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Abstract: - The main goal of designing the semi-active ankle prosthetic model is to simulate the job of the lost
limb. In the first, two PI controllers are designed to regulate motor speed and current. In the second, two FLCT1-PI
are designed. FLCT1-PI is designed to tune online the gains of the PI-controller. In the third, FLCT2-PI controller
is designed. FLCT2-PI is designed to tune online the gains of PI of the speed control only. The three stages of
control are compared. The results reveal that a Concise semi-active ankle-foot prosthetic with a FLCT2-PI method

is better than a FLCT1-PL
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1 Introduction

Transtibial amputees are becoming more common
around the world because of numerous traffic and
industrial accidents, as well as injuries sustained
during daily sports activities, [1]. A variety of ankle
prosthetics have been created to restore/assist below-
ankle amputees' loss of gait function. The ankle
joint's major job is to provide enough energy support
for the body to move forward, [2]. The control's
purpose is to steer the powered ankle prosthesis to
the specified ankle angle. To adjust the progression
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deviation, the general control algorithm is to apply
mechanical torque to a controlled ankle prosthetic.
There are many types of controllers that can be
applied to the Concise semi-active ankle prosthetic
CSAAP.

The Conventional PI Controller Technique
CPICT can be used in the CSAAP model because of
the simplicity of the position and speed controls of
the DC electric motor DCEM. It is important for the
system to determine the proportional (P), and integral
(I) parameters of CPICT. The signal constraint [3]
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method is used to determine these gain parameters.
However, there are some problems, such as
determining the maximum gain value for the given
control system or finding the oscillation period in this
method. Intelligent controllers are frequently used in
many areas and provide very good results. These
controllers have special calculation features for
solving specific problems. The fuzzy logic controller
type-1 (FLCT1) has been widely used in recent years.
FLCT1 is described as a set of rules, that can be used
to describe the action of complex systems that cannot
be defined mathematically. FLCT1 has attracted
great interest in numerous fields such as production
techniques, decision-making, nonlinear approach,
data analysis, modern information technology, and
pattern recognition. Recently, one of the most
remarkable research topics is the Fuzzy Logic
Controller Type-2 (FLCT2) structure. Due to the
difficulties of implementing this controller structure
in recent years, academics and scientists have not
shown enough interest. Because FLCT2s have better
modeling of uncertainties than FLCT1s, and have
better results in complex systems. In addition,
FLCT2 ensures a robust and adaptive structure for
high-performance control against system
uncertainties and parameter changes, [4], [5]. So, the
FLCT2 is used to control the CSAAP model in this
work.

For the past two decades, research in the field of
control has continuously inspired the use of FLCT2s
design. Several researchers have demonstrated
FLCT2s for various applications. For the mobile
robot's route tracking issue, the authors of [6]
presented an FLCT2-PID controller in a cascade
control architecture. The control parameters of
FLCT2 are optimized using a Big Bang—Big Crunch
optimization = methodology, which has low
computational time and faster speed of convergence.
The results confirm that the optimized FLCT2-PID
controller performance is superior to optimized
FLCT1-PID and PID controllers. The development of
FLCT2-PID controllers for redundant robots was
most recently presented in [7]. For various
applications, like the inverted magnetic levitation
system [8], AVR [9], etc., several researchers have
investigated the simulation of FLCT2s. Finally, this
thorough analysis of the existing literature
demonstrated the variety of applications made
possible and made it evident that FLCT2s
consistently ~ outperform  their = conventional
counterparts in numerous applications. For the
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control of four benchmark linear and nonlinear
plants, the authors [10] suggest an interval type-2
fractional order fuzzy PID IT2FO-FPID controller,
which is an extension of fractional order calculus on
FLCT?2. Developing an FLCT2-PID controller using
the proposed type-reduction method, which combines
the conventional PID controller with the FLCT2 to
improve the system performance compared with the
FLCTI1-PID controller, [3]. The speed of DCEM is
controlled using FLCT2. DCEM is controlled using
FLCT2 and CPTCT to indicate the dynamic
performance of FLCT2, [4]. An optimal interval
FLCT2 is designed for the speed control of DCEMs.
An FLCT2 is implemented for the speed control of
DCEM for the cases of series and shunt, [5].

