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Abstract— Active Magnetic Bearing technology is becoming
attractive for several reasons such as friction-free suspension and
high-speed operation, high reliability, and vibration reduction.
These desirable features come at the cost of the system's increased
complexity, including position sensors, a power electronic
converter, and a control system dedicated to the AMBs. This paper
focuses on the control system design of an AMB featuring a
Wheatstone bridge winding configuration and shaft position
control. To achieve a high-bandwidth current control able to
generate the desired forces, a Finite Control Set Model Predictive
Control has been proposed in this paper. The AMB is modeled
considering finite element simulation results to evaluate the
relationship between inductance and rotor position and obtain the
mechanical model parameters. A standard PI position control is
also included in the system and tested under different scenarios.
Finally, the control system is validated through simulation and
Hardware-In-the-Loop experimental testing.

Index Terms—Active Magnetic Bearing, Predictive Control,
Power Conversion, DC/AC power conversion, Vibration control.

I. INTRODUCTION

IGH speed applications and direct drive systems are

gaining importance in industry, and they are the subject

of extensive research. The maximum achievable speed
is mainly limited by the mechanical properties of materials,
thermal issues, and bearings friction losses limitations.
Considering the drive system of Fig. 1 (a), classical ball
bearings, shown in Fig. 1 (b), are usually used at high speed with
dedicated lubrication systems. These bearings are subjected to
high wear and losses and do not allow any compensation of the
shaft transversal vibrations. Several contactless technologies,
such as gas, oil, or magnetic bearings, can be considered to
improve these performances. These technologies are
implemented with the aim of suspending the shaft at the center
of its enclosure by applying a force resulting from air, oil, or
magnetic force pressure as shown in Fig. 1 (c). However, even
if it is possible to extend the bearings’ life and reduce their
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losses, in applications where high vibrations are present, this
solution may not be viable. On the other hand, Active Magnetic
Bearings (AMBs), shown in Fig. 1 (d), generate the force
necessary to lift and maintain the rotor centered using
electromagnetic field pressure [1]. By controlling the AMB
coils’ current, it is possible to generate a variable force on the
shaft which, not only keeps the rotor centered but can be
potentially used to damp the vibrations generated by backlash
and external perturbations [2].
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Fig. 1. Bearing technology for a drive unit: (a) Drive side view; (b)
Ball bearing; (c) Contactless bearing (gas, oil, or permanent magnetic
field); (d) Active Magnetic Bearing (AMB).

AMBs are particularly attractive for high-power as well as
high-speed applications [3] and are becoming a valid alternative
to standard roll-bearing for rotating machines [4], reducing
losses and achieving a full active rotor-dynamic control of the
system. In fact, AMBs are often considered as an alternative to
standard roll-bearing [3], [4] and different magnetic bearing
topologies have been proposed in the literature to reduce the
vibrations on the shaft [5], to improve the force density and
reduce losses [6]. The operative principle of AMBs is based on
the flux density unbalance in the main airgap, which leads to a
force acting on the rotor element generated by controlling the
current flowing through the AMBs coils. The coil arrangement
and control system adopted play a fundamental role in the
performance of the system. A variety of coil numbers and
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arrangements can be found in literature exploiting the
capabilities of three-phase systems to single-phase ones. In this
work, the Wheatstone Bridge (WB) configuration for the AMB's
power coil is considered [7], [8].

