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Abstract. Properties of nonlinear systems radically differ from linear in multivariance their
behavior. In this regard, the control of such systems is a difficult task and has not been solved
adequately problem of modern control theory. Methods of synergetic control theory (SCT) based
on the idea of “nonload” impact on the system allow to create the objective control laws, which
form the inner cooperative interactions between the processes of dynamic objects. The problem
of the control of rotor supported by active magnetic bearings in artificial circulatory support device
is presented in this paper. Because of strong nonlinear of the dynamical system the synergetic
concept is apply for synthesis the effective control laws for the positioning of the pump rotor in
the blood stream and provide the required parameters of the dynamics in terms of external
disturbances to improve the efficiency of the artificial circulatory support device.

Keywords: nonlinear systems, synergetic control theory, integrated adaptation, attractor,
invariant, stabilization, magnetic bearings, axial blood pump.

1. Introduction

Cardiovascular diseases (CVD) are one of the leading causes of death in the world according
to the World Health Organization (WHO) [1]. The main alternative to heart transplantation today
is artificial circulatory support device (ACSD) or left ventricular assist device (LVAD) [2, 3]. The
ASCD helps the sore heart to pump blood from the left ventricle into the aorta. Models pumps are
improved and some of them are successfully used in medical practice (Incor, HeartMate II,
HeartWare, HeartMate 111, Impella, etc.) [4]. One of the trends of development in this area is
associated with the creation of axial blood pumps.

This approach let wait for a donor organ. Sometimes it is possible to restore the normal
functioning of the heart, which is due to its partial discharge while wearing LVAD and further
rehabilitation. But often patients continue to live with implanted pumps. Therefore, the main task
of developing such devices is to improve the quality of the pump.

There are many problems by the development of ACSD. Some of them are blood trauma,
thrombosis, the contact power system, unreliable of the devices [5]. The proposed in this article
an axial blood pump has magnetic bearings as a rotor suspension. The magnetic bearings provide
a noncontact rotor suspension and for the LVAD it is allow to reduce index of hemolysis, risk of
platelet activation and thereby risk of thrombosis, to increase the durability and operational
reliability of blood pump [6-7]. Moreover, there is no need for maintenance. In addition, the active
magnetic bearings (AMB) are controlled by the electronic control scheme with feedback [7-9].
This allows to achieve higher accuracy of rotor positioning [8, 9].

Rotor stability in the magnetic field of the magnetic suspension depends on the control system
which includes a controller. Controller is a logical device with an appropriate control law. So, the
research object is the rotor supported by magnetic bearings in the blood flow. The rotor in
magnetic field is an example of a nonlinear system. The properties of nonlinear systems radically
differ from linear in multivariance their behavior [10]. In this regard, the control of such systems
is a difficult task and has not been solved adequately problem of modern control theory [10].

SCT is a new approach to the control of the nonlinear dynamical systems. The main method
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of the SCT is Analytical Design of Aggregated Regulators (ADAR), which is based on the idea
of introduction to the phase space of dynamical system attracting invariant manifolds, on which
natural (energetic, mechanical, technological, etc.) properties of the control object and
requirements of control task in the best way are coordinated. The principle of integrated adaptation
of ADAR method ensures the required dynamic characteristics of the system under the action of
external disturbances. Unlike similar approach the SCT allows to optimize the behavior of systems
not only in the nominal modes and areas of “big” and “small” deviations from them, but to
consider qualitatively different modes of behavior of nonlinear dynamical systems such as
bifurcations and phase transitions, undesirable and dangerous attractors in their state space,
non-uniqueness of the solution of control task, etc. [10-13]. Methods of synergetic control theory
based on the idea of “nonload” impact on the system, is not contrary to the natural movement of
the object, allow to create of objective control laws, which form the inner cooperative interactions
between the processes of dynamic objects [10].

As it was told above corresponding to the ADAR method the attracting invariant manifolds
are entered into the phase space of the dynamical system. The requirements of control task are
performed when system representative point falls on these attracting invariant manifolds. Control
laws, which transform the representative point for these manifolds are found in the synergetic
synthesis [10-13]. The purpose of this work is to synthesize the synergetic control laws for the
positioning of the pump rotor in the blood stream and to provide the required parameters of the
dynamics in terms of external disturbances to improve the efficiency of the artificial circulatory
support device.

2. Task formulation

The rigid rotor rotates with the constant angular velocity Q. The nonlinear system describing
the dynamics of rotor supported by two radial AMB in matrix form is following [8, 9]:

Mg + (G + B + Hp)q + (Ty CTy, + Hy)q = Ty Famp + Feye + Us + f, (1)

where q = {x,,V,,a, B}T is the vector of generalized coordinates, M is the inertia matrix, G is the
gyroscopic matrix, B is the damping matrix due to motor, Hp and Hg are matrices, which present
hydrodynamic phenomenon due to motion in liquid, Ty, is the transformation matrix, C is the
stiffness matrix, taking into account the effect of the motor, Fyyp is the vector of magnetic forces,
Fey: 1s the vector of external disturbances, U is the unbalances matrix, s — vector of sin and cos,
fg is the vector with gravity as component. Movement of the rotor in the axial direction is not
considered.

