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Abstract. This paper deals with research on the magnetic bearing control systems for a high-speed rotating machine. Theoretical and exper-
imental characteristics of the control systems with the model algorithmic control (MAC) algorithm and the proportional-derivative (PD) algo-
rithm are presented. The MAC algorithm is the non-parametric predictive control method that uses an impulse response model. A laboratory
model of the rotor-bearing unit under study consists of two active radial magnetic bearings and one active axial (thrust) magnetic bearing.
The control system of the rotor position in air gaps consists of the fast prototyping control unit with a signal processor, the input and output
modules, power amplifiers, contactless eddy current sensors and the host PC with dedicated software. Rotor displacement and control current
signals were registered during investigations using a data acquisition (DAQ) system. In addition, measurements were performed for various
rotor speeds, control algorithms and disturbance signals generated by the control system. Finally, the obtained time histories were presented,

analyzed and discussed in this paper.
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1. INTRODUCTION

In recent years, innovative bearing technologies were developed
and implemented in many industrial applications. Novel solu-
tions, such as gas bearings [1] and magnetic bearings solved
many restrictions and disadvantages of classic rotor-bearing
systems during operational practice. Immense efforts were
undertaken to implement the magnetic support technology in
high-speed rotating machinery. This technology has invaluable
advantages in friction reduction in turbomachinery, compressors,
generators, etc. [2—6]. Compared with classical mechanical bear-
ings, the magnetic bearing technology provides benefits such as
the low amplitude level of rotor lateral vibrations, high durabil-
ity, no mechanical contact between operation elements, i.e. the
rotor and the stator, and long-term high-speed running ability
[7, 8]. These features give the magnetic bearings considerable
potential to become a key element in rotating machines [9].

In classic rotating machines, some inefficiency occurring
during their operation, e.g. damages of the bearing elements
without additional (external) diagnostic systems, is often almost
undetectable. Therefore, careful selection of the bearing system
to support a high-speed rotor is carried out already at the design
stage. This is usually based on the load capacity, durability
and operating condition parameters. Unfortunately, bearings are
still often damaged without previous symptoms arising during
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operation. Therefore, a significant problem comes down to the
development of modern bearing designs with high diagnostic
capacity. Such possibilities can be obtained by means of an
active magnetic suspension system.

Applying the active magnetic bearing technology in high-
speed rotating machinery can overcome the physical limitations
of the classic bearings. This technology allows us for a decrease
of stiffness and for an increase of the damping ability of the
radial bearings, which in turn reduces critical rotor speed val-
ues. Active magnetic bearings allow for precise control of the
rotor position and enable monitoring “online”, diagnosing and
identifying the high-speed rotating machines operation [10].
An effective control system, with a proper controller, should
be designed to ensure strictly defined control quality indicators.

In general, magnetic bearing control systems are mostly
limited to applying proportional-integral-derivative (PID) con-
trollers [11, 12]. In monograph [11], overviews of magnetic
bearings and bearingless electric drives are presented. The prin-
ciple of operation and mathematical models of active magnetic
suspensions (AMS) and the controller design based on the PID
algorithm are also described. Additionally, in that monograph,
synchronous and asynchronous bearingless electric motors
are presented in detail. Finally, monograph [12] discusses the
magnetic bearing design procedure, the advantages of magnetic
bearing systems in rotating machines, PID controller design
methodology for the magnetic suspension control systems and
their hardware implementation.

Furthermore, paper [13] presents a computer model of an
active magnetic bearing used to determine a distribution of the

© 2021 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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magnetic field. As a result, values of the electromagnetic force
and the magnetic flux density were applied for the AMS non-
linearity analysis. On the other hand, in [14], an analysis of
the magnetic field distribution of an active magnetic bearing
was carried out employing the finite element method (FEM).
The computational results obtained were then experimentally
verified and analyzed. Additionally, paper [10] presents a pro-
cedure for experimental identification of dynamic parameters
of an active magnetic bearing.