In this work, the Concise semi-active ankle
prosthetic CSAAP has been designed and developed
using the CAD-CAM program. Mechanical design of
the CSAAP model can simulate the motion of a non-
amputee, but not exactly, because there is no control
system. The CSAAP prototype is imported into
ADAMS for dynamic analysis. The model of the
CSAAP in ADAMS is then imported into
MATLAB/Simulink for control system design. A DC
motor is used to regulate the performance CSAAP
model. The speed and current of the DC motor are
regulated using two CPICTs. Then, for precision
control, a Fuzzy logic controller type-1 is designed to
tune online gains of Pl-controllers (fuzzy logic
control type-1-PI (FLCTI1-PI) controller). And
Fuzzy logic controller type-2 is designed to tune
online gains of Pl-controllers, fuzzy logic control
type-2-PI (FLCT2-PI controller). A simulation
model is designed to show the comparison between
these controllers in MATLAB/Simulink. The paper is
arranged as follows, section two displays the
mechanical design of the CSAAP model, and section
three explains the control design for the model. After
that, the design of CPICT, FLCT1-PI, and FLCT2-PI
controllers is presented. There is a comparison
between the CPICT, FLCT1-PI, and FLCT2-PI. The
results show that the FLCT2-PI controller has
superior responses while the comparison to the
CPICT, and FLCT1-PI controller. The final section
displays the conclusions of this research.

2 Mechanical Design of the Ankle-

Foot Prosthesis
The CSAAP model [11], [12], [13] consists of active
and passive components that work together to
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generate total positive power at the PSAAFP joint
during walking's stance stage. The Figure 1 system is
displayed in a figure that was created with the help of
a cad cam application. The CSAAP prototype has a
carbon fiber foot, actuator, leaf series springs, and
parallel springs with a cam profile mechanism in this
design. The carbon fiber foot is utilized to attenuate
shock during heel-strike. A DCEM, pulleys, a belt,
and a screw bolt are the main components of the
actuator. The CSAAP is actuated by a DCEM in
response to the actuator's requests for torque, speed,
and peak power. A pair of custom pulleys and a belt
are used to transfer spin from the DCEM's output to
the screw bolt. The DCEM's velocity is reduced by
using the pulley-belt transmission. The pulley-belt
transmission dissipates shock and vibrations from the
outside world. Maximum accuracy and sensitivity are
required in ankle joints, and a screw bolt nut is
utilized to ensure that the artificial limbs continue to
move effectively and efficiently. In terms of
operation stability, dependability, and transmission
efficiency, pulley drives utilized for rigid
transmissions always perform well, [14]. In addition,
the screw bolt nut transfers rotational to linear
motion.

When the transmission fails to meet bandwidth
requirements, the leaf series springs are used to
increase the level of series elasticity, preventing the
transmission from being destroyed during heel
striking, [15], [16]. The nonlinear parallel springs
system consists of a cam, a follower, and a spring
element. The nonlinear parallel springs mechanism
was created to simulate human ankle dorsiflexion
stiffness, and the cam profile was designed in [15].
The cam shape has a specially designed ramp piece
that allows the springs to be unloaded by twisting the
ankle enough in the plantarflexion direction. On the
device's top is a traditional pyramid adapter, which is
used to connect the device to a patient's prosthetic
socket. The CSAAP model is being developed. The
model behaves like a non-amputee ankle after using
the series and parallel springs and cam. There is a
reduction in the amount of energy used. The
PSAAFP model [17] meets the design requirements
and intended angle-torque.

