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Abstract. The analysis of dynamics of rotor-driven artificial ventricle (VAD) was conducted in 
the work. A comparison of two types of control is given: a linear-quadratic (LC) optimization and 
PID-regulator. It was shown that LC – control allows the pump rotor positioning with an accuracy 
of 0.2 mm at speeds ranging from 5,000 to 12,000 rev/min. 
Keywords: mechanical circulatory support, ventricle assist device, artificial heart, active 
magnetic bearings, dynamics of the control system, LC-control, PID controller, rotor stabilization. 

1. Introduction 

The problems of heart failure are particularly acute in recent years. One of the variants of 
solution became circulatory support devices –ventricle assist devices (VADs). In accordance with 
articles [1-3], the axial VADs are preferred nowadays. The work is devoted to describing the VAD 
rotor dynamics: the theoretical bases were shown; the equation of motion was obtained; active 
magnetic bearings were considered. The question of the rotor movement control was considered: 
two types of control were selected for comparison, PID control and LC-management. The 
numerical simulation of the rotor stabilization was realized. The rotor positioning error had not to 
exceed 0.2 mm. The behavior of the rotor and the control response is examined in the speed range 
from 5000 rev/min to 12000 rev/min. 

2. Statement 

The symmetric homogeneous rigid rotor rotating along the longitudinal axis at a constant 
angular velocity in two radial active magnetic bearings AMP1 (A) and AMP2 (B) of axial pump 
VAD is considered. Specifications are given in the tables (Table 1). 

Table 1. Rotor technical characteristics 
Nomination Symbol Value 

Diameter, m ܦ 15.6×10-3  
Length, m ݈ 24×10-3 
Mass, kg ݉ 12.42×10-3 
Positioning accuracy, mm ߝ ≤ 0.2 
Rotation frequency, rev./min. Ω 5000-12000 

Length from rotor center mass to bearings, m ܽ 9×10-3 ܾ 9×10-3 

Length from rotor center mass to censors, m ܿ 10×10-3 ݀ 10×10-3 

The assumptions for the equation of motion are the following [4]: 
1) The rotor is symmetric and rigid. 
2) Deviations from the reference position are small in comparison with the rotor dimensions. 
3) The angular velocity Ω of the rotor about its longitudinal axis ݖ is assumed tobe constant. 
The inclinations and the angular motion around the rotor spin axis are described by the three 

so-called Cardan angles ߙ ߚ , ߛ , . Linearization leads to characterizing the angles ߙ ߚ ,  as 
inclinations about the ܺ  and ܻ.  The equations of motion are given for the variables  
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ܙ = ሼߚ, ,ௌݔ ,ߙ−  .ௌሽ்ݕ

3. Model and equation of motion 

The equations of motion follow from Lagrange’s equations: ݀݀ݐ ൬∂ܶ∂ݍሶ௜൰ − ௜ݍ∂ܶ∂ = ܳ௜,    ݅ = 1. . .4, (1)

with the kinetic energy ܶ and generalized forces ܳ௜, ݍ௜ – the generalized coordinates. The kinetic 
energy ܶ is: 

ܶ = 12 ݉൫ݔሶௌଶ + ሶௌଶݕ + ሶௌଶ൯ݖ + 12 Ω்߇ௌΩ, (2)

where ݔሶௌ ሶௌݕ , ሶௌݖ ,  – components of center mass velocity, ߇ௌ  – rotor inertia tensor Ω  – angular 
velocity vector. 

Equation of motion of the rotor with active magnetic bearings [4]: ܙۻሷ ሺݐሻ + ሶܙ۵ ሺݐሻ + ሻݐሺܙ۹ = ۰௤۹௜ܑሺݐሻ + ۴௘௫௧, (3)

where [4×4] ۻ – symmetric positive definite mass matrix, ۵ [4×4] - skew-symmetric gyroscopic 
matrix, ۹ [4×4] – stiffness matrix, ۰௤ [4×4] – transformation matrix which relates the generalized 
coordinates of the rotor center mass to the rotor displacements in magnetic bearings, ۹௜ [4×4] – 
matrix of current stiffness’s, ܑሺݐሻ [4×1] – vector of currents in magnets, ۴௘௫௧ [4×1] – vector of 
generalized external forces. 

The rotor receives the load ۴௘௫௧  as the force of gravity and the moments from the 
hydrodynamic forces in the fluid flow: 

۴௘௫௧ሺݐሻ = ۔ۖەۖ
ଶ݈ܴߨߤܥۓ ቀ−ߚሶሺݐሻ + Ωߙሺݐሻቁ ሶߙ−ଶ݈൫ܴߨߤܥ,ሻݐଵcosሺ߱ܣ, ሺݐሻ − Ωߚሺݐሻ൯,−݉݃ + ,ሻݐଶcosሺ߱ܣ  (4)

where ߤ  – the blood viscosity, ߤ =  (3-4)×10-3 Pa∙s at 37 °С, ܥ  – the drag coefficient,  ܥ = 0,91-0,85, ܴ – radius, ݈ – length, Ω – rotation frequency. The impact of external influences 
on a person is taken into account in the form of vibration, expressed by harmonic functions, acting 
at the ݔ and ݕ axes: ܣଵ, ܣଶ – the amplitudes of the oscillation of transport. 