Other types of control systems were also investigated in the
literature. Namely, studies of magnetic bearing control systems
with robust controllers are presented in papers [15, 16]. In paper
[15], the flywheel control system with an active magnetic bear-
ing (AMB) and a robust controller were shown. Additionally,
a design methodology of optimal controller #,,, was charac-
terized, taking account of the uncertainties and nonlinearities
of the model. The procedure for selecting weighting functions
and reducing control laws was described in that paper as well.
Paper [16] presents the control system of a homopolar mag-
netic bearing with permanent magnets and the control system
based on H,, H,,s, H,,, robust algorithms. The obtained system’s
registered time responses and frequency characteristics were
demonstrated in this study and compared with similar results
obtained using the PID controller.

Additionally, in [17], a comparison between two control
algorithms dedicated to the control system of radial active mag-
netic bearings was presented. In this monograph, the pole-place-
ment control and sliding control methods were introduced and
applied. Also, that paper presents a collation of experimental
results. However, an application of robust control methods
may lead to overestimations of parametric and non-parametric
noise levels in the models, which are difficult to measure and
cause incorrect control signals. For that reason, in that paper,
the predictive control method was proposed. In this approach,
a predictive control process with a strictly defined reference
trajectory results in a distinctly smaller variation of the control
signal and it also avoids the saturation phenomenon. Addition-
ally, during predictive controller synthesis, the object model is
identified basing on time histories. Then, there is no need to
know the exact object parameters necessary during the design
of robust controllers.

Numerous studies were also carried out with the use of pre-
dictive controllers in AMB control systems. However, in [18]
the published findings, which take account of the predictive
control method, include only results of theoretical tests obtained
by means of the magnetic suspension system with one degree
of freedom. Therefore, the effects of implementation of the
predictive control system in a magnetically suspended high-
speed rotor are presented in that paper.

The predictive control methods can be applied to objects with
structures that are inherently unstable, non-linear and non-sta-
tionary. According to a reference model, these methods are in-
tended to find out a sequence of future values for the control
signal. The algorithm developed enables stable and undisturbed
operation of even non-linear and unstable objects. Predictive
control methods are based on structural identification of the con-
trol plant [19]. They are divided into two groups: algorithms with

parametric identification and algorithms with non-parametric
identification. The first algorithm group includes the extended
horizon adaptive control (EHAC) algorithm, the extended pre-
diction self-adaptive control (EPSAC) algorithm and the gen-
eralized predictive control (GPC) algorithm. The second group
contains the model algorithmic control (MAC) algorithm, the
model predictive control (MPC) algorithm and the dynamic ma-
trix control (DMC) algorithm. The MAC algorithm assumes sim-
ple adaptive control with an impulse response model. In contrast,
the MPC algorithm uses differential control with an impulse re-
sponse model. However, using the DMC method, an algorithm
for predictive control with a step response model is obtained.

The contents of this paper are organized as follows. In the
first section, a laboratory model of a magnetically suspended
rotor is introduced. Next, theoretical studies of control sys-
tems with predictive and PD algorithms are presented. Then,
optimal parameters of the PD controller are found using the
pole-placement method described in [18, 20], experimentally
tuned on a test rig. The third section presents a laboratory stand
with a control system dedicated to the rotor-bearing system.
Afterwards, some experimental results are presented along
with their analysis. Finally, concluding remarks based on the
achieved results are formulated.

2. MATHEMATICAL MODEL OF THE LABORATORY
ROTOR SHAFT

Taking into account the geometric shape of the laboratory rotor
shaft under study and the frequency range of dynamic pro-
cesses to which it will be subjected, with sufficient accuracy for
research purposes, this rotor can be represented by a rigid body
with 4-degrees of freedom. These degrees of freedom corre-
spond to four generalized coordinates, namely: two translational
displacements of the rigid body gravity center in two mutually
perpendicular directions to the axis of rotation, and two rota-
tional displacements about the axes mutually perpendicular to
the axis of rotation. This rotor shaft is supported by means of
two active magnetic bearings, as shown in Fig. 1. A rotor shaft
motion is described in the ortho-Cartesian stationary coordinate