The CSAAP is modeled. The modeling of
CSAAP consists of the motor, leaf series springs, and
parallel springs. The leaf series springs are used to
increase the level of series stiffness that adequately
protects the transmission from damage during heel
strike fails to satisfy bandwidth requirements.
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Fig. 1: The model of the CSAAP in CAD - CAM
program

The parallel springs are used to reduce torque
and power requirements to realize the reference
torque T, (N.m), [18] the actuator provides the
active torque T, (N.m),

Tac = T — Tips (1)

Typ (N.m) is the produced torque by the
parallel spring. For linear passive springs, the
torque Ty, while can be expressed in terms of the
angular displacement for motorf,. and parallel
spring's stiffness constant K,,(N.m) as:

Tkp = —Kpbac — Ko, (2)
where K,(N.m) is the preload of the springs and
equal to 0 N.m. This expression can be generalized
for a nonlinear nth degree polynomial spring to:

Thp = — 2i%00ac Ky, = — O Ky, 3)
where transpose is denoted by superscript T, 0,, is a
vector containing a geometric progression of
O, (rad) up to power m:

O, =1[1 62 6% ...... omT @)
and the vector K, contains the m+ 1 nonlinear
spring parameters:

Ky = [Kpo K1 s oo ooes K] (5)
and the angular displacement of the motor can be
determined from:

Oac = Or + T, /K, (6)
where 0,.(rad), K;(N.m) are the required angular
displacement and series springs stiffness constant
respectively. To find the angular speed, the angular
displacement must be differentiated with respect to
time:

Oac = 6; + T:/K, (7)
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Motor power is finally the product of motor

torque T, and the derivative of the angular
displacement:

Poe = Tocbae  (watt),

Poc = [T — Tkp] [6; + T:/Ks], 3

Ppe = [T + 017;1 Kp] [6; + Tf/Ks]

3 Control of Ankle-Foot Prosthetic
The control system [12], [13] for the PSAAFP was
designed and implemented using
MATLAB/SIMULINK and a DCEM. After the
PSAAFP has been modelled using CAD-CAM, it
must be regulated. A dynamic analysis must be done
prior to control. Figure 2 depicts how the PSAAFP
prototype is put into ADAMS for dynamic analysis.
The most typical prototypes imported into ADAMS
are ground, components, joints, and other prototypes.
The prototype of the PSAAFP in ADAMS is
imported into MATLAB/Simulink as shown in
Figure 3, and the control simulation system's block
diagrams are produced using the CPICT first, then
the FLCT1-PI, and then the FLCT2-PI. The DCEM
that is used in the CSAAP model, can be modelled by
using the following equation, [19]:
Vo = iR+ LT +E (9)
where
Vi, 1s voltage applied in DCEM.
L is winding inductance.
R is winding Resistance.
E is back emf of the motor.
T, =)52+Bw+T, (10)
where
T, is Electromagnetic torque in Nm.
J is Moment of inertia.

dow .

d—‘: is Angular speed.

B is Friction coefficient.
T, is Load torque.

4 PI1-Controller Design

The CPICT [12], [13] are still the most widely used
control structure and used to control the PSAAFP
model. This is mainly because CPICT has simple
control structures, affordable price, and effectiveness
for linear systems. The CPICT 's primary role is to
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set a suitable proportional gain (KP) and integral gain
(KI) for optimal control performance. CPICT
parameters can be adjusted in a variety of ways; in
this model, we'll apply the signal constraint, [3], [20].

The standard speed S,-(t) is the beginning point
for the CSAAP’s control mechanism. The DCEM's
feedback speed S,,(t) is compared to the standard
speed. The CPICT parameter is set to the difference
between the reference and feedback speeds e(t). This
CPICT's output is reference current u,.(t).

u () = kpe(t) + k; [ e(t) dt (11)
e(t) = S(t) — Si(t) (12)
The DCEM's feedback current u,,(t) is

compared to the reference current. The difference in
current between reference and feedback ec(t)is
incorporated into the second CPICT algorithm. The
voltage V (t) is the output of the second CPICT. This
voltage is entered into the DCEM model. The
DCEM's parameters can be found in [21]. Figure 4
shows a circuit of the control system of the virtual
PSAAFP prototype produced in MATLAB/Simulink
using the CPICT approach.