Clearly, an AMB system presents more components and
circuitry with respect to a conventional bearing. Fig. 2 shows a
schematic representation of the components needed, where the
whole AMB system is split into three main areas: actuation,
power electronics, and control.
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Fig. 2. AMB system block diagram
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To control the coil currents, a power conversion system is
required. The converter topology is related to the AMB coil
arrangement, and several structures can be taken under
consideration [8]-[13]. In this work such system is realized
using a six-leg Voltage Source Converter (VSC) [9] which is
particularly suitable for WB coil arrangements. The converter
can control the biasing magnetizing flux density in the AMB
through a DC current, identical in every coil, and control the
rotor position over the x and y axes, by unbalancing the currents
in the single AMB coils. However, since the six converter legs
are connected to the same DC-Link and not isolated from the
AMB coils, undesired circulating currents are present and must
be suppressed by the current control. Due to the high bandwidth
for the current controller, several techniques have been
considered with the aim to minimize power dissipation [14],
improve dynamic response [15] or increase robustness [12],
[16], [17]. Among them, Model Predictive Control (MPC) can
provide the desired performances, due to its inherently fast
dynamic response and flexibility [18], [19]. MPC uses the
system's mathematical model to predict its future behavior over
a specific time horizon. Based on the prediction model, MPC
solves a quadratic optimization problem by identifying the
sequence of future actions which minimize a user-defined cost
function. The best performing actuation is then applied, and all
the calculations are repeated at every sample period. Since
switching power converters are systems with a finite number of
switching combinations, the MPC formulation can be reduced to
evaluate state variables prediction and cost function
minimization only for a discrete number of switching states [5].
This approach, named Finite Control Set Model Predictive
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Control (FCS-MPC), has been successfully applied for the
current control in three-phase inverters [20]-[23], Multilevel
[24], [25], DC/DC [26], [27] and Matrix converters [28], [29],
as well as power control in an Active Front-End rectifier [20],
and torque and flux control of an induction machine [30].

This paper proposes the application of FCS-MPC to the
Current Control of a Wheatstone Bridge AMB driven by a six-
leg VSC. The concept has already been proposed in [31] and this
work provides additional Hardware-In-the-Loop (HIL)
experiments that furtherly validate the control. Therefore, the
contributions of this paper are:

e A comparison between the AMB analytical model and finite
element model, which allows the implementation of the
system by simulation.

e An FCS-MPC for the control of a WB AMB, which is
validated by simulation and HIL considering real
communication delays, as well as tested for systems with
and without disturbances.

e A position control that is able to maintain stable operation
under different scenarios such as external forces applied on
the shaft, signal measurement noise, and communication
delays.

It is important to highlight that, while FCS-MPC is a widely
accepted control technique for power electronics, it has not been
applied to this specific application where the current in all the
eight AMB coils is controlled without being directly measured
and just by controlling the currents in three single-phase
inverters. This presents some challenges in the control
implementation which are described in detail in the following
sections. The rest of the paper is organized as follows. First, the
AMB under study is modeled. In Section III the electrical system
is described. In Section IV the proposed control is introduced. In
Section V simulation results are presented, while in Section VI
the experimental results are shown. Finally, in Section VII the
conclusions are drawn.

II. AMB MODELING

There is a wide variety of possible structures for AMBs.
Among all, the one considered in this work is inspired by [32],
[33]. The structure features a 4-pole field generated in the stator-
rotor clearance through currents flowing in the stator winding
properly arranged. Aiming to achieve decoupled axis control,
the active sides of each phase are arranged as depicted in Fig. 3.

The AMB is designed to achieve a peak force of 150 N. Inner
rotor structure is selected and both the stator and rotor core are
dimensioned to operate around the knee of the magnetization
curve of the soft magnetic material. For the case study presented
in this paper, the material features a saturation-knee flux density
of 1.5 T and initial relative permeability of 4-10* H/m. The AMB
is considered to operate without specific forced cooling methods
and therefore the rated current density selected is limited to a
current density J = 5 A/mm?. The slot fill factor is assumed to be
kan = 0.5 and the number of turns is computed to achieve the
necessary Magneto-Motive-Force (MMF) in the air gap capable
to develop the required force. The rotor is designed with a
reduced magnetic load, to minimize the edgy currents in the
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laminations due to the high-frequency field variation. Each coil
is considered wounded around a single stator tooth and is split
into two parts. The total 8 coils are therefore located in the stator
structure of which half are aligned with the x-axis and the other
half with the y-axis. The coils belonging to each axis are
arranged in a WB configuration. This allows unbalancing the
air-gap magnetic field distribution super-imposing a differential
current on a polarization one which flows in every coil. This can
be done by means of controlling the 2 voltages imposed at the
opposite nodes of the WB through power electronics devices as
described in the following sections.
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Fig. 3. (a) 2D model of the AMB (x-axis configuration) and (b) WB
power coil arrangement for a single axis.

