in the stimulation
current, the rate of change in the stimulation current, and the tracking error. Therefore, the system would have a drastic
enhancement in accuracy and delayed attainment of fatigue.
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1. INTRODUCTION

Functional Electrical Stimulation (FES) is a method popularly employed for revival lost movement functions as results of
injuries in the nervous system [1]. The fatalities of the human nervous could emanate due to occurrences of accidents, falls or
diseases. Additional essential applications of the FES are therapy and rehabilitation of movements [2-4]. The technique though
very useful but has not yet correctly pass clinical approval [5]. More improvement is required, and control systems have been
portraying fruitful results. A significant challenge worth addressing was that of different human mass distribution across the
world. The variations may require changing the controller operating variables to give appropriate levels of compensations. The
control system should be robust enough to accommodate that, so that the equipment will be universal making it efficiently and
effectively applicable for different subjects and hence the possibility of its users worldwide with just a little or no adjustments
[6, 7]. The scope of the study was limited as follows: it was for restoration Sit-to-Stand (STS) movement in paraplegia, the
significant disturbance under consideration are the changes in the subject’s mass, and it is a simulation work harnessing the
SIMULINK/MATLAB software.

According to the literature, the Proportional-Derivative (PD) control method was utilised by Tsukahera et al. [8] and
Fattah et al. [9] for the revival of the STS movement. The Proportional Integral Derivative (PID) was employed by Yu et al.
[10], Previdi et al. [11] and Pobonoruic [12] for a similar purpose. In their works, linear control techniques were utilised, and
researchers are of the view that such methods cannot adequately handle such systems due to their complexities attributed to
rigorous nonlinear nature [13, 14]. The Adaptive Network-based Fuzzy Inference System (ANFIS) and Genetic Algorithm
(GA)-ANFIS were used by Davoodi and Andrews [15, 16] in their simulation study for the STS restoration in paraplegia. The
PID-ANFIS technique was applied by Hussain et al. [17] and Massoud [18]. PID-Artificial Neural Networks (ANN) was used
by Afzal et al. [19] for the scenario. These control methods are categorised as intelligent based techniques. In reality, the
methods are also nonlinear, but the embedded intelligence make their representations very difficult with the aid of
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mathematical equations. The absence of these equations makes the methods very difficult for some essential analyses, such as
evaluating the levels of stability [20]. The Model Predictive Control was harnessed by Espanjani and Towhidkhah [21] for the
FES aided STS in paraplegic. Results obtained were encouraging, but the approach was quite complicated. The technique
employed in this paper is designated nonlinear and has the advantage of having explicit mathematical models apart from
improvement in the system performance. The Feedback Linearisation Control (FLC) scheme is worth exploring because it has
been applied for other forms of FES induced movements with relative success, and it is also a nonlinear control scheme.
Therefore, it is expected the dual advantages mention could be beneficial in tackling the issue of robustness while handling
different masses associated with humans around the world. The intention was making the device proficient in handling such
changes with minor or no need of adjusting of variables to cancel the effects.

2. METHODOLOGY

Figure 1 shows the simplified block diagram of the system under study. It has basically three components: The plant or system,
the controller or control system and the disturbance (effect of human mass). The various components are the controller,
stimulator, plant, desired trajectory and the output. The controller is a compensator which always tries to make adjustments to
annul for the changes in error e which is the difference between the desired trajectory, 6, and the output, 8. The controller
varies the pulse width, P,, of the stimulator which adjusts the amount of the stimulation current, i which is changed based on
the control signal/law, u. It is then sent to the knee muscle that produced torque used for the STS movement. The variable
mass block indicates how the mass of the paraplegic patient is changed between the lowest and highest levels for the
examination purpose. More descriptions about the system are discussed in the next section. The plant is the paraplegic subject
whose STS movement is facilitated by the FES. The movement is initiated when the appropriate muscles in the thigh are
stimulated. The mathematical model is obtained using the principles of robotics for the segment dynamics and the Ferrarin and
Pedotti [22] knee joint representation for the muscle model as given in Equations (1)-(3). w is the resting angle of the knee
joint, G is the gain, & is the time constant, g is the coefficient of dynamic friction, z, is the torque produced at the knee joint
as a consequence of stimulating the required muscles, t, is the dynamic torque and 7 the stiffness torque.

