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Artificial heart pump (AHP) is employed to replace the native damaged
heart and perform its functions. Bearingless brushless DC (BBLDC) motors
are used for the implementation of the AHP. BBLDC motor is a highly
nonlinear model with uncertainties and its mathematical model is hard to be
found accurately. In this paper, BBLDC motor is simulated. Proportional

plus integral (P1) controller is proposed to control the rotor suspension
current. Furthermore, a type 2 proportional plus integral plus derivative-like
Keywords: fuzzy logic controller (T2 PID-Like FLC) is proposed to control the motor
Artificial heart rotor (X, y) positions. Particle swarm optimization (PSO) technique is

. employed to find the best controller scaling factors and to optimize the
Bearingless motor controller inputs membership functions distribution within its universe of
Brushless DC motor discourse. Simulation results showed enhancement in levitating the rotor to
Particle swarm optimization the required position, when using T2 PID-like FLC as compared with using
Type 2 fuzzy logic type 1 PID-like fuzzy logic controller. The enhancement is measured using
integral of absolute error (IAE) as a cost function to achieve 64.18% and
81.81% in the x and y axes respectively. The Performance of the motor is
enhanced by 20%, which decreases the rotor oscillation and increases the
ability to withstand the system disturbances and nonlinearity.
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1. INTRODUCTION

In recent year’s miniature mechanical pumps are introduced as a ventricular assist device (VAD),
for patients whose suffering from immedicable heart diseases, which introduced interesting control problems
such as the speed of the motor control and rotor bearing control [1]. Magnetic bearing technology is usually
used in the manufacture of VADs pumps its introduced as a solution to the problems caused by the
mechanical and hydrodynamic bearings. This technology offers a great advantage by suspending the pump
impeller without any connections which elements the mechanical friction and wear and it’s also offers a great
reliability and functionality [2].

Bearingless brushless direct ccurrent (BBLDC) motors are mostly employed for the manufacturing
of the heart pumps due to its small size, high speed, and reliability. Concurrently, it has a complex
mechanical system and its control system requires building speed, torque, suspension current, and rotor
position controllers. In the BBLDC motors, the stator slots have two sets of windings: one for generating the
electromagnetic motor torque and the other is generating the rotor suspension magnetic forces [3]. Due to this
mechanical structure an interaction between two magnetic forces, the one responsible for generating the
electromagnetic torque and the other for generating the suspension magnetic forces, affect the performance of
the BBLDC motors and causes high nonlinearity effects. Because of the coupling effect any change of the
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load torque subjected to the motor will affect the performance of the suspension forces and causes a shift in
the reference rotor position [1]. Intelligent fuzzy controllers are one of the most intelligent controllers
employed to control nonlinear systems due to its ability to handle the nonlinearity and uncertainty with high
efficiency. Type 2 proportional plus integral plus derivative-like fuzzy logic controller (T2 PID-Like FLC) is
a generalization of a traditional type 1 proportional, integral, and derivative-like fuzzy logic controller (T1
PID-Like FLC). This suggests that uncertainty isn't just restricted to linguistic variables; it also exists in
membership functions [4].

The artificial blood pump's design and control approaches have piqued experts' interest in recent
years. For the pump studies, various types of motors, bearings, and controls are used. You and Yang [5]
presented a nonlinear variable gain proportional plus integral plus derivative (PID) Two passively controlled
radial magnetic bearings and a single axis axial artificial blood pump are controlled by this controller. They
used a rotor with significant disturbances and compared the results of a regular PID controller with a
nonlinear PID controller to keep the rotor levitated in the correct position. The performance is confirmed by
the presence of magnetic force disturbances. Sun et al. [6] a bearingless synchronous motor was
demonstrated. They introduced a neural network inverse method controller as well as two internal models of
degrees of freedom. The primary purpose of this research was to achieve decoupled control of the motor
speed and magnetic suspension force. A BBLDC motor with torque ripple suppression control was presented
by Sun et al. [7]. A direct torque control with current prediction control was used to achieve this goal. The
suspension was controlled using a PID controller. They concentrated on motor torque control to reduce the
ripple caused by motor electronic commutation over a wide range of speeds. In both high and low-speed
regimes, they discovered that torque ripple was much reduced. Diao et al. [8] presented an adaptive
proportional plus integral (P1) speed and adaptive Pl suspension controllers. An improved bacterial foraging
algorithm was proposed to find controllers parameters in an online optimization process. Most of the studies
used a simplified model of the real nonlinear model without considering the coupling between the two
systems and the disturbances that may affect motor stability.