Axial
bearing Radial
Radial /e bf:é'gg

bearing
race

Fig. 1. Rigid-body model of the rotor shaft of high speed rotating
machine suspended on active magnetic bearings
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system Oxyz, the origin of which is attached to the rigid body
gravity center. The Oz axis coincides with the bearing line, and
the Oy and Ox axes are perpendicular to Oz in the vertical and
horizontal direction, respectively. In Fig. 1, symbols a and b
denote the distances from the gravity center O to the left-hand
bearing #1 and the right-hand bearing #2, while factors k., k;,
and ¢;, ¢;,, i = 1, 2, are the stiffness and damping coefficients
of both bearings’ suspensions in the vertical and horizontal
directions, respectively. Symbols ki, k;,, and ¢, ¢;,, denote
the cross-coupling components of the stiffness and damping
coefficients. Viscoelastic parameters of the active magnetic
bearings generally depend on the current stiffness coefficient,
displacement stiffness coefficient and control law parameters
[8]. In the case under study, when the PD control algorithm
is applied, the coefficients of stiffness k;, = k;, and damping
¢;x = ¢;, of both magnetic bearings are equal to 2.88x 10° N/m
and 900.96 Ns/m, respectively, and the all cross-coupling coef-
ficients ki, k; and c;y,, ¢;,, are equal to zero, i = 1, 2.

The equations of motion of this model derived using
Lagrange’s equations of the second kind, while bearing in mind
the gyroscopic effects related to the shaft rotation, have the
following form:

M- i(f) + (C + QG) (1) + K-r(t) = F(z, Q2), (1)

where r(t) = col [ y(¢), x(¢), w(t), ¢(¢)] denotes the vector of
generalized coordinates corresponding, respectively, to trans-
lational displacements of the rotor-shaft gravity center along the
axis Oy and Ox and to angular displacements around these axes,
and ( is the rotor constant angular velocity. Symbols M, G, C
and K denote the matrices of inertia and gyroscopic effects and
the matrices of damping and stiffness of the bearing suspension,
respectively. All forcing terms are contained within the external
excitation vector F(t, Qz). Analogous equations of motion of
the rigid rotor with four degrees of freedom, but without the
cross-coupling terms in the damping and stiffness matrices, can
be found in [21]. The presented mathematical model will be
applied for numerical tests of rotor motions using the PD and
predictive control algorithms being designed here.

3. PREDICTIVE CONTROL METHOD
AND THEORETICAL RESULTS

Over the last few decades, the MPC predictive control method
has become a prevalent research topic [22, 23], attracting
attention among the control engineering community. This was
caused by the fact that the computational power of a micro-
processor continues to be strong and is still growing. Gener-
ally, the predictive control method uses a model of the object
under consideration to predict future system states values [24,
25]. A prediction of the future values of the output signal
y(i+j),j=1,...,H—1, is made for the prediction horizon
H and the control signal value u(i +j),j=1,...,L — 1, for
the control horizon L at time i. This algorithm works to fulfil
the control target, e.g. the control error minimum. For the cor-
rect operation of a predictive control algorithm, the assumption
L > H must be satisfied.

Bull. Pol. Acad. Sci. Tech. Sci. 69(6) 2021, 138998

Predictive control algorithms belong to advanced control
methods. They are characterized by low sensitivity to changes
of object parameters and are used with oscillating, non-linear
and non-stationary objects. The purpose of predictive control is
to determine a sequence of future values of the control signal.
According to the reference model, the control process is carried
out through an appropriately defined reference trajectory for
the output quantity, taking into account future changes of the
reference value.