74 = Py G/(1 + 8s) 1)
Tp = 39 (2
s=0+71/2 - w) ?3)

The control system regulates the amount of stimulation current to achieve the desired movement efficiently. Although the
study focusses on the FLC, a gain scheduling controller based on the PID was used for comparison purpose. It is referred to as
the PID in the text. The recommended settings for the movement are 20-500 ps for the pulse duration, 10-50 Hz for the
frequency and 0-130 mA for the stimulation current [23, 24].

2.1 The Controller

The controller tries to make compensation using feedback via sensors. It compares the current output and the reference or
desired movement position. The compensation is done by increasing or decreasing the amount of stimulation depending on
the level of the system response. The equations of the control law are obtained, as [25, 26]

T=D(0)6+C(0,0)0 + g(6) 4)

The torque in the left-hand side of Equation (4) is obtained as the summation of Equations (1), (2) and (3). Equation (4)
is the generalised form of the model, which is obtained for the system under study using the Euler-Lagrange and Newton-Euler
methods. D(6)6 is the inertia matrix, C(8,6)8 is corriolis matrix and g(8) is the gravity matrix. These parameters are

functions of the various segment masses, lengths and angular orientations during the movement. The masses of the segments
would change depending on the mass of the subject.

Desired

Trajectory(ies) ’
O u/Pw i Output

Controller |l Stimulator L>‘7Pm}.|_>
e o

Figure 1. Block diagram of the system
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Note that the human body is approximated using four segments namely the shank, thigh, trunk, and above the shoulder is
categorised as the neck segment. Therefore, 7 isa 4 x 1 matrix, D and C vectors are 4 X 4 matrices and g is a 4 X 1 matrix.
The 7 are torques at the ankle, knee, thigh and the neck joints. The excitation was achieved at the knee joint, hence the
parameters in Equations (1), (2) and (3) are associated with it. The torque produced at the knee joint is governed by Equation
(1) and it can be seen that the variable that determines the level of torque is the pulse width of the current, P, and it becomes
the control signal, u. The other parameter as given by Equations (2) and (3) are substituted into C and g matrices respectively
in order to collect the like terms.

The plant model was then arranged in a canonical form, as shown in Equation (5). They are functions of the various
segment masses, lengths and angular orientations as they are obtained from Equation (4). Their details are not shown due to
lengthy nature.

6=r(0,60)+g(0,0)u ®)
O ded A1) (6)
g(x,t)
¥q + ek, + ek, — f(x,t) )
u =
g(x,t)
é+ ek, + ék, = 0; kyand k, = 0 8

f(e, é) and g(@, é) are assumed to be determinate (non-zero) and continuous, @ is the angle, 6 is the velocity of the angle, e
is the error in the angle, é is the rate of change in the error, € is the second order rate of change in the angle, k, and k, are the
controller parameters to be tuned. Equation (5) is the plant model in a canonical form and resulted to Equation (6) when the
control signal u is made the subject. The control law using the FLC is given in Equation (7) by making appropriate replacement
whose origin is Equation (8) and k; and k. are chosen to suit Equation (8).

2.2 Global Mass Distribution

The minimum mass considered is 45 kg, which correspond to about 53% of the mass of the paraplegic subject, which is 85 kg.
The maximum mass is 107 kg, which is about 26% above the subject. Literature shows that Koreans have the least weight,
which is nearly 45.7 kg. It also reveals the highest human mass in the case of the United States, which is up to an average of
89 kg [27-29].