In [34] is presented a numerical model that can be used to
characterize different AMB structures, highlighting the main
features that characterize force generation in AMBEs. It is shown
that, approximating the model up to the first harmonic order, it
is possible to focus on the inductance and their variation with
respect to the rotor displacement amplitude, neglecting the
effects that arise from the variation against the rotor
displacement phase. Additionally, the inductance matrix can be
modelled by a first order Fourier series achieving an accurate
model. Finally, since the contribution of the inductance variation
with respect to the phase angle of the displacement is negligible,
therefore also the tangential force components provide a
negligible contribution to the overall force generated by the
AMB.

Therefore, aiming to assess the inductance with respect to
the position of the barycenter of the rotor structure, the
inductance matrix is computed considering the geometry and
materials as listed in Table I. Combing all the above
considerations, both analytical model and finite elements (FE)
simulations are performed to characterize the dependency of the
inductance of the AMB with respect to the rotor displacement.
In particular, the characterization focuses on the description of
the dependency of the inductances with respect to the x and y
rotor displacement.
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TABLE L. AMB PARAMETERS
DESCRIPTION VALUE UNIT
Rotor Outer Radius 22.25 [mm]
Air-gap thickness 0.4 [mm]
Axial length 21 [mm]
Number of turns 90 -

However, considering the decoupled axis design, the
inductance values related to a single phase are computed only
with respect to the displacement of the rotor in the direction of
the magnetic axis of the coil considered. For rotor displacements
up to 40% of the air gap, the ferromagnetic materials work in the
linear region of their magnetic characteristic. With further
increase of the displacement, saturation occurs on the side which
features a reduced air gap due to the flux density concentration
and the analytical model accuracy decreases. In this context, the
elements of the inductance matrix can be expressed as in (1)

Lin(p,¥) = Lino(p) + Lina (p) cos (v) (1)
where y is the displacement phase angle, while L;jo(p) and
Lynq(p) are the amplitude of the mean and first harmonic. The
analytical development of the Fourier Transform highlights the
dependency of the coefficients with respect to the p.u.
displacement p as reported in (2)

2 1-/1-p2
Lkhl(p) LS Ji-p2 (T) (2)
Fig. 4 depicts the comparison between FE and analytical
inductance variation with respect to the amplitude of the

displacement.
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Fig. 4. FE and analytical model comparison of self-inductance of
phase A and phase C with respect to the rotor displacement along the
x-axis in p.u. of the airgap length.

For small displacements, the equations (1) and (2) can be
substituted with the Taylor expansion around the origin of the
functions leading to a constant average value (Lypo) of the
inductance with respect to p, while linear dependency is
featured by the first harmonic element, i.e

Lin(p) = Lgpo(1 + K1p) 3

In conclusion, due to the strong interaction of the coils with
the magnetic circuit, the inductances of the coils are suitable to
change in different operational conditions of the system. This is
modeled and validated through FEA analysis, where also the
saturation effect is accounted for. Considering the AMB design,
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in the following analysis equation (3) is considered, with a
nominal inductance value of L 7mH and a rotor
displacement variation p + 0.5 p.u. and K, = 1.

III. ELECTRICAL SYSTEM DESIGN AND MODELING

Referring to Fig. 3, Fig. 5 shows the whole AMB electrical
circuit. The AMB coils are electrically arranged as two WB
connected in series. To operate properly, the system requires a
polarizing current constantly flowing through the coils, which
imposes the flux required to magnetize the system. When
external forces are acting on the system, a variation of £3 A in
each AMB coil is imposed to unbalance the electromagnetic
field thus resulting in electromagnetic forces developed from the
AMB on the x and y axes, respectively. These forces allow
maintaining the rotor in the equilibrium position under external
mechanical disturbances. The system is controlled using three
H-Bridges (HBs) fed by a common DC bus, as shown in Fig. 5.
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Fig. 5. WB power coil and inverter arrangement .