In this paper, a BBLDC motor bearing system control, utilized in the manufacture of an artificial
heart pump, is simulated and controlled with the the aid of MATLAB/Simulink. It studies the control of the
suspension forces of a blood pump impeller derived by BBLDC motor. With the presence nonlinear coupling
effects between the torque forces and the suspension forces. In addition, the effect of subjecting a load torque
is considered, which causes a disturbances effects on the suspension forces. Also, an initial eccentricity, of
the rotor from the required position, is considered to ensure the control successes to suspend the pump
impeller successfully. The purpose of this study is to offer an effective intelligent controller for the rotor
suspension force in order to improve the behavior of the artificial blood pump and ensure that it can survive
coupling effects and disruptions without putting the patient's life in danger. Additionally, to see if the
improvement made with the proposed controller can be employed in such a delicate application.

For the suspension current a, a Pl controller is employed. It basically changes the power supply
current according to the rotor position in order to be stabilized in the required position. T2 PID-Like FLC is
suggested to control the rotor position, since this control can deal with the system uncertainty and
nonlinearity with high efficiency. A comparative study is introduced between a T1 PID-Like FLC and a T2
PID-Like FLC in controlling the motor model. For the T2 PID-Like FLC particle swarm optimization (PSO)
technique is introduced to find the best controller scaling factors, the best gains of the PI current controller,
and to find the best input membership functions (MFs) distribution in the universe of discourse all in the
same time. For the T1 PID-Like FLC, the PSO technique is employed to find the best fuzzy logic controller
scaling factors and the best PI current controller gains in the same time. An integral multiplied by the
absolute value of error (1AE) is used to measure the system performance of levitating the rotor to the required
position.

2. MOTOR MATHEMATICAL MODEL

The BBLDC motor has two sets of windings in the single stator tooth: one for the motor
electromagnetic torque generation and the other for rotor levitation force generation [9]. The single tooth
concentrated coils cause highly nonlinear coupling between the electromagnetic torque and suspension force
generation [7]. Figure 1(a) presents the winding arrangement for BBLDC motor. A four-pole bearing is
presented by al-a2, bl-b2, and c1-c2 while the three-phase motor windings are A, B, and C. Figure 1(b)
shows the suspension windings arrangement, the stator teeth in the two sides of the start are wound with the
same phase windings [10]. It is required to control the currents in the two windings so that exciting phase
changes every 30° [1].
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Figure 1. Winding arrangement for BBLDC motor: (a) phases distribution on the stator teeth and
(b) the suspension windings arrangement on the stator teeth [9]

2.1. Principle of electromagnetic torque generation

The motor function is achieved when the motor windings in the stator teeth are excited. The
principle of torque generation in the proposed BBLDC motor is the same as that in conventional three-phase
brushless DC motor [1]. The three-phase motor's voltages and currents have a certain relationship [11]:

Va Ry 0 0]]i4 4 Lag Lap  Lac||ia €
Vg| =10 Ry O0]]ig +% Lga Lgg Lgc||ig|+|€8 1)
Ve 0 0 Rgllic Lea Lep Lecllic €c

where V,, V5 and V, are the stator voltages of phases A, B, and C respectively, R, is the resistance of the
torque windings, the three phases' self-inductances are L4, Lgg, the mutual inductances between them are
Leey Lags Lacy Lpay Lpe, Lea @nd Leg, ; the three phases' currents are iy, ig, and ic, are the three phases
B-EMF and the three phases is e4, ez and e.. The electromagnetic torque (T) is calculated using the (2) [12].

T = P(Aef (B)ia + Acf (B = iy + Aef (B + ic) 0

Where P is the poles number, A, is the flux linkage's maximum value for a permanent magnet (PM), f(6,) is
the rotor position flux function, which has a trapezoidal shape. The motion equation of the system is (3) [12].