V() = kyec(t) +k; [ec(t)dt
ec(t) = u(6) — up(t)

(13)
(14)

Due to its linear structure, the CPICT is usually
not effective if the system to be controlled has a high
level of complexity, such as, time delay, high order,
modeling nonlinearities, vague systems without
precise mathematical models, and structural
uncertainties. For these reasons, a CPICT is
combined with a FLCT1 to achieve a better system
performance over the CPICT. The FLCTI-PI is
developed to improve the system performance rather
than CPICT, [3].

Fig. 2: the model of the CSAAP in the Adams
program
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Fig. 3: Control plant generated by ADAMS
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Fig. 4: the control system of CPICT algorithm

5 FLCT1-PI Controllers

The expression FLC [13] is done in human language.
A FLC converts linguistic control strategies into FLC
control strategies, and the fuzzy rules are constructed
using the knowledge of an expert or a database.
Figure 5 (Appendix) displays a MATLAB/Simulink
of the FLCT1-PI. Two FLCT1-Pls are used in the
control system. Two FLCT1-PIs are used in the
control system. The wvariable inputs of the first
FLCT]1 are the error (e) and the change of the error
(de) of the speed. The first FLCT1's variable output
alters the CPICT's parameters, after which the CPICT
determines the reference current. Second, the error
(e) and the change of the error (de) of the current are
the variable inputs of the second FLCTI1. The
variable output of the second FLCT1 is then
processed using the CPICT to adjust the output
voltage from the power source that supplies the
DCEM. Due to their internal integration operation,
FLCT1-PI controllers perform poorly for higher
order processes during the transient period [3].
Despite the significant improvement in system
performance with FLCT1s over their CPICT, it
should also be noticed that they are usually not
effective in those cases If the system that needs to be
controlled contains system uncertainties because the
normal FLCT1s can only handle a small amount of
data uncertainty directly. The FLCT1's fundamental
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flaw is that it is unable to handle the linguistic and
numerical uncertainties that are connected to
dynamic, unstructured environments found in the
actual world, [3], [10].

6 FLCT2 Systems

FLCT?2 is generally applied to the system where the
uncertainty is present in terms of nonlinearity
between input and output. The FLCT2 can minimize
the effect of uncertainties and disturbance, [10]. The
FLCT?2 sets are extremely helpful in situations when
it is challenging to define an exact membership
function for a fuzzy set since they can model such
uncertainty due to the fact that their own membership
functions are fuzzy. The general structure of FLCT2s
is illustrated in Figure 6. As it is clear, the structure is
almost like the structure of FLCT1s. Both the FLCT1
and FLCT2 have the same four components, which
are a fuzzifier, a rule base, a fuzzy inference engine,
and an output processor. Furthermore, unlike a
FLCT1, the output processor generates a
FLCTloutput using the type-reducer or a crisp
number using the defuzzifier. A FLCT2 also has IF-
THEN rules, but type-2 sets make up its antecedent
or consequent sets. When conditions are too
ambiguous to precisely identify membership grades,
FLCT2 can be utilized. They have various uses,
notably in control systems. The FLCT?2 is a special
case of the FLCT2. They spread the uncertainty
equally among all major memberships that are
acceptable and are easier to work with than generic
FLCT2. The FLCT2 has been applied to various
fields with great success, [3], [9].

T
Crisp Outputs
¥

Crisp Inputs
=

Type-2 input
Tuzzy sets

Fig. 6: General structure of FLCT2s

6.1 Structure of FLCT2

The controller structures of FLCT2 and FLCT1 are
comparable. The defuzzification stage is the primary
distinction between these controller topologies.
Because the defuzzification process uses membership
functions and because they differ structurally from
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one another, membership functions are divided into
type-1 and type-2 categories. The type reduction
procedure is one of the key characteristics that sets
FLCT2 apart from FLCTI1. Figure 7 also displays
type-1 and type-2 triangular membership functions.
The following is an expression for:
B = (x,yB(x))/Vx eX (15)
where the membership level of the variable x in the B
set, represented by ug(x) ranges from 0 to 1. Since
each variable x has a membership level between 0
and 1, the uncertainty cannot be represented. Use of
the type-2 membership function is necessary if the
membership level of a variable is not fully known
and cannot be calculated.