As shown in Fig. 5, the HB at the top is used to generate the
polarizing current flowing through the WB legs while the second
and third HBs generate a current unbalance in the AMB coils
which allows to apply the electromagnetic force required on the
x and y axes, respectively. Due to the AMB design, the system
operates properly when the following constraints are satisfied:

ixa = ixcl

. —_ lpol - lpol - lpol

b = lxc (4)
iya=iyd > lx_lx_lx

. : it=i; =i

lyb = lyc y y y

These constraints are not imposed by the electrical circuit but
rather by the current control system. By considering these
constraints and applying Kirchoff’s law to every node of the
WB, the following expressions can be derived:

ipol = lyq tixe = lyp +ixg ipol — Iy = Lyp iy
= lyq tiye = iyp tiya N ipot T Iy = lxqg T ixq )

by = lxa = lxp = lxa = lxc lpol ly = iyb + iyc

iy - lya - lyb - iyd - iyc lpol + ly = iya + iycl
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Moreover, the constraints given in (4) and, therefore, the
ones given in (5), must be independently imposed on the three
HBs by the converter control. Additionally, for control design
purposes, controlling the current at the converter output
represents a more practical solution, rather than directly
measuring the WB coil’s current. Finally, it is important to
highlight that, while the coils’ inductance varies with the rotor
position, as described in the previous section, the inductance
seen by each HBs does not vary, due to the arrangement of coils
in the WB configuration. This allows avoiding the use of
inductance estimation techniques in the current control system.
Under the hypothesis of symmetric branches of the WB in a
centered condition, the system can be described as follows:

[ poll — pol3]VDC =2L [ pOL pOl] + 27”[ pol + lpol]
[le S L [dlx de

dt
[Sy1 = SyslVoe = L [d‘y +22 d‘y +r[if +i5]
where L and r represent the nommal winding inductance and
resistance of each AMB coil, respectively. Moreover, S;
represents the state of the switch Q; of the HB connected to the
system i € {pol, x, y}, respectively. S; has a value of 1 when the
switch is on and 0 when the switch is off.

x3]VDC = ] tr lx + lx] (6)

TABLE II. AMB POWER CONVERSION SYSTEM NOMINAL PARAMETERS
NAME DESCRIPTION VALUE | UNIT
C DC-Link capacitance 11 [mF]
an, an, Lxc, Lxd, Lyaa Lyba Coils inductance 7 [I'IlH]
Lyc, Lyd
Txa Txbs Txe» Txds Tyas Tybs Tyes Tyd Coils resistance 0.5 [Q]
Vbe DC-Link voltage 64 [V1]
Ipol Polarizing current 3 [A]
iy, Iy x and y HBs currents +3 [A]

For control design purposes, it is useful to split the model
presented in (6) into six equations as follows:

dip’fol -
SpollVDC = ZL_ + Zrlpol
2L 2= p"l + 2Tipy

dlx

SXIVDC = L—+ T'lx

_SpoB VDC

dlx (M

_SXSVDC = L—+ T'lx

dL
— y rit

=Sy3Vpc = ; + Riy

where every controlled current depends only on the state of one
HB leg. Table II shows the nominal parameters of the power
conversion system under investigation.

IV. CONTROL DESIGN

The control system features two nested control loops. The
outer loops are implemented as PID controllers which control
the rotor position on the x and y axis, respectively. This control
has been designed with a closed loop bandwidth of 113 Hz and
outputs the current references for the x and y H-Bridge currents,
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which control the forces applied to the rotor. This means that the
position control can reject disturbances with harmonic
components up to 100 Hz. The FCS-MPC is used to implement
the inner current control loop by regulating the currents on the x
and y axis H-Bridges to the references provided by the PID
controllers. Additionally, it controls the polarizing current
necessary to magnetize the AMB and generate the required
forces on the rotor. FCS-MPC controller is a nonlinear control
with a bandwidth of 10kHz in this case, equal to half of the
sampling frequency. It also features a specific implementation
that allows controlling the AMB coil currents, and hence the
forces applied to the rotor, by sensing only the H-Bridges AC
currents. The FCS-MPC regulates the currents at the converter
AC outputs by directly selecting the power electronic converter
commutation state. Hence, this technique results in variable
switching frequency, always lower than half of the sampling
frequency and dependent on the source/load conditions.