3. RESULTS AND DISCUSSIONS

Figures 2-7 are the plots of the tracking response, the tracking errors, cumulative tracking errors, the control signals, cumulative
stimulation currents and the cumulative rate of change in the stimulation currents. Even though the tracking errors cannot be
seen clearly in Figure 2, but they are clearly shown in Figure 3. The root means square error (RMSE) are 269.7000 and 0.8406
with the PID and FLC, respectively, without disturbance. Hence, it indicates that an average error of around 260 times higher
will result in the PID compared to the FLC. As mentioned earlier, this property is vividly portrayed in Figure 3.

Figure 3 shows the plots of the Absolute Tracking Error (ATE) and Time Absolute Tracking Error (TATE). Apart from
indicating the levels of magnitudes of the tracking errors, it shows that the tracking error with the FLC approach zero while it
increases with time with the PID without disturbance. The increase in the tracking error with time is an indication of instability
in the case of the PID scheme. Figure 4 gives the resulted integral tracking error (ITE) and integral time tracking error (ITTE)
as 80.8103 and 323.2413, and 1.7973 and 7.1901 accordingly with the PID and FLC without disturbance, respectively.
Therefore, it can be seen that the PID has an estimated cumulative error of about 44 times higher than with the FLC.
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Figure 2. Tracking response without disturbance
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Figure 5. Control signals without disturbance
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Figure 6. Integral of stimulation currents without disturbance Figure 7. Integrals of the rate of change in stimulation current

As shown in Figure 5, the maximum control signals (MCS) without disturbance are 316.5532 mA and 19.8116 mA with
the PID and FLC, respectively. Hence, the PID requires 16 times higher amount of stimulation current. It also implies that the
peak stimulation current is below the threshold with the FLC, but it is about three times greater with the PID. Hence, this
clearly portrays the unsuitability of the PID for the application.

The integrals of the stimulation current (ISC) and the integrals of the time stimulation current (ITSC) are 182.1604 mA
and 728.6414 mAs, and 14.4031 mA and 57.6123 mAs with the PID and FLC respectively without controller, as shown in
Figure 6. It means the total amount of stimulation current required using the PID is 12 times higher than that of the FLC and
hence portrays another advantage of the FLC method. Figure 7 gives the integrals of the rate of change in stimulation current
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(IRCSC) and the integrals of the rate of change in time stimulation current (IRCTSC) as 3405.1000 mA/s and 13620.0000
mA, and 22.6749 mA/s and 90.6998 mA. It indicates that the rate of change in the stimulation current is around 149 times
greater than that of the FLC. This is also another desirable attribute of the FLC. High levels of the changes in the stimulation
current produce earlier exhaustion of the subjects.

Figures 8-13 portray the tracking response, tracking errors, integrals of tracking errors, control signals, integrals of the
stimulation currents and the integrals of the rate of change in the stimulation currents with 53% mass. Figure 8 shows the
tracking response, which resulted in the RMSEs of 76.2000 and 0.0487 with the PID and FLC, respectively. It shows that an

average tracking error, which is 1564 worse compared to using the FLC, resulted with the PID. Figure 9 is an illustration of
the tracking errors. It can be inferred as the previous situation where the errors with the FLC diminish with time and it is the
opposite in the case the PID and it entails system instability. The ITE and ITTE values are given by Figure 10, which are
37.8825 and 151.5301 respectively with the PID. They are 0.2954 and 1.1815 respectively in the case of the FLC. The results
show that the total amount of the average tracking error resulted in the FLC is 127 times better than that of the PID.