As mentioned above, predictive algorithms are based on sev-
eral control methods. In this paper, a methodology of deter-
mining the MAC algorithm was presented as an example of
non-parametric predictive controller synthesis [26]. This algo-
rithm adopts the control system model in the following form:

y(i) = Vu(i 1), 2

where V is the polynomial whose coefficients are the impulse
response values of the B/A element. The polynomial coeffi-
cients v, vy, ..., v, are determined from (2) in the form of the
product of the discrete object transfer function and the Z-trans-
form of the discrete Dirac impulse. Assuming the discrete delay
time equal to 1 and the object model with the autoregressive
part, the polynomial V can be determined from the following
relationship:
B

V= e 3)
The primary goal of the MAC algorithm is to minimize the
divergence between the output signal prediction y and the ref-
erence w according to the following cost function:

J=Y" DG+ - wi+ )]+ pu’i+j -1} @

To design the MAC control algorithm, firstly, the coefficients of
polynomial V described by equation (3) should be determined,
and then matrices O and ¢ ought to be composed:

Vo 0 - 0
vl vO e 0
o=| 0 (5)
Vi-1 Vi—2 Vo
| VH-1 VH-2 VH-L |
3 -1
4" =41, ¢ qy) =1 [Q7Q +pI] Q. (©)

The polynomials R, S and T of the controllers take the follow-
ing form:

R=1+z"Y" ¢V} -V), (7)
=K, 4 ®)
S=Y1" 19 )

3



W\-\'\‘\’.CZ}.{SU].)ihl'l'li{.llilll.pl P
=

N www.journals.pan.pl

POLSKA AKADEMIA NAUK

P. Kurnyta-Mazurek, T. Szolc, M. Henzel, and K. Falkowski

Y
00 v

TQ 22

Fig. 2. Scheme of the control system applied to the model with one degree of freedom

while the control algorithm is described by the following equa-
tion:

Ru(i) = Tw(i) — Sy(i). (10)
In turn, coefficient K,, to be found in equation (8) defines the
reference trajectory. It is determined by the ratio of polynomials
B, and A,,. Usually, the first order trajectory can be calculated
from the following relation:

B, 1—p)z!
gk =B _U=p

" 1 p (m)

where p is the controller tuning parameter that determines its
speed, i.e. 0 < p < 1.

Based on equations (2)—(11), MAC controller polynomials
R, S and T were calculated for the rotor-bearing system shown
in Fig. 1. The theoretically analyzed algorithms of the designed
control system were implemented in MATLAB and Simulink
software. Firstly, the single-degree-of-freedom system was ana-
lyzed, by means of which rotor motion was investigated in the
vertical direction only. A scheme of the corresponding control
system is presented in Fig. 2.

Responses in time of the rotor displacement and the control
currents were obtained using the system presented in Fig. 2.
The response of the rotor observed along the vertical Oy axis
shown in Fig. 1 was also determined. The rotor has been loaded
by the gravity force and the unit step signal. This signal was
a reference trajectory and appeared after 100 ms in the form of
kinematic excitation with the value of 2.5-10° m. Time histo-
ries obtained using the analyzed control system are presented
in Fig. 3 and Fig. 4.

In Fig. 3, the time histories of the vertical rotor displacement
obtained using the control systems with the MAC algorithm and
the control system with the PD controller are presented. The
control system with the predictive algorithm is characterized
by almost ten times smaller control error than the control sys-
tem equipped with the PD algorithm. The proposed approaches
have similarly transient processes, and the settling time of the
predictive algorithm is shorter than in the control system with
the PD algorithm.

Additionally, Fig. 4 shows time histories of the electric cur-
rents responsible for control of the vertical motion determined
using the control system with the MAC algorithm and the con-
trol system with the PD controller. More severe oscillations of
the current have been registered in the case of the control sys-
tem with the predictive algorithm than in the case of the stan-
dard system with the PD controller. As a result, the predictive

x1074
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% 0.8 —— PD controller
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& 06 Reference trajectory
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Fig. 3. Time histories of the vertical rotor displacement obtained using
the tested control systems

1.5 :
——PD controller
1| ——MAC controller ||
< 05
c
o
5 0
3}
°
5 0 u
&)
-1
-1.5 : . L
0 0.05 0.1 0.15 0.2

Time [s]