T—T, =] =4 B.wy 3)
Where T,, represents stands for torque applied to the load, J is the rotor moment of inertia, B represents the
viscous friction coefficient, and w,, is the motor rotational speed. The basic equations for the mathematical
model of the BLDC motor can be found in (1)-(3).

2.2. Principle of suspension force generation
The motor and suspension currents create and manage the suspension magnetic forces required for
successful rotor suspension. In the x and y directions, the suspension forces are represented as (4) [13].

cos2(6+%)  sin2(6+%)

Fx — W l:sd (4)
E sin 2(0+§) —cos 2(9+§) “lisq

Where M is the mutual inductance between the torque and suspension windings' derivative, I, is the
equivalent current for the torque winding and magnets in the ‘d-q’ rotational coordinates, 6 is the motor
rotational angle, ¢ is the angle between the permanent magnet and the torque current positions, The g-d axes
currents of the suspension windings are is; and i,,. In the 'd-q' rotational coordinates, the equivalent current
for the torque winding and magnets is [14]:

Ime = 1Ip +]Iq (5)
Q= tan~1 -2 (6)
Ip
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where I, is the PM equivalent current and I, represents the torque current amplitude. The armature reaction
is a coupling between the torque magnetic linkages created by winding inductance and the PM magnetic
connections [14]. Also, disturbances may be present in the magnetic bearing system such as delay influence,
which may represent a lag element. Another disturbance is the interference in two perpendicular axes if the
angular position of the spinning magnetic fields is incorrectly assessed or detected by the controller [14].
The mechanical system of the magnetic bearing specified in the x-axis has a transfer function of (7) [13].
x Kix

iy MSZ—Kyy

()

Where m is the rotor mass, K;, represent the force-current factor in the x-axis, and K,, is the force-
displacement factors. The characteristic equation (m s? — K,., = 0) shows the absence of a first-order term in
the denominator, as well as a negative term (K,,), indicates that the system is unstable [14].

3. MOTOR SIMULATION AND CONTROL

The BBLDC motor simulation and control are accomplished with the aid of MATLAB/Simulink.
The BBLDC motor simulation is a complex process that requires a good knowledge of the power electronics,
electrical systems, control systems, and mechanical systems [15]. Figure 2 illustrates the simulation model of
the motor. It is built as two control systems (motor and bearing) with four controlling units: rotational speed
control, torque current control, rotor position control, and the suspension forces currents control [16]. In this
paper, the bearing system control is studied, it is controlled with two control units, the first unit is for the
rotor position control and the second unit is for controlling the suspension current. Intelligent fuzzy logic
controllers are employed to control the (X, y) position control while a conventional Pl controller is proposed
for controlling the current. PWM-enabled power electronic circuits deliver the required voltages to the
suspension windings, resulting in the required current for rotor position adjustment. A delay in the rate of
change of current must follow the controller signal very quickly, or the rotor may strike the stator
inner-surface, inflicting significant damage.
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Figure 2. Simulation model of the BBLDC motor [16]

For the rotor position control, a T1 PID-Like FLC and T2 PID-Like FLC are used and compared.
The suspension system block as shown in Figure 3. To levitate the rotor, the inputs are currents and
suspension forces. The rotor weight, force-current factor, and force-displacement factor all influence the
amount of suspension forces [17]. When constructing a suitable suspension controller, the presence of an
external disturbance should be taken into account [18]. To control the rotor position in the x and y axes
compared with the rotor reference position, a fuzzy controller is designed to generate the appropriate
suspension forces.
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Figure 3. The BBLDC motor's suspension system [17]

3.1. Type 1 fuzzy logic controller

There are many known structures used in the design of the PID-like fuzzy logic controller (PID-like
FLC). It may have three inputs depending on the used structure. Figure 4 shows the employed structure of the
PID-like FLC. Two inputs are established, error and change of error, which make it more efficient for real-
time implementation [19]. The structure is a proportional plus derivative (PD) connected to a Pl like fuzzy
logic controller, it is named as a PID-like FLC. For controlling the BBLDC motor with the presence of the
coupling effects and disturbances, a Sugeno inference method is utilized. Figure 5 shows the membership
functions (MFs) for the position error (e) and the change of error (ec) [19]. Figure 6 illustrates the two inputs
MFs distribution in the universe of discourse of [-1.5 — 1.5] [19]. Figure 6 shows the output MFs distribution
in the universe of discourse [19].

