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In this work, using optimal PID control for magnetic bearing in artificial heart pump, two
magnetic bearings used to suspend the impeller rotor, the small air gap, high speed of rotor
that important think to keep the life of the human that uses Artificial Heart Ventricle, the
Artificial Heart Ventricle it the is the full-actuated system the state-space model developed
for the control, choosing the value of parameter control very important, the performance
of output depending on this parameter. This study presents an optimization algorithm
based on PSO (particle swarm optimization) to optimize performance of Proportional
Integral Derivative (PID) controller to magnetically hanging the rotary pump impeller of
Artificial Heart Ventricle (AHV). The optimal controller's terms are obtained by
minimization of fitness function which is defined based on the index Root Mean Square
of Error (RMSE). The optimal values of control elements lead to optimal PID controller
which results in optimal tracking performance of PID controlled bearing system. The
numerical simulation has been conducted to verify the effectiveness of proposed
controller. The results showed that the optimal controller could stabilize the impeller
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within small deviations in displacement and angular position.

1. INTRODUCTION

The human being heart, which normally takes the size of
hand fist, is an important muscle in the human body which
undertakes blood pumping through the circulatory system [1].
The Cardiovascular disease is one of important causes that
lead to heart failure. This necessitates to replace the actual
heart by artificial one, which is called "left ventricle device
(LVD)" or "Artificial Heart Ventricles (AHV)" [2]. Previous
studies and medical reports showed that 95% of patients who
using artificial heart encounters failure in the implanted
artificial heart.

The artificial hearts are either classified as miniature axial
pumps (HeartMate II) or large diaphragm pumps and
centrifugal rotors [3]. This study has focused on the Heart
Mate II, which is the most famous device and it belongs to the
miniature axial pump artificial heart. In order to suspend the
rotary impeller (rotary shaft), the artificial heart, type Heart-
Mate II, uses two Active Magnetic Bearings (AMB) [4]. The
technology of active magnetic bearing has been recently
introduced to solve the problems in classic bearing method by
bearing the impeller (rotary shaft) without any connection.
This technology is being applied for various industrial
applications; especially for those that need no-contact in
bearing. One of these applications is blood pumps [5].

The high speed of impeller within a small air-gap in the
heart pump has to apply a robust and rigorous controller to
regulate the position of shaft around operating positions under
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presence of uncertainties and load exertion. The stability is the
critical problem to be solved by the proposed controller to
guarantee the asymptotic stability of regulated and tracking
suspension system. One challenging problem in the suggested
controller is to stabilize rotating rotor which is moving in two
planes. The coils located at the end of pump's motor are
configured to control the impeller in these moving planes
(horizontal and vertical plane). In this application, the control
signals are the currents moving through these coils. The
difficulties and problems in AMC systems after surgery have
motivated to focus on the control design in order to save the
cost and to reduce the occurrences of faults in the artificial
heart's pumps.

Therefore, this work has focused on how to improve the
perfornance of proposed controllers by introducing mordern
optimization technque represented by Particle Swam
Optimization. The proposed optimizer is to improve the
effectivenss of PID controller by tuning its pearameters in
optimal way and hence to enhance the effciency of artificial
heart.