Fig. 4. Time histories of the electric current responsible for to control
the vertical motion determined using the control systems with the
MAC and the PD controllers

system is saturated for a longer time, but this difference is only
slight. Additionally, a steady level of control current is lower
than in the case of the PD controller. In summary, it turned out
that the predictive control system worked better than the stan-
dard one. In the next part of this paper experimental studies of
the non-parametric algorithm will be performed.
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Thrust magnetic RIGH Magnste suppprted rotor-shaft and the eddy current sensors. The control
N\, bearing ‘ unit is based on a PC and dSpace platform with input/output
HENRER ey —— Sarng

cards with 16-bits A/D and D/A converters. The control algo-
rithms were designed in MATLAB and Simulink software and
then they were implemented in the dSPACE platform employ-
ing Matlab Real-Time Workshop (RTW) toolbox.

Within experimental studies, step responses were analyzed
using the predictive control system with the MAC algorithm.
Initially, responses in time due to a unit step signal were obtained

Dn:g/tlgrg ‘ - at zero rotational speed of the rotor. This signal created a refer-
ence trajectory in the form of a square wave with an amplitude

Left magnetic : of 2.5-10"% m and frequency of 1 Hz. Time responses due to

bearing an impact of the input (reference) signal acting in the air gap

in the vertical direction have been registered at the left- and
Fig. 5. The magnetic suspension system of the laboratory rotor-shaft ~ right-hand bearings, where the MAC predictive algorithm was
applied. These results are presented in Fig. 7. Here, the refer-

4. LABORATORY TEST-RIG AND EXPERIMENTAL RESULTS ;
The magnetic suspension system of the laboratory rotor-shaft x10”

was used for studies of predictive control algorithms. This sys- &

tem is presented in Fig. 5, and it consists of two active radial :C_'(,“ 1+ 1
magnetic bearings and one axial (thrust) bearing. Each of the ©

active radial magnetic bearings can generate a maximum elec- 2 E 0 | i
tromagnetic force of 400 N. Air gaps in the radial and axial % 1) —

magnetic bearings are equal to 0.25 mm and 0.3 mm. Thus, the £ E -1 PD controller b
operating point current for each bearing is equal to 4 A at the g ?_) —Reference trajectory
maximum current value of 8 A. The radial magnetic bearings & 2 -2 ——MAC controller i
have 30 windings, whereas the axial one has 60 windings. Eddy 2 g

current sensors are located in the electromagnet covers. Signals .2 @ ST |
from these sensors provide information about the rotor position

for the closed-loop control system, which provides fundamental £ T 1
data for the correct operation of a diagnostic system. The princi- 2 5 B . ‘ . ‘ |

pal parameters of the bearing system and the control algorithm 05 0.55 0.6 0.65 0.7 0.75
are presented in the Appendix.

A scheme of the magnetic bearing suspension control system
of the laboratory rotor-shaft is presented in Fig. 6. It consists of  Fig. 7. Vertical displacements of the left-hand bearing journals

Time [s]

the control unit, amplifiers, electromechanical actuators of the obtained using the control algorithms being tested
PC
COMPUTER WITH e i o

[
IMATLAB-SIMULINK | = |
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©
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- B ¥ CONTROL gy Iy
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ACTUATOR
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Fig. 6. Scheme of the control system of the magnetic bearing suspension of the laboratory rotor-shaft, [5, 9]
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ence signal is marked using the green line. In this time history
diagram the analogous response obtained by means of the PD
controller is marked using the blue line to compare control
quality of the standard and the predictive control system. A time
history of vertical displacement of the left-hand bearing journal
is presented in Fig. 7. The MAC algorithm is characterized by
a settling time of approximately 25 ms. In turn, the value of
maximum overshoot A is equal to 27%. In the case of the con-
trol system with the PD controller, the settling time and over-
shoot A have values of 100 ms and 70%. The time history of
the vertical displacement of the right-hand rotor-shaft bearing
journal is presented in Fig. 8. The predictive control systems
with the MAC algorithm are characterized by the settling time
equal to 50 ms. The value of maximum overshoot A is equal to
29%. Here, the use of the control system with the PD controller
resulted in the control time and overshoot A of about 250 ms
and 95%, respectively.