Negative big (NB), negative small (NS), zero (ZO), positive small (PS), and positive big (PB) are
the five linguistic variables for the MFs (PB). Table 1 illustrates the fuzzy controller rules employed in the
BBLDC rotor position control. The rules are chosen depending on the expected response of the system to a
specific input to the system depending on past experiences of the system behavior [19]. The PSO technique is
used in this case to simultaneously optimize the fuzzy controller scaling factors and the PI current controller.
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Figure 4. The PID-like FLC position controller's basic structure [19]
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Figure 5. Membership functions for the inputs Figure 6. Membership functions for the output
(e and ec) of the T1 PID-like FLC [19] (u) of the T1 PID-like FLC [19]
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Table 1. T1 PID-like FLC rules [19]

\&NB NS zO PS PB

3.2. Type 2 fuzzy logic controller

The type 2 fuzzy logic controller, which is a generalization of the type 1 fuzzy logic controller, uses
membership functions to cope with system unceratinity in three dimensions. The uncertainty in type 2 fuzzy
controllers is not confined to the linguistic variables, but also extends to the membership functions. It
successfully deals with the difficult-to-determine nonlinearities. It is divided into two types: the first
generalizes type 2 and the second, known as interval type 2, is a simplification of the first [20].

For the BBLDC rotor position control, an interval T2 PID-like FLC is suggested, with a PID
structure similar to that shown in Figure 4, with two inputs, the error (e) and change of error (ec), and a single
output (u). Four scaling factors (M1, M2, M3, and M4) need to be optimized to ensure the best controller
performance. A Sugeno interval type 2 (IT2) fuzzy system is suggested. The product T-norm is used to
calculate the firing levels, and the enhanced Karnik-Mendal (EKM) algorithm is used to discover the crisp
output using the center of sets type reduction plus defuzzification approach. For each input, three T2 MFs are
recommended: two Trapezoidal shoulder MFs and one interior Triangular MF. Within the range of [1.5-1.5]
is the universe of conversation [19]. For the MFs, three linguistic variables are used: negative (Nv), zero
(Zo), and positive (Pv). The T2 PID-Like FLC rule base is listed in Table 2 [21]. When compared to a
T1 PID-Like FLC, a T2 PID-Like FLC can be built with fewer MFs and rules, lowering the computational
cost [22]. Different parameters can be tuned to provide the greatest performance for the T2 PID-Like FLC.
Optimizing the endpoints of the higher MFs (NU, ZOU, and PU) and the lower MFs (NL, ZOL, and PL) and
their distribution in the universe of discourse is one of these parameters [23]. Figure 7 shows three MFs, to
perform the optimization process for the MFs ends points. These points, X; X, , and X5, are kept constants
during the optimization process representing the limits and the center of the distribution range [4]. In this
scenario, the PSO technique is used to simultaneously optimize the MF endpoints, fuzzy controller scaling
factors, and PI current controller.

Table 2. T2 PID-Like FLC rules

ec

€ Nv Zo Pv
Nv Nv Nv Z0
Z0 Nv Z0 Pv
Pv Z0 Pv Pv

Xs X5 Xs X7 Xg Xg X10

Figure 7. Distribution of the T2 PID-Like FLC membership functions for each input

3.2. Particle swarm optimization (PSO) technique

Several optimization techniques may be employed to optimize the performance of a specific system.
PSO is one of the most popular optimization techniques. It simulates birds flock (swarm) when it searches for
food. Each bird (particle) has a specific position, weight, and speed, and move around a specific search

Particle swarm optimization based interval type 2 fuzzy logic control for ... (Raghda Saad Raheem)



820 a ISSN: 2502-4752

space [24]. The particle's movement depends on its own best-known position and the entire swarm
best-known position. They are updated continuously until it reaches optimal performance. In (8) and (9)
represent the mathematical representation for the updated particle speed and velocity respectively [25]:

Vi1 = W. Ve + €. (Ppest = Xi) + C2. (Gpest — Xi) (8)
Xit1 = Xj T Vigq 9)

where v,,q, X4, are the updated values for the particle's velocity and position, respectively, v,, x, are the
current values of velocity and location, respectively, w is the weighting gain, c,, c, are the learning factors,
Ppest are the best parameters values, and Gy, is the best-optimized value.