-
e

% 0 i 5 P
(a) (b)

Fig. 7: Triangular membership functions a) FLCT1
b) FLCT2

The FLCT?2 set seen in Figure 7(b) can be expressed
by B, and the following equations can explain it.
B = {(x,w), (us(x,w)/Vx € X,Vu € J¥ c[0,1]}

B=f ), kaCrw)/(xw ], <[04]

(16)
(17)

In this case, X is the input variable's domain, X is
its value, u is an FLCT2 set's primary grade, J is its
primary membership, and pz(x, u)is its secondary
membership function.

B= [y he) 1/1s06w) e [0,1] (18)
where /,,c [0, 1] and [ denote the union of all valid x
and u. The combination of all secondary sets after
defuzzification can be represented as follows:

B= [y e, /1] /x 1 0,1] (19)
6.2 Interval Type-2 Membership Functions

Upper and lower membership functions are the
building blocks of an interval type-2 membership
function. A classical type-1 membership function is
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comparable to the upper membership function
(UMF). For all conceivable input values, the lower
membership function (LMF) is smaller than or equal
to the higher membership function. The footprint of
uncertainty is the region between the UMF and LMF
(FOU). The UMF, LMF, and FOU for a type-2
triangle membership function are depicted in the
following diagram, Figure 7, respectively, [22]. For
FOU [4], the following equation can be given.
FOU(E) = UVxeX]x = {(x, u):u E]xg [0' 1]} (20)
The FOU of FLCT2 Figure 7 is bound using two
type-1 membership functions. B of UMF and LMF
are shown by:

fig(x) = FOU(B),vx € X, (21)
uz(x) = FOU(B),vx € X (22)
Thus, Jx is an interval set, given by:

Je = {w:u € [up(0, i)} (23)
So that FOU(A) in Eq. (20) can be given as:

FOU(B) = Uyrex |15 (), 5(%)) (24)

For continuous universe of discourse X, an

embedded FLCT2 B. is:

Be= [ [1/ul/x, uejy (25)
Note that Eq. (25) means: B,:X —

{u:0 < u < 1}. The set B, is embedded in B such
that at each x it has only one secondary variable (i.e.,
one primary membership whose secondary grade
equals 1). Examples of B, are z(x) and
1/ug(x),vx € X.

6.3 Type Reduction and Defuzzification

The aggregate FLCT2 set is first reduced to an
interval FLCT1 set, which is a range with lower limit
yi and upper limit y,, to determine the final crisp
output value for the inference process. The centroid
of the FLCT?2 set is a frequent name for this interval
FLCT1 set. The centroids of all the FLCT1 sets that
are embedded in the FLCT2 set make up this
centroid, in principle. Four built-in type-reduction
techniques are supported by the Fuzzy Logic
Toolbox program. The initialization strategies,
presumptions, computational effectiveness, and
terminating circumstances of these algorithms vary.
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Crisp input and crisp output can be used to
illustrate the input to output mapping, which is
illustrated as y = f(x), where function
f( )represents the fuzzy operations. You can
identify this FLCT2 as FLCT2. The FLCT2 operates
as follows: while only type-0 and type-1 fuzzification
are feasible with FLCTI1, type-0 and type-1
fuzzification is only possible with FLCT2. The rule
base is represented, like in FLCT1, by a set of IF—
THEN statements. Typically, an expert person or the
results of a numerical analysis are used to supply the
rule base. So, using N rules as a starting point, the
generic rule structure of TSK FLCT?2 is as follows:

R™:1F x; is X' and..... x;is X' ...... and x; is XI*,
THENyisY"n= 1,2,....,N (26)