x107°

—PD controller
—Reference trajectory| |
—MAC controller

Vertical displacement
of the right-hand bearing journal [m]

0.5 0.55 0.6

Time [s]

0.65 0.7 0.75

F

d. 8. Vertical displacements of the right-hand bearing journal
obtained using the control algorithms being tested

Time histories of the control current responsible for stabiliz-
ing vertical motion of the left- and right-hand rotor-shaft bear-
ing journal are appropriately presented in Fig. 9 and in Fig. 10,
respectively. Measurements of this control current were made
using the standard control systems with the PD controller and
the control system with the predictive algorithm. Here, oper-
ation of the standard control system is characterized by the
highest value of current changes. The smallest amplitudes of
current changes characterizes operation of the control system
with the MAC controller.

In the case of time history of the control current in the
right-hand bearing presented in Fig. 10, operation of the con-
trol system with the PD controller is also characterized by the
largest value of current changes. Applying the control system
with the MAC controller leads similarly to the largest value
of the current value and the smallest amplitudes of current
changes.

Control current [A]

-0.5

0.5 0.6 0.7

Time [s]

0.8 0.9

Fig. 9. Time histories of the left-hand bearing current responsible
for controlling vertical motion obtained using the control algorithms
being tested

<
=
o
5
(&)
S —PID controller
£ MAC controller
o 1F
o
0.5
O 1 1 1 1
0.5 0.6 0.7 0.8 0.9
Time [s]

Fig. 10. Time histories of the right-hand bearing current responsible
for controlling vertical motion obtained using the control algorithms
being tested

In the following stages of experimental research, time his-
tories of the left-hand rotor-shaft bearing journal displace-
ments in the vertical direction at constant rotational speeds
were recorded. Consequently, in Fig. 11 and Fig. 12 present
registered time histories, FFT amplitudes and power spectrum
characteristics of the rotor-shaft journal vertical displacement
registered at the rotational speeds of 300 rpm and 2000 rpm,
respectively.

Maximum amplitude values of rotor vibrations were noted
for each of these time histories. Here, the smallest displacement
of the left-hand bearing journal has been observed at 300 rpm,
when the system with the PD controller was used. In turn, in the
control system with the predictive algorithm, an amplitude of

Bull. Pol. Acad. Sci. Tech. Sci. 69(6) 2021, e138998
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Fig. 11. Vertical displacements of the left-hand bearing journal
obtained at the rotational speed of 300 rpm, a) time histories, b) FFT

amplitude, ¢) power spectrum

ca. 10% larger value has been registered. However, the smallest
vibration amplitude of the right-hand bearing journal vertical
displacement was observed at 2000 rpm due to the predictive
control algorithm MAC application, and the largest one has
been registered when the control system with the PD algorithm

was used.

Bull. Pol. Acad. Sci. Tech. Sci. 69(6) 2021, 138998

Frequency [Hz]

Fig. 12. Vertical displacements of the left-hand bearing journal
obtained at the rotational speed of 2000 rpm, a) timehistories, b) FFT

amplitude, ¢) power spectrum

5. CONCLUSIONS

The paper presents results of theoretical and experimental
studies of predictive control systems dedicated to the high
speed rotating machine with a rotor suspended by means of
active magnetic bearings. For this purpose, a laboratory test-

rig equipped with proper control systems has been built. Fur-
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thermore, measurements were performed for excitations in the
form of a unit step signal at rotor-shaft zero rotational speed,
and without excitation at constant rotational speeds, when var-
ious control algorithms were used. The results of experimental
research confirm qualitatively the findings obtained using the
theoretical studies. Namely, in both cases, the control system
with the PD controller resulted in a greater control error than the
predictive control system. Moreover, peak values of the control
currents were also more significant than those obtained using
the MAC algorithm.