The relationships between the magnetic forces acting on the rotor by two radial active magnetic
bearings A and B and coil currents, and the displacements of the rotor have the nonlinear form [9]:

. io +iax\> (o — iax\” r io+iay\°  [io—iay\
Fax = ka [(6 - be> - (5 + x,,A) ] Fay = Fea [(6 —ybA) a (6 +ybA) ]
io+ige\>  [io— ipx\° io +ipy\>  [io—igy\
e=to|(52) ~G) |- = 552) - () |
[S_be 6 + xpp 4 6 — Yup 6+ Yup
Here k4 and kg are structural parameters of AMB, i, is the bias current, isy, i4y, ipy, ipy are
control current corresponding to the direction and AMB, § is the gap. The vector
qb = X1, Voa» Xpp» Ypp}' comprises the rotor displacements within the magnetic bearings.
Control task is positioning the rotor axis with prescribed accuracy. The gap in proposed blood
pump is 0.2 mm and a maximal shift or distortion of the rotor axis should not exceed a linear size

A=0.1 mm.
There are piecewise constant and harmonic external disturbances of inertial nature to which
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the rotor is exposed:
Foxe = {P. + Aysin(pt), P, + Aysin(pt), M, + Bysin(pt), M, + Bysin(pt)} . 3)

Here Py, P, My, M,, are projections of the external disturbance piecewise constant character,
Ay, Ay, By, By, are projections of the amplitude of the external harmonic disturbance, p is the
frequency of the external harmonic disturbance. Moreover, unbalances play a role of an external
oscillatory excitation and contribute to the emergence of additional vibrations.

In this way the control tasks could be formulate as follows:

1) Centering the rotor axis with the requirement accuracy;

2) Suppression of external disturbances piecewise constant and harmonic characters with
previously unknown amplitude;

3) Global stability of the system.

The synthesis of control laws by ADAR method with the principle of integrated adaptation of
synergetic control theory is presented in the next section.

3. Synergetic synthesis

According to the synergetic control concept [10-13] the control tasks have to be presented in
form of invariants. In our case the technological invariants have the following form:

Drech1 = X1 — x{; =0, Diechz = Y1 — yfo =0, o
Diechz = @1 —ag =0, Diechs =1 — B =0,

where x;, y;, @, By are state coordinates in Cauchy normal form, x{, y?, a?, B are desired
values of state coordinates equal to zero.

For the suppression of external disturbances, it is necessary to present each of them as a
dynamic model, which is formed approximated impact of the relevant class at the output. Such
approach is called the principle of integrated adaptation.

The “Model of synergetic synthesis” is obtained:

Xl = X,

. 2

. lo + u1 lo—U

Xy = —byX; — byxy — b3fy + b4 ( I ) ]
2

+b6 |:(l() u2> lO uz ] + b6Z1 + b6Z2 + .Q. (b7214_ - b8213)

Hj
V1= Y2 )
. lo + u3 <io - u3>
=-b b + bsa, + b
V2 1Y2 — D)1 30 4 Hy H, ] (5a)
ip+u iy — Uy\>
+ bs [( 0 4) - < 0 4) ] + bGZ‘l- + b6ZS + .Qz(b7213 + b8214) - g,
H,; Hg
dl = az,
. 2 , 2
. lp + Uz lop — U3
ty = —boQfi;—b1o@; — by1y1 — bizay + bi3QP1 + by [( T ) - ( I ) ]
5 6

i() + u4 2 io - u4_ 2
—bys [( 7 ) - ( T ) + b1627 + bizg + 0% (—=by7213 + bigZis),
7 8
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B1 = PBo,
. 2 . 2
. lo + u1 lo - u1
B2 = boQa,—byofy + bi1x1 — bypfy — bisQay — byy ( ) - < )
Hy H,
. 2 . 2
lo + uz lo - uz
+bss [( H ) - ( H ) ] + b16Z10 + b16211 + 02 (b1gZ13 + b17214), (5b)
3 4

7y = I Prech1, Zp =23, 243 = _pzzz» Z13 = Z14'2
Zy = U Prechzs Zs = Zg, Zg = _pzzs' Z14 = =023,
Z7 = U3Drechs) Zg = Zo, Zg = —P 28'2
Z10 = Ma@rechar Z11 = Z12) Z12 = —P"Z11

Here by, ..., b g are constant coefficients, related to the parameters of rotor and AMBs,
Hy =8 — xpy, ..., Hg = § + y,p are renaming for convenience, Zy, ..., Z14 are coordinates of the
expanded subsystem (external excitations), yy, U,, U3, Uy are constant coefficients, uy, u,, Us, Uy
are control channels (control coil currents).