Figure 11 is the MCSs with the PID and the FLC control methods. The peak values of the stimulation currents used during
the transition obtained are 72.0630 mA and 10.5305 mA with the PID and FLC accordingly. The PID utilises 5.8 times higher
amount of current than the FLC, the amount for both the control scheme are below the threshold. Figure 12 gives the ISCs and
ITSCs for both control methods harnessed. Their quantities obtained are 54.5686 mA, 1218.2742 mAs, and 5.9543 mA,
283.8172 mAs with the PID and FLC respectively. Hence, the PID control requires 8 times the amount of the stimulation
current greater than the FLC. The IRCSCs and IRCTSCs are the plots in Figure 13, which are 1353.3000 mA/s and 5413.3000
mA respectively with the PID and 12.0013 mA/s and 48.0051 mA respectively with the FLC. It implies that the cumulative
amount of the rate of change in the stimulation current with the PID is about 111 times bigger than that of the FLC.
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Figure 8. Tracking errors with 53% mass
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currents with 53% mass

Figures 14-19 are graphs showing the tracking response, tracking errors, integral tracking errors, control signals, integral
stimulation currents and integral time stimulation currents, respectively with 126% mass. Figure 14 shows the disturbed
response with the PID controller and the FLC. An average tracking error approximated by the RMSE is obtained as 405.1000
and 0.0487 accordingly with the PID and FLC. It shows that the PID control is associated with 340 times error in comparison
to the FLC. The tracking errors, as shown in Figure 15, are similar to the previous ones. In the case of the FLC, it dies off
while for the PID based gain scheduling controller rises with time. Figure 16 is the cumulative tracking errors ITE/ITTE, which
in the case of the PID are 100.9881 and 403.9524 while they are 0.2954 and 1.1815 for the FLC. Hence, the total tracking error
of the PID based control method was 340 times greater than that of the FLC.

As shown with MCS in Figure 17, the control signal plots are 517.2153 mA and 25.0346 mA with the gain scheduling
based PID controller and the FLC, respectively. It implies that about 20 times higher amount of the maximum stimulation
would be harnessed with the PID compared to the FLC. That of the PID is even by far beyond the recommended value. Figure
18 is the graph of the cumulative stimulation currents with ISC and ITSC. Their quantities are deduced from the plots as
269.6443 mA and 1078.6000 mAs, and 14.1555 mA and 56.6218 mAs for the PID and FLC schemes respectively. Hence, the
PID method consumes 18 times higher amount of stimulation current than the FLC. Figure 19 is the plot of the rate of change
in the stimulation currents. The IRCSC and IRTCSC are 4315.7000 mA/s and 17263.0000 mA with the PID and they are
28.5138 mA/s and 114.0553 mA with the FLC. Therefore, the amount of the rate of change in the stimulation current was 150
times worse with the PID compared to the FLC.
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In terms of the recommended system specifications, the frequency is fixed, but the amount of stimulation current is varied
in order to achieve the control objective. That is to make the movement as accurate as possible within recommended settings.
The results without disturbance show that maximum amount the stimulation current utilised by the PID is about 16 times
greater than of the FLC, and the current also exceeds the threshold. Examination of the response with a minimum amount of
subject mass show that both the control schemes used amounts of currents less than the cut-off, but the PID utilised about 5.8
times higher than that of the FLC. The system with the peak amount of mass reveals that the PID consumed about 20 times
that of FLC and also around four times greater than the threshold. In terms of the cumulative amounts of stimulation currents
required as revealed using the ISC and ITSC, the margin is quite high in favour of the FLC. Results of other parameters
obtained also revealed the remarkable margin regarding the system performance. That is in terms of tracking accuracies as
portrayed by RMSE, ITE and ITTE. The possibilities of frequency changes which could be a function of the rate of change in
the stimulation current have the negative effect of causing early fatiguing of the subjects. It is evaluated by harnessing the
IRCSC and IRTCSC. Hence, the FLC performed remarkably well compared to the PID.

4. CONCLUSION

The application of the FLC for compensation of human mass variation in the revival of STS movement function utilising the
FES was successfully presented. Results showed improvement in the system by making it more accurate and robust, which
would help in making such devices to attain clinical acceptance. Literature however, indicates that the enhanced control system
is required in attaining the desired goal, and the FLC was evaluated on the effect of global mass distribution. Results show
remarkable improvements and hence, there was a substantial decrease in the tracking error, stimulation current and the rate of
change in stimulation current, and all these are favourable for the application.
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