In the first stage of the predictive control system application,
time histories of vertical displacements of the rotor bearing
journals caused by the unit step signal were registered. Prelim-
inary experiments have been obtained at zero rotational speed
under excitation in the square waveform with an amplitude of
2.5-10° m and frequency of 1 Hz. The parameters determining
quality of the PD algorithm and advanced control algorithms
are presented in Table 1.

Table 1
List of parameters determining control quality
Parameter PD MAC
Settling time 100 25
o [ms]
.g
§ Overshoot 70 27
£
z [%]
3
Control error in steady-state 4.6-1073 7.5-107°
[m]
Settling time 250 50
@ [ms]
§ Overshoot 95 29
= (%]
20
A Control error in steady state 4.1-10° 1.6-107
[m]

Table 1 compares values of the settling time, overshoot
and control error under steady-state operational conditions
obtained using the different control algorithms, i.e. the PD
and MAC controllers. Here, in each experimental test, the
standard system resulted in worse dynamic properties than the
prediction one. The most significant difference was observed
for the steady control error value, which was greater by one
magnitude order in the case of the standard system with the
PD controller than when the predictive control system was
used. On the other hand, the predictive control system with
the MAC algorithm resulted in the smallest overshoot and the
shortest settling time.

Next, time histories of the vertical displacement of the
left-hand bearing journal at constant rotational speeds were
recorded. These tests were carried out at rotational speeds of
300, 600, 900, 1500 and 2000 rpm. For each of the registered
responses, maximum values of the vibration peaks were regis-
tered and included in Table 2.

Table 2
Maximum values of vibration amplitudes at constant
rotational speeds of the rotor

Rotational speed [rpm] PD MAC
300 7.984¢-06 8.651e-06
%D 600 9.837¢-06 7.310e-06
§ 900 6.062¢-06 5.426e-06
E’ 1500 6.085¢-06 6.143¢-06
2000 1.052¢-05 6.434¢-06

From this comparison, it follows that the predictive algo-
rithm manifested better properties than the PD algorithm. At
small rotational speeds, i.e. up to 300 rpm, the time histories
of bearing journal displacements obtained using the standard
algorithm were characterized by at least similar or smaller max-
imum amplitudes than those when the predictive system was
applied. But with an increase of the rotational speed of the rotor,
the analogous time histories of journal displacements registered
when using the prediction system were characterized by smaller
vibration amplitudes.

It must be remembered that magnetic suspensions are struc-
turally unstable systems. Therefore, they need a control system,
which assures stable suspension operation around an operational
point. Determining controller settings is a complex process for
the unstable system. Thus, within the framework of performed
research different controllers were tested, and optimum con-
trollers for the active magnetic suspensions were searched for.
In this study, the predictive controller was compared to the PD
controller. The PD algorithm is a standard type of controller
in the automatic system applied for active magnetic bearings.
Therefore, the comparison of predictive controllers with the PD
controller is justified.

The presented results of tests analyses of predictive con-
trol systems confirm the legitimacy of their use and devel-
opment in the magnetic suspension systems of high-speed
rotating machines. The constructed laboratory test-rig for the
magnetically suspended rotor-shaft, together with the pos-
itive effects of preliminary studies, have opened new per-
spectives for development of research devoted to magnetic
bearing suspension systems of high-speed rotating machines.
The results obtained during these studies are the basis for
identifying and monitoring systems of rotors supported by
active magnetic bearings. In further research in this field,
dynamic behaviors at greater rotor speeds will be investigated
when using other types of advanced algorithms, e.g. robust
and slide controllers.
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APPENDIX
Table 3
Numerical parameters of the laboratory rotor-shaft

Parameter Symbol Value Unit
Mass of rotor m 5.6 kg
Polar moment of inertia 1 0.0246 kg-m?
Diametral moment of inetrtia 1 2.736-1073 | kg-m?
Bearing stiffness coefficient k 2.88-10° [N/m]
Bearing damping coefficient c 900.96 [Ns/m]
Prediction horizon H 10 [s]
AMB air gap Xo 0.25 [mm]
Current work point i 1.5 [A]
Rotor total length / 0.373 [m]
Bearing span a+b 0.238 [m]
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