The enhancement in the performances depends on optimizing a specific function known as the cost
function. Because the error values evaluated by the cost function are typically quite small, a performance
requirement is used in the system's design to determine the controller's efficiency [25]. These criteria come in
a variety of forms. The type of response the system should provide determines which criteria to use. For the
BBLDC motor optimizing, an integral of the absolute value of the error (IAE) is employed, since it doesn't
add weight to the error [26].

4.  SIMULATION RESULTS

The employed BBLDC motor has two sets of windings in the single stator tooth, with four
permanent magnets mounted in the impeller surface. The impeller works as the motor rotor. Hall-effect
sensors are employed to measure the radial position of the rotor and the position shifting from the rotor
position Table 3 lists the BBLDC motor parameters used in the simulation [27]. Type 1 and type 2 fuzzy
controllers are suggested to control the rotor position system with similar operating conditions. Coupling
effects between motor and bearing functions are considered depending on (4)-(6). Two types of disturbances
are presented in the simulation process; delay influence and interference effect between two perpendicular
axes. The rotor is assumed to have an eccentricity from the required position of -0.4 mm and -0.6 mm in the x
and y axis respectively. The speed of the rotor is fixed to 7000 rpm and a load torque of 51 mN.m is
subjected at 0.4 sec. Since coupling effects are considered, this load torque will cause a disorder in the rotor
position. The rotor reference position is set to (0,0) in the x and y axes. The fuzzy controllers must be able to
tolerate the system's high nonlinearity and disturbance effects while elevating the rotor to the necessary
position without hitting the stator inner surface. The cost function for the PSO technique is set up to
incorporate the IAE estimated from position responses as well as the 1AE calculated from current answers [25]:

Frotor = 1* [, lexldt +nx ["|ey|dt) + f % Fopnes (10)

where [, n, and fare weighting factors that have been chosen as positive values with the following condition:
l+n+f =1, e, is the error measured by the x-axis suspension controller, while e,, is the error measured by
the y-axis suspension controller, and F,..; is the current PSO technique's cost function, and it's used to select
the optimal variables out of 13 parameters. The PSO parameters used to discover the best controllers'
parameters are listed in Table 4. Table 5 also shows the optimal input MF parameter values, which specify
the distribution of MFs in the universe of discourse. Figure 8 shows the optimized MFs used in the control of
a BBLDC motor's rotor suspension when a T2 PID-Like FLC is used to control the rotor.

Figure 8. Optimized MF distribution, for the T2 PID-Like FLC inputs MF
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Table 3. Parameters of the blood pump [27]

Quantity

Value

Axial length of the rotor
Axial length of the PM
Thickness of the PM

Outer diameter of the rotor
Outer diameter of the stator

Air gap length

Back-electro motive force constant
Hall sensors sensitivity

No. of suspension force windings
No. of torque windings

Remnant flux density

Average torque
No-load speed

12.5 mm
7 mm
3mm
28 mm
70 mm

0.75 mm

0.0147 V.sec/rad

5 mV/Gauss
80
40
138T
38 mN.m
24000 rpm

Table 4. PSO parameters

PSO parameter

Value

maximum iteration

No. of particles
No. of variables
51
C2
Inertia

100
30
13
15
15

0.5+(rand/2)

Table 5. T2 PID-Like FLC MF parameters

Point Value
%, -1.5
X, —1.35
3 -1.2
X, -038
s —-0.5
s -1.35
%, 0
g 0.1
Xq 0.5
%10 0.8
%11 1.2
%1z 1.35
13 1.5

The best gains of the PI current controller (K,s. and Kijsc) and T2 PID-Like FLC for position control
are listed in Table 6, (M1, M2, M3, M4). In (11) is used to discover the ideal values for six parameters: the
T1 PID-Like FLC gains (N1, N2, N3, and N4) and the PI current controller gains (K,s. and Kjs.) for
managing the rotor position using a T1 PID-Like FLC. Tables 7 and 8 show the PSO settings used and the
controller's highest improvements discovered using the PSO technique, respectively. Figures 9 and 10 show
the cost function variation for finding the best controllers parameters for the T2 PID-Like FLC and the T1

PID-Like FLC respectively.