In Fig. 6 the control block scheme for a single AMB is
presented. The position control block considers a mechanical
model and calculates the required HBs currents on the x and y
axes, to achieve stable operative conditions. The control is
implemented using a classical PID controller:

Kgs

C(s)—C(s)—K+ +1 (8)
K

S+1

As can be noted from Fig. 6, the position control on the two
axis is completely decoupled due to the specific coil
arrangement in the AMB.
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Fig. 6. Overall AMB system control scheme.

Regarding the current control, three separate controllers are
used. One controller imposes the polarizing current through the
WBs while the other two generate the necessary current
unbalance in the AMB coils to respond to any mechanical
disturbance with a fast and accurate transient.

Due to the high bandwidth required by the FCS-MPC current
control, the whole control is implemented considering a control
sampling frequency of 20 kHz. Using this configuration, it is
possible to control the current in each of the WB coils. It should
also be noted that, since FCS-MPC is used, the converter
switching frequency is variable and always lower than half of
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the sampling frequency, making it feasible to use standard
silicon power electronic devices. On the other hand, FCS-MPC
requires the online evaluation of all the possible converter states,
(64 for the system under study) and, thus, requires more
computational resources than a classical PI current control
implementation.

However, by defining the system electrical model as in (7),
it is possible to simplify the control system and reduce the
number of iterations required by FCS-MPC. Considering this
model, FCS-MPC is independently implemented on the single
HBs legs. The model in (7) is discretized using a forward Euler
approximation of the derivative, at the sampling time 7 and
using the discrete variable k as follows:

otk + 1) = 00 (k) + 2 [Spon (Ve — 27
otk + 1) = iy (k) — [ potz (K)Vpe + 2ripe, (k)]
g+ =il +- [le (kK)Vpc — rig (k)]
k+1) =i:(k)— —[ x3(K)Vpe + iy (K)]
if(k+1) =iy(k) + Fs[ 1 (Ve — ris (K)]

iy (ke + 1) = i5.(k) = [Sy5 ()i + 715 (0]

The discretized model is then used to predict the HBs
currents at the discrete time instant k+/ and is evaluated
individually for every possible HB leg state. The state to be
applied during the next sampling interval is then selected as the
HB leg state that minimizes the following cost functions:

pol(k +1) = |lpoz(k + 1) —ipo (k + 2)|
pol(k + 1) - |Lpol(k + 1) - lpol*(k + 2)'
Gik+1) =|if(k+1) =i, (k +2)|
Gy (k+1) =|i;(k+1) =i, (k +2)|
Gy (k+1) = |if (k+1) — iy, (k + 2)|
Gy (k+1) =i (k+1) — iy, (k + 2)|

The cost functions in (10) represent the tracking errors for
each converter leg, where i,.", i,", and i," are the current
references for the three HBs, respectively. It is worth mentioning
that, since the currents on the single HB legs are controlled to
minimize the error towards the same reference value, by using
the cost functions in (10), the control inherently imposes the
constraints in (4) which results in the desired converter behavior.
This means that there is no current circulation through the three
HBs that can therefore be considered independent converters,
connected to separate DC-Links. Moreover, only two converter
states for each HB leg need to be evaluated, resulting in a total
of 12 converter states assessed at every sampling instant,
reducing the computational burden, and easing the practical
implementation.

i;ol (k)]

A

(10)