In Eq. (26), X!(i=1,2,...I) are the
antecedent membership functions and Y™ = [y, 7]

are the consequent membership functions. This
equation establishes a relationship between output
space 'y € Y and the input spaces, x; €
X1 X ...xx; € X;,. Here y" and y" can be crisp

consequences of linear functions as follow:

y'=aix +-+afx +b" (27)
—n —n —n -—n
y =ax1++ax+b (28)

where the resultant coefficients for underline, a'x; +

ot alx;+b"and ayxg + -+ ajx + b are the
same (crisp numbers). The entire FLC is FLCT2 if
either the antecedent or the consequent are modelled
as FLCT2. In reality, the FLC is regarded as an
FLCT?2 if all of the antecedents and consequents are
modelled as FLCTIs but at least one input is
fuzzified as an FLCT2s. The inference engine maps
the input FLCT2s to produce output FLCT2s using
the rule basis.

For a crisp input vectorx' = (xj + x5 + -+
x7), the output calculation steps of the FLCT2 are as
follow:

(1) The input FLCT2s can be defined in terms of
membership interval of each x; on each X' , ie.,

[E;{in(xl{ ), Hgn (] )],i =12,..,I,n=12....,N
(2) The total firing interval of the n" rule is:

Fix) = [fra)F @] = [ )=

1,2,...,N (29)
where both can be denoted as
) = pgn(ey ) e pgn (x7 ) (30)
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—n

f )= l_iqu(x{ ) ok l_l;z;l(xll) (31)
where, product operation or minimum t-norm is
denoted by *.

(3) TR and defuzzification are the two phases that
make up the output processing block. The TR stage,
which converts the fired rule consequent sets into
FLCTls, is crucial. There are several potential TR
approaches. Each of these draw’s inspiration from
FLCT1's defuzzification techniques. F™(x") and the
appropriate rule consequences are combined using
the TR. The most popular technique is a centre of
sets (COS) type reduction, which is provided
byYeos(x') as:

Tn=1 Y™

NS (32)

Yeos(x') = Uf"ef"(x = [y ¥ ]

yneyn

In above Eq. (12), the two end points, y; and y, are
defined as:

— —n—=n
Z$z=1yn£n+ Sn=rs1Y T
—n
Zﬁ=1£n+ Ih=rs1f
_n
Yh=1 YU+ Yn=L+1 yur

ShooF +EN

(33)

Yr =

(34)

The iterative KM technique can be used to find
the switching points in this case, which are L and R.
(4) The type of reduced set defuzzified to crisp
output by only averaging the y; and y, points, i.e.,
crisp output, [3], [10].
y= 2 (35)
For the modified plant, the type-2 FLC exhibits
more durable performance. A type-2 FLC's
performance can be enhanced by employing a
different: » FOU [22]; « Rule base; * Number of rules.

7 FLCT2-PI Controller

A superior control performance in terms of stability
and robustness against system uncertainties and
environmental disturbances is the main goal of the
controller design. A straightforward upper-level
intelligent controller and a lower-level classical
controller make up the suggested control system. The
development of the antecedent of fuzzy rules for
control applications was typically preferred to the
error (e) and modification of error (e) parameters.
Therefore, the antecedent part of the rule-based in
this proposed controller uses the error signal and the
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change in error signal. Typically, the CPICT is
implemented as follows:

u(t) = kye(t) +k; [e(t) dt (36)
et) = ¥ (t) — ym(t) (37)
where k,,, k;, are the proportional, and the integral,
gains respectively. The letters u, ym, and yr,
respectively, stand for the controller output, the
process output, and the set point. Signal constraint is
used in the CPICT to modify the values of k p and k i
in Eq. (30). The performance of the traditional
controller will be improved over a broad operating
range by creating a rule based FLCT2 framework
that allows these parameters to be changed online in
response to changes in the process state without
much operator involvement. The way the FLCT2
operates is as follows: the input interval FLCT2 sets
are first created by fuzzifying the crisp input from the
input sensors (FLCT2s). The inference engine and
rule base are activated by the input FLCT2s to create
the output FLCT2s. The FLCT2 rules will not change
from the FLCT1, but the FLCT2s will represent the
antecedents and/or consequences. A mapping from
input FLCT2s to output FLCT2s is provided by the
inference engine, which combines the fired rules. The
kind of reducer then processes the FLCT2 outputs of
the inference engine, combining the output sets and
performing a centroid calculation to produce FLCT2s
known as the type-reduced sets. The type-reduced
sets (or approximate type-reduced sets) are
defuzzified (by taking the average of the type-
reduced or approximate type-reduced set) after the
type reduction procedure to provide crisp outputs [3].
A MATLAB/Simulink of the FLCT2-PI control is
shown in Figure 8. The error (e) and variation of the
error (e) of the speed are the initial FLCT2's variable
inputs. The variable output of the first FLCT2 adjusts
the KP of the speed CPICT.

Figure 9, Figure 10 and Figure 11 show the
initial FLCT2 and input variable memberships. For
each input, five membership functions are chosen.
One output as displayed in Figure 12 and five
members made up the proportional gain. Negative
Large (NLU), Negative Small (NSU), Zero (ZU),
Positive Small (PSU), and Positive Large are the
members of the inputs and outputs, respectively
(PLU). Each input has five fuzzy memberships, thus,
there are a total of 25 fuzzy rules in use. Table 1
shows these regulations for the first FLCT2. The
error (e) and the change of the error (e) of the speed
are the second FLCT2's variable inputs. The variable
output of the second FLCT2 adjusts the KI of the
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speed CPICT. Figure 13, Figure 14 and Figure 15
display the second FLCT2 and input variable
memberships. For each input, five membership
functions are chosen. Integration gain had five
memberships, and there is only one output that is
displayed in Figure 16. Each input has five fuzzy
memberships, thus, there are a total of 25 fuzzy rules
in use. Table 2 lists these regulations. The CPICT
then determines the reference motor current.

glin)
Fig. 8: The block diagram of the FLCT2-PI control
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Fig. 16: Membership function of K; of speed CPICT
for the second FLCT2

Table 1. The rules applied in the CPICT for K,

De | NL NS V4 PS PL
e
NL M B VB B M
NS S M B M S
Z S S M S S
PS S M B M S
PL M B VB B M

Table 2. The rules applied in the CPICT for K

De | NL NS Z PS PL
e
NL B B VB B B
NS M M B M M
Z S M M M S
PS M M B M M
PL B B VB B B

8 Results and Discussion

This section compares the effectiveness of the
CPICT, FLCT1-PI, and FLCT2-PI controllers. The
reference speed and the DCEM's output speed while
utilizing CPICT with fixed gains are depicted. When
the FLCT1-PI and FLCT2-PI controller algorithms
are employed. Figure 17 displays the response
system of CPICT (Red), FLCTI1-PI (Blue), and
FLCT2-PI (Gray) controllers. The output of the first
CPICT (Black) and the output current of the DCEM
(Red) utilizing the CPICT with fixed gains, the
output of the first FLCT1-PI (Green) and the output
current of the DCEM (Blue), and the output of the
first FLCT2-PI (burgundy) and the output current of
the DCEM (Gray) are displayed in Figure 18. The
findings indicate that FLCT1-PI performs marginally
better than the single CPICT algorithm. Two loops
are present in the system control. Every loop in the
FLCT1-PI contains FLCT1-PI, whereas only one
loop in the FLCT2-PI contains FLCT2-PI. As a
result, FLCT2-PI's reaction system is a little better
than FLCT1-PI's response system.
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Fig. 17: System responsem;sing CPICT, FLCT1-PI,
and FLCT2-PI