2. LITERATURE REVIEWS

Researchers worldwide have focused on developing control
algorithms for controlling the magnetic bearing in many
applications. Sheng and Chun [6] presented single axis
controlled magnetic bearing (MB) for axial blood pump. The
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PID controller is applied to control the axial position of
impeller, while other PI controller is utilized to actuate the
current passing through the coils. This study applied sensor to
measure the axial position of impeller in the air gap. The inner
impeller structure of rotor is used to accommodate fluid flow.
The pump has been tested in both water and air. The motor has
been allowed to operate at 6000 rpm in water and at 4500 rpm
in air. It has been found that when the motor was running at
speeds near the critical frequency (6000 rpm in water, 4500
rpm in air), the maximum error in radial position was about
0.5 mm. Moreover, for all the experiments performed, the
axial position errors were less than 0.1 mm. Humaidi et al. [7]
presented algorithmic adaptive control design based on
backtepping control theory to suspend rotating impeller of AH
pump under external disturbance. The impeller of the pump
has to be stabilized in proper angular and linear positions. The
stability analysis has been conducted based on Lyapunov
theory to guarantee stability of controlled suspension system.
In addition, particle swarm optimization (PSO) has been
developed to tune the design parameters of adaptive controller
to further improve the proposed control. In both regulation and
tracking control, the results showed that the optimal adaptive
controller could stabilize the impeller around the nominal
angular and linear positions. Hung [8], an adaptive genetic
algorithm (AGA) for the multi-objective optimization design
was proposed to design of a fuzzy PID controller and applies
it to the control of an AMB. The dynamic model of AMB
system for axial motion is also presented. They found that the
results of this AMB system show that a fuzzy PID controller
designed via the proposed AGA has good performance. Amjad
et al. [9] developed algorithmic backstepping controller to
stabilize the impeller of AH pump at required and proper
position. Two pairs of magnetic coils are placed at each end of
pump motor to achieve hanging of rotating shaft (impeller).
The stability of controlled suspension system has been proved
based on Lyapunov method. The PSO algorithm has been
applied to tune the design parameters of backstepping
controller to improve the performance of controlled bearing
system.

In this study, the Particle Swarm Optimization (PSO) has
been used to tune the gains of PID controller such as to have
optimal dynamic performance of PID-based controlled
suspension system. This optimization technique is firstly
developed by Eberhart and James Kennedy in 1995. The PSO
algorithm is inspired from the behaviors of some animals such
as fish and birds. The PSO was widely used to solve
optimization problems in many applications. It has been
shown that PSO could successfully find the global and local
solution [10]. This algorithm of PSO consists of three steps:
Generation of particle positions, update of velocity and finally
update of position [11]. This effective optimization technique
has been widely used to optimize design parameters in many
control design to improve the performance of proposed
controllers [12].

The contribution of the present work is how to develop the
optimization algorithm based on PSO to optimize the
performance of PID-based controlled suspension system. The
optimal PID controller could stabilize the rotating impeller of
AH pump in both angular and linear positions for both
regulation and tracking control scenarios.
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3. MODEL DEVELOPMENT

Figure 1 shows the two-dimension schematic representation
of artificial heart pump, which includes a symmetrical Active
Magnetic Bearing (AMB) systems at the terminals of artificial
pump. Inside the airgap of motor there is a solid rotating shaft,
which is called an "impeller". In this study, airgap length
between the rotor and inner surface of motot is about 22 mm.
The AMB system of artificial heart consists of two coils at the
end of rotating shaft. The working principle of magnetic
suspension for rotary impeller in the artificial heart pump is to
inject controlled currents through the windings at the end of
motor such that desired magnetic force is established to
stabilize the rotor axial at nominal positions.

The model under consideration is an active magnetic
bearing (AMB) and the Lagrange’s Equations have been used
to estabilsh the dynamic behavior of impeller deviation around
the center of gravity (COG) and zero Euler angles [13, 14].
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Figure 1. Rigid rotor equipped with bearing magnets [14]

In Figure 1, the variables x and y represent the displacement
of the rotating impeller around the center of gravity (COG).
The variables o and B dedine the angular displacement of the
rotor around the x and y axes, respectively. Based on Figure 1,
the general motion of impeller can be described by:

M§G+Gqg =B.f (1)

The matrix G reflects the gyroscopic effects of forces and it
includes the speed of roating shaft w and the mass moment of
inertia .. The diagonal matrix M contains the impeller mass m,
and the moments of inertias /; and /,. The matrix B represnts
the input matrix and the force vector is represented by f. The
mass, gyroscopic, input and force matrices can be given as;

M= diag [y, m, Iy, m], f—[fXA, XB,fyA, yB]
0 0LwO aboo

G = 0 0O 0‘ ll 100
—Lw 0 0 0Of 00ab

0O 00O 0011

The coordinates of dynamic equations for suspended
impeller are resented by the vector of variables g=[p,x,a,y]",
where, x and y are the cartesian coordinatesm while the Euler
angles o and B are the deviations of impeller longitudinal axis
in horizontal and verstical planes. It is worthy to notice that the
impeller has to move and rotate within small aigap. The linear
motion and angular positions of the rotor has not to exceed the
dimensions of aigap. Any contact between the rotor and the



interior surface of state is not allowable. As such the maxima
of variables x_max, y max, B_max, and 0. max have not to be
violated; otherwise the rotor may contact with stator internal
peripheral and the damage can occur.