It is necessary to find such a control vector u = u(q), which provides translation of the object
Eq. (5) from an initial state to the predetermined state, characterized by a set of invariants Eq. (4).
According to the number of control channels a parallel set of macrovariables (invariant manifolds),
containing technological invariants, is introduced [10-13]:

Y1 = P11 (0 — XD) + proXy + Ryszy + hipzy + Ryzziz + hygzi, = 0,

V2 = a1 (V1 — Y1) + P22V + ho1Zs + RopZs + hp3zis + hpyzis = 0, (6)
Y3 = pa1(ag — “f) + P32 + h3127 + h3pzg + h33zi3 + h3uz, = 0,

Vs = a1 (B — BY) + pazBa + harzio + hapziy + huzziz + hysziy = 0,

where pjy., hjp,j,p =1,..,4, k = 1,2 are constant coefficients.
To find control laws we must solve a system of general functional equations of ADAR method:

Tl'j)l +y, =0, Tzll)z +y, =0, T31[’3 +1Y; =0, T41/)4 +y, =0, (7

where Ty, Ty, T3, T, > 0 are time constants, influencing to the dynamics.
Control actions uy, u,, us, U, could be found at the simultaneous solution of the Eqgs. (4-7).

4. Results: dynamic analysis

The rotor behavior in magnetic field under external disturbances with synthesized synergetic
controller is presented in this section. Fig. 1 shows the transients of state variables x4, y;, @1, ;1
of closed-loop system Eq. (5) with synergetic controls. The parameters of synergetic control laws
are the following: T, =T,=T;3=T,=0.01 , py; =p1 =40 , p1, =p, =0.1 |
P31 = Pa1 =10, p3z = P4 = 0.9, hyy = hyp = hiz =hyy =0.09, i = 1,...4, uy = p, =400,
Us = iy =200 . The initial conditions for the system state variables are zero except
7,(0) = 1.1-10%, z5(0) = 1.2:10™, z5(0) = 1.4:10™, z,,(0) = 1.5-10™.

The modeling results demonstrate the centering of rotor axis with the required accuracy and
the suppression of external disturbances as the piecewise constant and harmonic character due to
inertial nature and unbalances. The state variables are invariant to changes in external factors and
the control laws ensure asymptotically stable character of transients. The fast transients and the
lack of oscillation are provided in the dynamical closed-loop system. It is important to note that
the synergetic control laws perform the specified technological tasks.

From simulation results we can see the influence of control parameters on the accuracy of rotor
positioning and the oscillation of dynamic process. First of all, the influence to the dynamics of
the first constant parameters in Eq. (6) p11, P21, P31, P41 Was investigated. As a matter of
convenience the transients of state variable o, are presented in Fig. 2. It is visible that the accuracy
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of rotor axis and the oscillation of dynamic process depend on this parameter. Here and further
the simulation is carried out for the same rotor and AMBs parameters and the values of the other
parameters are the same as above. With solid bold line the variant that satisfies the requirements
of precision is marked.

On the example of transients of x; the influence of the control parameters p;,, P22, P32, Paz 1S
presented in Fig. 3. With solid bold line the value of p,, that satisfies the requirements of precision
is marked.

The modeling results with changes in parameters y;, i = 1, ...,4 (Eq. (5)) are presented in
Fig. 4 on the example of transients of x;.

As shown in Fig. 4 the transient rate depends on y;, i = 1, ...,4. With solid bold line the value
of p, that satisfies the requirements of precision is marked.

4% 10 2% 10 x 10
8
EV E 6
x -1 = 0 4
2 . ! -1 L | - 2
Q 50 100 0 50 100 T 0
t(s) t (s) s,
-5 5 -
5x 10 2 x 10 g 4
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Fig. 1. Transients of state variables Fig. 2. Transients of a; with changes

in parameter p3;: p3; = 1 (dashed line),
p31 = 3 (solid thin line),
p31 = 10 (solid bold line)

E E
x 05 x
X
15 : 1.
0 20 40 60 80 100 0 40 60 80 100
t (s) t (s)
Fig. 3. Transients of x; with changes Fig. 4. Transients of x; with changes
in parameter p;,: p1, = 150 (dashed line), in parameter y,: g; = 80 (dashed line),
P12 = 40 (solid thin line), 11 = 150 (solid thin line),
P12 = 0.1 (solid bold) U, = 400 (solid bold line)

5. Conclusions

The synergetic control theory, based on the idea of introduction of invariants manifolds, is the
new approach to the control of nonlinear, multidimensional, multiply connected dynamical
systems, which allows to synthesize the effective control laws, providing the required parameters
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of the dynamics in terms of external disturbances. This opens up the new possibilities in the
direction of the development of control of the rotor supported by magnetic bearings in artificial
circulatory support device.
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