V. SIMULATION RESULTS

Simulations of the proposed system are carried out for two
study cases using Plexim PLECS simulation software and the
parameters given in Table I-IV. The position controller was
designed to have & = 0.8,t; = 17.2ms, MOV = 1%, and w =
276 rad/s resulting in a closed-loop bandwidth of 113 Hz, while
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the FCS-MPC current controller has a sampling frequency of 20
kHz. The FCS-MPC sampling frequency as well as the PID
position control bandwidth determine the maximum disturbance
frequency that can be rejected by the control system and its
response to pulsed disturbance. For example, AMBs are usually
applied to high-speed motors, over 100.000 rpm, and high-
frequency disturbances need to be suppressed. Another
application case is when a lower speed is considered but external
pulsating forces act on the rotor. Being the airgap in the order
few points of mm, the control of the AMB system needs to act
fast enough to avoid the rotor colliding with the stator. For these
reasons, AMB systems usually require a performing control
system which, together with the reduced number of iterations of
the proposed FCS-MPC, makes its implementation feasible on a
high-end DSP or SoC, although difficult on a commercial
microcontroller.

TABLE IIL CONTROL PARAMETERS

NAME DESCRIPTION VALUE UNIT

K, Position control — Proportional 9870.5 [
gain
K; Position control — Integral gain 486520 [
K4 Position control — Derivative gain 47.9457 [/]
K¢ Position control — Derivative filter 50260 Al
coefficient
Ts FCS-MPC current control 20 [kHz]
Sampling frequency

In the first simulation, the control is analyzed for an ideal
case in which no noise is present in the measured current signals
and the rotor position is controlled to follow a circular pattern.
Fig. 7 (a) and (b) show that no external forces are applied to the
rotor while Fig. 7 (c) and (d), the rotor position in axis x and y
are presented. Moreover, the position in both axes follows a
sinusoidal shape as required by the controller. Thus, the
controller can keep the rotor position stable at different values.
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Fig. 7. AMB control following a position. (a) and (b) force applied to
axes x and y. (c¢) and (d) position x and y.

In Fig. 8, the currents applied to the actuator are shown. The
polarizing current ip,;, shown in Fig. 8 (a), is kept constant,
while the current applied to the inductance iy and iy, and thus,
also the current in the inductances iy, iy, i, 14, slightly vary with
the position changes. Moreover, the currents circulating in each
inductance pair (i,,i. and iy,iq) have opposite sign, while
current i, = i, and current i, = ig for each position.

In the second simulation, the sensitivity of the proposed
control to noise and external perturbations is studied. With this
aim, the rotor position is controlled to be kept constant to
coordinates (0,0) with noise on current measurements included
in the system. An external force with vibrations at 10Hz and
30Hz is applied to the rotor in both x and y directions to analyze
the position control performance. Also, between 0.5s and 0.7s,
a pulse is applied, representing a transient vibration force. Fig. 9
and Fig. 10 show the results obtained.
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Fig. 9. AMB control with disturbance. (a) and (b) force applied to axes
x and y. (c) and (d) position x and y.

In Fig. 9 (a) and (b), the forces applied in the x and y
directions are shown. In Fig. 9 (c) and (d), the x and y position
are presented, showing that the value oscillates around the
reference value. This oscillation is produced by the perturbation
applied to the system through the external forces acting on the
rotor. Moreover, as shown in Fig. 9 (a) and (b), there is a force
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impulse applied at 0.5s, which as seen in Fig. 9 (e) and (f) does
not affect the position control. Analyzing the current in Fig. 10,
it can be observed that when the pulse is applied, the current
circulating in the inductances increases to maintain the rotor
stable at (0,0) coordinates.

Fig. 11 shows the rotor trajectory in blue for different time
instants in the two simulation cases. In Fig. 11 (a) the results
obtained when the rotor follows a circular shape are presented,
while in Fig. 11 (b), the results obtained when the rotor is
controlled to remain at the center are shown. In both cases, the