For further simplification, the magnetic bearing force fcan
be expressed in terms of rotor displacements and the coil
currents [15],

f= ki'i_kX'qb (2)
where, the gain vectors ki and kx represents the force-to-

current and force-to-displacement gains, respectively, and
they are described by:

k; = diag[Kia, Kip, Kia, Kip]™,

k, = —diag[Kya, Ky, Kxa, KXB]T>
where, the control vector of current components for the four
bearing coils

1= [ixa bxss iyas iys)

The rotor displacement within the magnetic bearings
9=B'q

_ T
db = [Xbas XbBs Ybas Yol

Combining the rotor model described by Eq. (1) and the
linearized bearing force model defined by Eq. (2), the
following equation of motion for levitating the rigid impeller
using AMBs:

M{+Gg+Bk,B"q=Bk;i 3)
mX+ (kXA + kXB) X+ (a. kXA + b'kXB) B =
Kia ixa +Kip ixp

m Y + (kXA + kXB) y + (akXA + kaB) a=
Kia iya + Kig iyg

1,8+ 1, wa+ (a.kea + b.kyp). x + (@2 kya + @)
bz. ka).B = a. kiA' iXA + b. kiB'iXB

I @ — L. B+ (@ kya + b.Kyg). y + (@%. key +
bz. ka). a = a. kiA' iyA + b. kiB' in

where, the components of moment of inertia for the impeller
mass are represented by Ix, Iy, and I,. The variables a, and b
denotes the distances between the AMBs (A and B) and the
rotor poles or COG. Eq. (4) describes the nonlinear dynamics
of AMB system for stabilizing the rigid impeller.

Based on Eq. (4) and by virtue of transformation matrix, the
current control input vector U to the system can be expressed
in terms vector of control signals as follows:

u, kin/m kig/m 0 0 ixa
ul [ o 0 Kkia/m Kkig/m | ixs
uz| = |akia/Iy bkig/I, 0 0 | iy
Uy 0 0 akia/I; bkig/Iy linJ

Choosing the following vectors to represent the state
variables for state equation:
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X1 X1 [X1 X2] [X2 ¥
i I A N st I s O N 4 (5)
X5 Bl %5 X6 | [Xe B
X7 ol 1%, Xgl 1Xg hod

Combining Eq. (5) and Eq. (4), the dynamic equation can
be written as follows:

X1 = Xy
X, = a1.X5 +a5. X1 + Uy
X3 = Xy
X4 =a1.X7 +a5.X3 + Uy (6)
X5 = Xg
Xg = A3.Xg + a4.X5 + A5.Xy + U3
X7 = Xg
Xg = dg.Xg T a7.Xy +ag.X3 + Uy
where,
a; = — (akya + bkyg)/m, a; = — (kxa + kyp)/m,
a; = —1,w/ly, a, = —(a’ke + b?kyp) /1y,
as = — (akyp + bkyp)/1y , ag = L,w/I.
a; = —(akyp + b?kyp) /1y, ag =
— (akxa + bkyp) /Iy
4. PID CONTROLLER DESIGN
The PID control technique is a conventional controller,
which is characterized by simplicity and easy to implement
[16]. In addition, the PID controller shows good robustness
and stability if it operates within linear range. The elements of

PID controller consists of Proportional, Integral and
Derivative gains and its transfer function is given by [17]:

K;
G(s) =K, +?+ Kys

where, K,, Ki, K represent the proportional, integral,
derivative gains, respectively. In this study, the proposed PSO
method is repsonsible for tuning these gains of PID controller.
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Figure 2. Stabilization of impeller for artificial heart pump
based on PID controller



In Figure 2, there is a PID controller dedicated for each
control channel of impeller-suspended AMB system. The
control signals due to PID controller will be transformed to
corresponding current actuating input of AMB system coils.
There are four physical variables at the output of suspension
system, which are y, a and . These output variables are fed
and compared to the reference input » to results in four
corresponding errors ey, ey, e, and eg. As indicated in Figure 2,
four blocks of PID controller are required to stabilize the
impler at the required nominal positions.