4. Control types 

4.1. The decentralized PID-control 

The local control shown in Fig. 1 feeds each local sensor signal back to the corresponding 
bearing control current using the feedback gains [5]. The four output signals ܑሺݐሻ combine in the 
output vector ܙ: 

ܑሺݐሻ = − ቌܙ۾ሺݐሻ + ሶܙ۲ ሺݐሻ + ۷ න ሻ݀߬௧భݐሺܙ
௧బ ቍ, (5)
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with ۷ ,۲ ,۾ – the diagonal matrixes of control coefficients. The equation of motion then takes the 
form: 

ሷܙۻ ሺݐሻ + ሶܙ۵ ሺݐሻ + ሻݐሺܙ۹ + ۹஼ܙሺݐሻ + ۲஼ܙሶ ሺݐሻ + ۷஼ න ሻ݀߬௧భݐሺܙ
௧బ = ۴௘௫௧ሺݐሻ, (6)

where ۹஼ = ۰௤۹௜۱۾ and ۲஼ = ۰௤ࡷ௜۲۱ are stiffness and damping matrixes respectively and Ι஼ = ۰௤۹௜۷۱ – matrix of integral components, ۱ – transformation matrix. 

4.2. The linear quadratic method 

Linear-quadratic regulator (LQR) – optimal control algorithm based on the idea of minimizing 
a certain functional [6]. The novelty of this method is based on varying parameters which can be 
chosen for different types of conditions. Besides, for this type of control the equation of motion 
will change, because it should be implemented by bearing coordinates: ۻ௕ܙሷ ௕ + ۵௕ܙሶ ௕ = ۰௤ሺ−۹ௌܙ௕ + ۹௜ܑሻ + ۴௘௫௧, ௕ۻ = ൫۰௤்ۻ ൯ିଵ, ۵௕ = ۵൫۰௤் ൯ିଵ. (7)

In the standard form: ܢሶሺݐሻ = ሻݐሺܢۯ + ۰ܑሺݐሻ + ۱∗۴௘௫௧,ۯ = ൤ ૙ ௕ିۻ−۳ ଵ۰௤۹ௌ ௕ିۻ− ଵ۵௕൨ , ۰ = ൤ ௕ିۻ−0 ଵ۰௤۹௜൨, ۱∗ = ൤ ௕ିۻ−0 ଵ൨. (8)

Formally control problem can be represented as follows [6]. It is required to find a control law ܑሺݐሻ that minimizes the objective function: 

,ሻݐሺܡ൫ܬ ܑሺݐሻ൯ = නሾ்ܢሺݐሻܢۿሺݐሻ + ሻሿஶݐሺܑ܀ሻݐሺ்ܑߩ
଴ (9) ,ݐ݀

where ܢሺݐሻ = ሼܙ௕்ሺݐሻܙሶ ௕்ሺݐሻሽ்  – is the solution of the system Eq. (9). ۿ ∈ ଼ܴ×଼  is positive 
semi-definite and ܀ ∈ ଼ܴ×଼ – positive definite matrixes, respectively, obtained in accordance with 
Bryson rule [10]. The control law will be found as: ܑሺݐሻ = ሻ,    ۹ݐሺܢ۹− = .܆ଵ۰்ି܀ (10)

The equation of motion becomes: ܢሶሺݐሻ = ሻݐሺܢۯ − ሻݐሺܢ۰۹ + ۱۴௘௫௧, ௕ܙ = ሻ. (11)ݐሺܢ∗۱

5. Modeling based on PID control 

The study of rotor oscillations at fixed positional stiffness of bearings for different rotor speeds 
was conducted. Yellow line shows oscillations at a rotor speed of 5000 rev/min, the purple – at a 
speed of 10000 rev/min, green – 12000 rev/min. 

For a fixed positional stiffness ݇ௌ = 104 N∙m-1 the results are illustrated with Fig. 1. 

6. Modeling based on LQR method 

The comparison of the rotor displacements was held at different speeds and constant stiffness. 
The value of the positional stiffness ݇ௌ is 105 N∙m-1, of the current stiffness ݇௜  – 10 N∙А-1. The 
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black line shows changes of displacements at 5000 rev/min, blue line – at 10000 rev/min, red line 
at – 12000 rev/min (Fig. 2). 

Table 2. Comparison of the displacement amplitude values  
for different rotation speeds and positional bearing stiffnesses 

Rotation speed, 
rev/min 

Max values of 
displacements ݇ௌ = 104 N×m-1, m 

Max values of 
displacements ݇ௌ = 105 N×m-1, m 

Max values of 
displacements ݇ௌ = 106 N×m-1, m 

5000 3.9×10-7 3.6×10-7 2.54×10-7 
10000 4.8×10-7 3.8×10-7 2.6×10-7 
12000 5.21×10-7 3.93×10-7 2.71×10-7 

 

 
Fig. 1. Displacements of the section centers A and B Fig. 2. Displacements of the section centers A and B 

It can be concluded that with the increase of rotor speed, values of the oscillation amplitudes 
and of the control currents increase too. However, the obtained values are permissible. The values 
of currents in the magnets arranged along the ݕ-axis are greater than in magnets along the ݔ-axis. 
It is due to the fact that in addition to the influence of the hydrodynamic moments of the blood 
flow the force of gravity acts along the ݕ-axis. 

The results obtained for the three types of control have been tabulated (Table 2) for the velocity 
of 10000 rev/min and 12000 rev/min respectively. 

Table 3. Comparison of rotor center displacements at different control types at 10000 rev/min.  
The value of the positional stiffness ݇ௌ is 105 N∙m-1 

 PID-control LQR-method ݔ௕஺௠௔௫, m 3.7×10-7 5.4×10-7 ݕ௕஺௠௔௫, m 3.9×10-7 5.6×10-7 ݅௕௫௠௔௫, mА 5 5.3݅௕௬௠௔௫, mА 8 5.5

7. Conclusions 

The simulation results show that LQR method meets the requirements of the rotor control the 
best way. It provides the position of the centers of rotor sections within the permissible error – 
0.2 mm and allows to optimize the control on several criteria, in this case, criteria were: the 
position of the bearing section centers and control currents. The results of these studies can be 
used for real axial pump design. 
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