To further analyse the performance of the proposed system,
the following scenarios are analysed. In Fig. 12 the effect of
applying an impulsive force when the shaft is maintained at its
central position is shown. In Fig. 13, the effect of a perturbation
only in the vertical y-axis is presented. In Fig. 14, the AMB
control with disturbance in the y-axis and following a position is
presented. In Fig. 15 a white noise disturbance is applied while
the shaft is controlled to follow a given position. Fig. 16 shows
the y position relative to the x position for the 4 cases described.
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Fig. 13. AMB control with disturbance in y-axis. (a) and (b) force
applied to axes x and y. (c¢) and (d) position x and y.
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It can be observed that in all the cases the AMB is able to
keep the shaft inside the maximum allowed area, and maintain
the shaft at the desired position regardless of the presence of
different sources of external forces which act as perturbations.
Therefore, it has been shown that the proposed control can
follow and keep a given position in scenarios with different
perturbation levels and operating with measurements subjected
to noise, which is expected to be found in an experimental
setup.
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VI. EXPERIMENTAL RESULTS

The experimental setup is shown in Fig. 17. It comprises a
host PC that is used to program two independent Plexim PLECS
RT-Box HIL simulators. In the first HIL simulator, only the
control is included while the Plant model is loaded on the second
RT-Box. The two simulators communicate with each other’s
using an SFP+ digital communication. No clock synchronization
is performed between the two HIL simulators and, for this
reason, can be considered operating independently. It is also
worth mentioning that the RT-Box 1 use a Xilinx Zynq Z-7030
SoC, with the controller running on an ARM Cortex-A9 which
has 1GHZ of clock frequency. This represents a powerful
solution for advanced power electronics applications. Clearly,
when compared to an industrial microcontroller, such as a Texas
Instrument TMS320F28379D which has a clock frequency of
200MHz, the RT-Box is more powerful and performing.
However, when considering custom solutions for advanced
power electronics application, such as AMB applications,
similar solutions based on the Xilinx Zynq architecture can be
found in literature [35], [36].

The HIL model is implemented using the same parameters
of Tables I to Il and it includes the physical system and
controllers' delay which affect the position controller behavior.
In Fig. 18, the experimental implementation is shown in detail.
Delays are included in the electrical system to decouple circuits
with different time constants. This is a practice often applied in
HIL implementation to ease the HIL software compiling and
improve the execution speed. In this case, controlled voltage and
current sources are used to emulate the voltage or current applied
to each circuit, but clearly, a delay of one sampling step is
necessary to avoid algebraic loops.  Additionally,
communication delays are considered on both RT-Box. The
delays on the controller implementation consider one sampling
interval delay at the controller input while the delays on the
electromechanical models represent communication delays as
well as the electrical circuit decoupling delays. Band-limited
white noise is added to the measure at the control input, to
represent a more realistic environment. Relevant signals, such as
WB currents and rotor position are output using the HIL
platform DAC and measured using oscilloscopes. It is important
to highlight that the electromechanical system and the controller
are executed at two different sampling frequencies. The
controller is executed at 20kHz of sampling frequency which
represents a realistic execution time on control hardware for
AMB applications while the electromechanical system is
executed at a sampling frequency of 400 kHz, representing a
continuous time system.

Host PC -
Plant & Controller Models Hardware in the Loop

RT-Box 1 — Controller
RT-Box 2~ Plant

Instrumentation

Oscilloscope — Collecting

Currents and Position datas

Signal Generator — Applying <=p
external force disturbance

Fig. 17. Experimental setup.
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Regarding the AMB and converter models, the switches are
considered ideally commutated with dead-time implemented.
Switches ON resistances are also considered. The AMB
electrical circuit considers inductors with series resistance to
represent the AMB coils. On the other hand, the mechanical
system uses the electrical currents to calculate the forces applied
to the rotor using the coefficient K;. These forces are considered
at the input of the mechanical system, together with external
forces acting on the rotor and feedback forces calculated from
the position using the coefficients Ky, K. All the coefficients are
derived from FE simulations. The results obtained with this
implementation are shown in Fig. 19 shows that when a
sinusoidal force disturbance of amplitude +/- 150N at a
frequency of 1Hz is applied. The control is able to generate the