5. OPTIMAL TUNING OF PID CONTROLLER'S
PARAMETERS

It has been shown that the setting of PID controller's gains
has an impact on performance of PID-controlled system. The
setting based on try-and-error procedure became old and it
does not lead to optimal performance of controller. As such,
this study has conducted Particle Swarm Optimization (PSO)
algorithm for tuning of controller's parameters. The PSO-
based tuning tries to enhance the performance of PID
controller by conducting the search of algorithm to minimize
the index Root Mean Square of Error (RMSE). The resultant
of PSO algorithm is the optimal parameters which yields
minimum RMSE. The scenario of PSO-based tuning
algorithm for impeller suspension system controlled by PID
controller can be visulaized in Figure 3. The figure shows the
mechanism of optimization and the connection of optimizer
with PID controller.

The PSO algorithm establishes the following update
velocity equations to move the particles which represent the
solutions of parameters towards optimal solution [18, 19]:

VIt = w .V + € - rand - (Ppese — XF) + C, - o
rand - (gbest - Xl.k)

The parameters of PSO algorithm are represented by weight
factors, swarm confidence factor (C,), inertia factor (w), self-
confidence factor (C;). According to Eq. (7), the position
update of particles (parameters) can be given by:

Xt = X+ vt (8)

Based on heuristic knowledge, previous studied found that
the suitable values of C; and C, lie within the range [1-2]. In
this study, the value 2 has been chosen. The function "rand" is
applied to generate random real values within the range [0,1].
The PSO algorithm has been used to find the optimal settings
of PID controller's parameters. The optimization mechanism
is indicated in Figure 4, where each iteration of PSO algorithm,
there is an update in the parameter values of PID controller.
The PSO algorithms will yield the optimal parameters at the
end of iterations.

In order to evaluate errors in four channels of control, the
root mean square error (RMS) is used as a cost function for
this purpose. The PSO algorithm will use this cost function to
update the solutions (particles) for minimum search.

f= PEa®r+ FIL e+
LELies@7 + [EEI 02
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where,

e, = x — desierd, e, =y — desired,
e; = f — desierd, e, = a — desierd

Table 1 shows the setting value that use in PSO algorithm
for found the optimal value of control parameters. There are
three channels of impeller suspension control. Each channel
includes one PID controller and, since each PID controller
consists of three terms (K,, K4, K;); therefore there are 12
parameters (terms) to be tuned and optimized. The end of PSO
algorithm optimal values of PID controller's parameters will
be obtained which can be listed in Table 2.
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Figure 3. Flowchart of the PSO algorithm

Table 1. The numeric setting of parameters for PSO

The Paramter of PSO Technique The setting value

The factor of Self-cofidant C; 2
The factor of Swarm-cofidant C, 2
The maximum number of iteration 15
The dimension of search space 12

The size of Population 20

Figure 4 and Figure 5 show, respectively, the behavior of
best cost and parameters of PID controller with respect to
iteration evolution.

Table 2. Values of optimal PID control

Parameter Value Parameter Value
Ky 73343967544 K3 53643614.633
Kiq 889606950.137  K; 925092538.069
K41 362594.69 K3 738680.802
Kpa 77948375897 Ky, 26337281.855
Ki» 77948375.897 Kia 901198115.086
Ko 104770.8155 Ky 551758.708
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6. SIMULATION RESULT

This part presents the effectiveness of optimal PID
controller to stabilize and perform tracking control of rotating
impeller of artificial heart. The assessment of controller is
evaluated via numerical simulation within the environment of
MATLAB/SIMULINK programming software. The values of
system parameters of artificial heart pump are listed in Table
3 [10]. The model and controller have been simulated within
MATLAB-Simulink environment. The PSO algorithm has
been coded within m-file. The matlab-functions have been
used to develop both model and PID controller. This function
can be called within Simulink library. The simulation has used
variable step solver with min step size equal to 10~ and max
step size equal to 10°. The ODE45 has been applied as
numerical solver for conducting the computer simulation.