Fig. 18: Current of rnotomri
FLCT1-PI, and FLCT2-PI

The PSAAP system is not constant. The weight
of the amputee may be increased, or the amputee
carries anything, so the load may be increased. The
parameters of the DCEM may also be increased. In
practice, the resistance and inductance of DCEM
may be increased with increasing temperature. In the
simulation, the load and the parameters of DCEM are
increased by 20% and 50%. Figure 19 the reference
speed (Black), the output speed of model using
CPICT (Red) with fixed gains, the output speed of
the model when FLCT1-PI (Blue), and the output
speed of the model when FLCT2-PI (Gray) when the
load and the parameters of DC motor are increased
with 20%. Figure 20 the output of the first CPICT
(black), the output current of the DCEM using
CPICT (Red) with fixed gains, the output of the first
FLCT1-PI (Green), and the output current of the
DCEM when FLCT1-PI (Blue), and the output of the
first FLCT2-PI (Orange), and the output current of
the DCEM when FLCT2-PI (Gray), when the load
and the parameters of DC motor are increased with
20%. Figure 21 shows the reference speed (Black),
the output speed of model using CPICT (Red) with
fixed gains, the output speed of the model when
FLCT1-PI (Blue), and the output speed of the model
when FLCT2-PI (Gray) when the load and the
parameters of DCEM are increased with 50%. Figure
22 shows the output of the first CPICT (Black), the
output current of the DCEM using (Red) with fixed
gains, the output of the first FLCT1-PI (Green), and
the output current of the DCEM when FLCT1-PI
(Blue), and the output of the first FLCT2-PI
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(burgundy), and the output current of the DCEM
when FLCT2-PI (Gray), when the load and the
parameters of DCEM are increased with 50%. The
results show that FLCT1-PI and FLCT2-PI controller
algorithms can adjust the system when the load and
the parameters of the DC motor are increased by 20%
and 50%. The FLCT1-PI controller algorithm may be
better than the FLCT2-PI controller algorithm
because FLCT]1 is applied to tune the parameters of
two CPICT and FLCT2-PI is applied to tune the
parameter of one CPICT.

Fig. 19: System response using CPICT, FLCT1-PL,
and FLCT2-PI when the parameters increase by 20%

: S |
w%&\; LS W \ g H@r""
P e

1 \"

Fig. 20: Current of motd;“response using CPICT,
FLCT1-PI, and FLCT2-PI when the parameters
increase by 20%

Fig. 21: System response m;;sing CPICT, FLCT1-PI,
and FLCT2-PI when the parameters increase by 50%

Fig. 22: Current of motor response using CPICT,
FLCTI1-PI, and FLCT2-PI when the parameters
increase by 50%
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9 Conclusions

The current CAD computer technologies give
powerful, easy-to-use functionality that automates
tasks and helps quickly define and validate the form,
fit, and function of prosthetic design. In this paper,
the mechanical design of the novel CSAAP is studied
and reviewed. It is like the lower limb joint of the
human body, and it can better meet the humanoid
requirements of artificial legs. The virtual prototype
of CSAAP is simulated based on the CPICT.
Simulation results show that the CSAAP can follow
the target trajectory well. This paper presents a
FLCTI1-PI and FLCT2-PI control approach of the
human lower limb. The proposed strategy achieved
good tracking performance compared to a healthy
limb joint displacement, even in the presence of
perturbation. Comparisons are made for the system
with CPICT, FLCT1-PI, and FLCT2-PI controllers.
The performance of the transtibial prosthetic limb
using these controllers is also shown. The results
show that implementing FLCT2-PI and FLCT1-PI
controllers in the system gives better performance.
The results reveal that a CSAAP with a FLCT2-
Pland FLCT1-PI controller method outperforms a
PICT alone. And in simulation, the load and the
parameters of the DC motor are increased by 20%
and 50%. The results show that FLCT2-PI and
FLCT1-PI controller algorithms can be adjusted
when the load and the parameters of the DC motor
are increased by 20% and 50%. In the future, the
FLCT2-PI control needs to be developed, and this
model will be applied practically.
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Fig. 5: The control system of the FLC1-PI control
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