i

required current necessary to maintain the rotor in the centered
position. When the frequency of the external force disturbance
is increased to 10Hz in Fig. 20, the control is still able to operate
but a residual oscillation of +/- 0.1mm is present, similar to the
case when the external force disturbance of frequency 100Hz is
applied in Fig. 21. However, it can be concluded that the control
system is able to control the rotor position with minimal error.
Additionally, the control has been tested to respond to external
force step between -150N and 150N in Fig. 22 and ON to 300N
in Fig. 23. From the figures is possible to appreciate the minimal
current control overshoot and the capability of the control of
quickly reject the disturbance and reestablish the position on the
x and y axis to their reference at coordinates (0,0).
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Fig. 18 HIL experimental implementation where delays at sampling times 2.5us (in green) and 50 ps (in blue), band-limited white noise, and

signal sent out through the platform DAC (in red) are highlighted.
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Fig. 19. HIL results when a sinusoidal force disturbance of amplitude +/- 150N and frequency 1Hz is applied on both axes. (a) ix (yellow), ix"
(green), iy (cyan) and iy” (blue) at 2.5A/div. (b) x (yellow), x* (green), y (cyan) and y* (blue) at Imm/div.
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Fig. 20. HIL results when a sinusoidal force disturbance of amplitude +/- 150N and frequency 10Hz is applied on both axes. (a) ix (yellow), ix*
(green), iy (cyan) and iy” (blue) at 2.5A/div. (b) x (yellow), x* (green), y (cyan) and y* (blue) at Imm/div.
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Fig. 21. HIL results when a sinusoidal force disturbance of amplitude +/- 150N and frequency 100Hz is applied on both axes. (a) ix (yellow),
ix" (green), iy (cyan) and iy" (blue) at 2.5A/div. (b) x (yellow), x* (green), y (cyan) and y* (blue) at Imm/div.
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Fig. 22. HIL results when a squared force disturbance of amplitude +/- 150 N at a frequency of 1Hz is applied on both axes. (a) ix (yellow), ix"
(green), iy (cyan) and iy” (blue) at 2.5A/div. (b) x (yellow), x* (green), y (cyan) and y* (blue) at Imm/div.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https:/www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Industry Applications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/T1A.2023.3289934

5.0047 l 5.004/ 5.004/ 5.004/ H. 200.0ms/
-9.68750A -9.62500A 5.06250A 5.06250A 00s

10.4A

-800m -400m 0.0 400m 800ns

(@

n 1.00v/ 1.00v/ 1.00v/ 100mv/ ‘H 200.0ms/
-1.05000v -1.10000V 2.00000V 200.000mv 0.0s

[G00nY

S00m
[400m
#“M#
200m
100m

r——h——-v——-ﬂ-—-—q-—

-100m

-800m -400n 0.0 400m 800ms

(b)

Fig. 23. HIL results when a squared force disturbance of amplitude 300 N at a frequency of 1Hz is applied on both axes. (a) ix (yellow), ix"
(green), iy (cyan) and iy” (blue) at 2.5A/div. (b) x (yellow), x* (green), y (cyan) and y* (blue) at Imm/div.

VII. CONCLUSIONS

In this paper, FCS-MPC is applied to the power electronic
conversion system for an AMB system, modeled as two WBs.
The converter is composed of three HBs, which work
independently and control the polarizing current flowing
through the WBs and the current unbalance in the two WBs to
apply the desired force on the rotor and maintain it stable in a
centered position. In fact, the polarizing current magnetically
loads the AMBs and by unbalancing the WBs leg currents it is
possible to shift the rotor on the x or y machine axis, to respond
to mechanical vibration and other disturbances. As these
vibrations are usually in the order of hundreds of Hz, the current
control requires a fast dynamic response and, for this reason,
FCS-MPC is selected and the theoretical claims are supported
by the simulation results, which show fast dynamic behavior for
the current control. Simulation results also show good
performance from the position control and its ability to work
when band-limited white noise is present on the current
measurement. Experimental tests on a HIL system composed of
two Plexim RTBOX furtherly validate the theoretical claims by
testing the proposed control in a realistic environment where
communication, measurement, and actuation delays are
considered.
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