To assess the performance of PID controller for this
tracking case, various tracking signals are considered. To
establish platform for this evaluation, there are three levels of
sinusoidal waveforms have been suggested as desired
trajectory. In practical sense, the maximum levels or heights
of these waveforms have not to exceed the air-gap length;
otherwise, the impeller may hit the inner surface of motor.
Three levels of signal excursion can be expressed in terms of
percentage of air-gap deviation:

The desired signal for 15% deviation 3 X
1075sin(4 t)

The desired signal for 40% deviation 8 X
1075 sin(4.t)

The desired signal for 80% deviation 1.6 X
10™* sin(4.t)

Table 3. Parameter value of artificial heart pump [14]

Description of AMB's Parameters Value
The length of Air-gap Zair 0.2 mm
Bearing stiffness (Kxa =Kxg) -10000 N/m

The moment of inertia around x and y axes (Ix=ly) 6.32 <107Kg.m?
The moment of inertia around z-axis (I2) 2x108Kg.m?
The distance from ABM2 to COG (b) 0.01m

The distance from ABM1 to COG (a) -0.01m
The bearing stiffness of current (Kia = Kis ) 100 N/A
The angular velocity of impeller (Q) 10000 rpm

Maximum deviation in angular position (Bmax=omax) 0.0182 rad
The Mass of rotating shaft (M) 12.42x10° kg

For this tracking case, the dynamic behaviors of linear and
angular displacements are shown in Figure 6 under above
desired trajectories. Based on the figure, it is evident that the
optimized PID controllers could successfully enable the state
variables x, y, B and a of rotating shaft (impeller) to coincide
with the desired trajectories within the small air-gap.
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Figure 6. The responses of state variables X, y, f and o
subjected to different desired trajectories



In Figure 7, the behaviors of control currents flowing
through the coils of AMB system are illustrated. According to
the figure, the larger deviation of impeller displacements
(linear and angular displacements) subjected sinusoidal
desired trajectories results in higher actuating control signals
(ixa> @b, Iya» ). Of course, these higher actuating currents
require higher flux intensity to enable the state variables of
pump impeller to follow the desired positions as indicated in
Figure 7.

Control Effort ixa [A]

I i
0 0s 1 15 2 25 3 35 4 45 5
Time [sec]

a. The behavior of control current iy,

Control Effort ixb [A]

0 05 1 15 2 25 3 35 B 45 5
Time [sec]
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Control Effort iya [A]

L I L
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¢. The behavior of control current iy,

Control Effort iyb [A]

h | L L I L I
0 0.5 1 15 2 25 3 3.5 4 45 5
Time [secl

d. The behavior of control current i,y
Figure 7. Control efforts of tracking control

Table 4 shows the evaluation of linear and angular
displacements (x, y, B, o) at initial conditions described by
percentages (80%, 40%, 15%) with respect to air-gap length.
The assessment has been determined by Root Mean Square
(RMYS) of variable behaviors. Table 5 reports the intensities of
currents flowing through the bearing windings at the
aforementioned percentages. These currents are responsible
for returning the impeller at nominal positions. Again, the
currents have evaluated in terms of their RMS.
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Table 4. RMS of variable behaviors at different initial

conditions
X (m) Y (m) B (rad) o (rad)
80% 1.153x10* 1.153x10* 1.154>10* 1.153x10*
40% 5.773x10° 5.772x10°% 5.781x10°% 5.772x10°%
15% 2.163x<10°  2.162x10° 2.165x%10°  2.162x10°

Table 5. RMS of winding currents at different initial

conditions
Ixa (A) Ixb (A) Iya (A) Iyb (A)
80% 0.0114 0.0117 0.0114 0.0117
40% 0.0057 0.0058 0.0057 0.0058
15% 0.0021 0.0022 0.0021 0.0022

7. CONCLUSION

In this study, the design of PID controller has been
presented to perform tracking control of pump rotary shaft
(impeller) for axial artificial heart. There are four control
channels which apply four PID controllers for magnetic
suspension and tracking. The PSO algorithm has been utilized
to enhance the tracking performance of conventional PID
controller by optimal tuning of their terms (K,, Ks and K;).
Based on numerical simulation, the PSO algorithm shows
good search towards minimum solutions. Moreover, the
optimal PID controller shows good tracking performance
when subjected to desired trajectories of sinusoidal waveforms
with different heights.

Future extension of this study, one cannn suggest other
control strategies to suspend the motion of heart impeller and
a comparison study can be conducted between the proposed
controller and these suggested controllers [20-30].
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