Table 6. Position control with the
best gains of the PI current
controller and T2 PID-Like FLC

Gains Best value
M1 2.81
M2 0.092
M3 6.808
M4 293.76
Kpse 22.923
Kisc 237.608

Table 7. Parameters of PSO were
utilized to select the optimum

controllers
PSO parameter Value
maximum iteration 30
No. of particles 25
No. of variables 6
(o 15
cy 15
Inertia 0.5+(rand/2)

Table 8. Position control with the
best gains of the PI current
controller and T1 PID-Like FLC

Gains Best value
N1 0.480
N2 4.33x 107*
N3 29.95
N4 87.15
Kpse 191.80
Kise 38.29
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The responses of the fuzzy controller for levitating the rotor in the x and y axes are shown in
Figures 11(a) and (b), respectively. When a load torque of 51 mN.m is applied, it can be seen that the
position responses are affected by the load torque change. Table 9 shows the parameters of the position
responses under the T2 PID-Like FLC and the T1 PID-Like FLC. When comparing the performance of the
fuzzy controllers, the T2 PID-Like FLC achieves a significant improvement.

Unlike the T1 PID-Like FLC, it is able to levitate the rotor to the appropriate position. With a
deviation from the desired position, the T1 PID-Like FLC stabilizes the rotor. As a result, the percentage
improvement of most metrics may be greater than 100 percent. Nonetheless, until it reaches the necessary
location, the response oscillates. In addition, it took longer to settle than the T1 PID-Like FLC controller.
With the IAE criteria, the error criteria are improved by 64.18% and 81.81% in the x and y axes, respectively.
The performance of the magnetic bearing as determined by the IAE criteria has been improved by 20%.
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Figure 11. Position response with T2 PID-Like FLC and T1 PID-Like FLC in the (a) x axis and (b) y axis

Table 9. Parameters of the position responses under the T2 PID-Like FLC and T1 PID-Like FLC

Axi Settling time  Steady State position Maximum position Max. Overshoot Min. Undershoot
Xis IAE s
(sec) (mm) drifting (mm) (mm) (mm)

T2 PID-Like FLC

X 0.067 0.055 0 0 0.3 0.2

y 0.044 0.037 0 0 0.13 0.08
T1 PID-Like FLC

X 0.11 0.037 -0.03 -0.08 - 0.17

y 0.08 0.037 -0.02 -0.06 - 0.13
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5. CONCLUSION

A BBLDC motor is presented in this paper to drive an artificial blood pump. The BBLDC motor
combines the motor and magnetic bearing functions. The BBLDC bhearing system is inherently unstable,
necessitating the use of a feedback controller to maintain stability, and the magnetic bearing's mathematical
model is highly nonlinear. For magnetic rotor position control, T1 PID-Like FLC and T2 PID-Like FLC are
presented. For the suspension current, a Pl suspension current controller is used to test the bearing
performance. The PSO technique is used to identify the best controller scaling factors for both controllers.
For the T2 PID-Like FLC the distribution of the input MFs in the universe of discourse are also optimized
using PSO technique. An IAE is used to measure the system performance of levitating the rotor to the
required position.

The simulated results verified the effectiveness of the proposed T2 PID-Like FLC as compared to
the T1 PID-Like FLC to enhance the performance of the BBLDC motor. When the performance of the two
controllers is compared, the fuzzy T2PID-Like FLC achieves a substantial improvement. It is possible to lift
the rotor to the desired position. The enhancements in the error calculated using IAE criteria were 64.18%
and 81.81% in the x and y axes respectively. The performance of the magnetic bearing is enhanced by 20%.

When considering the unknown operating conditions, T2 PID-Like FLC delivers the best results.
Despite all of the disordering conditions, it is able to keep the rotor in the required position, giving it the
upper hand over the type 1 PID-Like FLC. This has a significant impact on the design of artificial heart
pumps. It can successfully levitate the rotor and endure disturbances by suspending the rotor in the proper
position despite all of the chaotic operating conditions. As a result, a tiny motor with great reliability and
efficiency can be designed. This has a significant impact on the design of artificial heart pumps. It allows for
rapid changes in the amount of blood pumped to meet the needs of the patient.
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