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Abstract— Nowadays Active Magnetic Bearing (AMB) are
being studied as a solution in many applications where reduced
friction, high-speed operation, high reliability, and vibrations
exemption are required. To achieve these benefits, AMBs require
a complex actuation system, which includes position sensors,
power electronics and advanced control dedicated to AMBs
operation. All these features are also dependent of the AMBs coil
arrangement. Among several solutions, Wheatstone Bridge
winding configuration is considered in this paper. In terms of
current control, Finite Control Set Model Predictive Control
(FCS-MPC) is proposed in this paper, in order to generate the
required forces with a fast dynamic response and improve the
system robustness. Moreover, the AMB coils inductance is
estimated in a predictive fashion, enabling rotor position
estimation without including additional sensing coils or position
sensors. In fact, the link between coil inductance variation and
rotor position can be obtained by means of finite element
simulation and analytical modelling. However, the position
controller is critical for the system operation and nonlinear high
bandwidth controllers are often investigated for AMB systems.
For this reason, a Lyapunov Function Control (LFC) is proposed
in this paper and compared through simulation with a classical
linear controller implementation.

Keywords— Active Magnetic Bearing, Predictive Control,
Lyapunov Function Control.

I. INTRODUCTION

In many applications where reduced friction, high-speed
operation, high reliability, and vibrations exemption are
required, Active Magnetic Bearing (AMB) are being studied as
a feasible improvement in drive technology. In fact, bearings
friction losses play an important role in limiting the drive
operational speed and, when high speed is required, the classical
ball bearing of Fig. 1 (b) usually used requires a dedicated
lubrication system to reduce wear and losses. On the other hand,
contactless bearing technologies, such as gas, oil, or magnetic
bearings, aim to suspend the rotor by applying an external force
related with air/oil pressure as shown in Fig. 1 (c) or magnetic
field in Fig. 1 (d). However, when the drive is subjected to high
vibrations, these technologies may not provide a viable solution.
As an alternative, the Active Magnetic Bearings (AMBs) of Fig.
1 (d), actively generate an electromagnetic field using coils [1].
By controlling the AMB coils current, a variable force is applied
to the shaft, allowing to keep the rotor centered and damping
external vibrations [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).

AMB: are suitable for high power and high-speed drives [3]
and presents a viable alternative to standard bearings [4],
reducing the system losses and allowing complete rotor dynamic
control. On the other hand, AMB actuators requires complex
circuitry and control systems to operate, which are not required
with conventional bearings. Fig. 2 shows a representation of the
AMB actuation system, which is divided into electro-
mechanical actuation, power electronics and control.
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Fig. 2. AMB system block diagram

In terms of the physical actuator, AMB technology has been
studied since the late seventies and different coil arrangements
have been proposed in literature to reduce the position stiffness,
improve force density, and reduce losses [5]-[7]. Recently, this
technology is studied for application in turbomachinery [8],
more electric vessels [9] and other high-power, high-speed
applications [10]. AMBs works on the flux density unbalance in
the airgap to generate forces acting on the rotor element. This is



achieved by controlling the AMB coils current. Several
configurations of coil are presented in literature which also
depends on the available power source [7], [11]-[13]. In this
work, the Wheatstone Bridge (WB) configuration for the AMBs
power coil is considered [14], [15]. A power electronic system,
which is often referred as power amplifier in literature, is
required to operate the AMB actuator. The converter topology
depends on the AMB coil configuration, and several topologies
have been proposed to fulfill the AMB actuator requirements
and provide additional features such as fault tolerance and
improved reliability, among others [11], [12], [16]-[18]. In this
work a six-leg voltage source converter [16], suitable for WB
coil arrangement, is considered. The converter controls the bias
flux generated by the AMB through a DC current, identical in
every coil, and allow rotor position control by unbalancing the
currents in the single AMB coils [19], [20]. In order to operate
the AMB actuator, the current controller requires high
bandwidth capabilities, and, for this reason, several techniques
have been proposed to reduce power dissipation [21], improve
dynamic response [22] or increase robustness [23]. Recently,
Model Predictive Control (MPC) is often proposed in
applications where fast dynamic response and flexibility are
required [24], [25]. By means of the system model, MPC predict
the future state behavior over a specified time horizon and
identify the future actuations which minimize a user defined cost
function. Since power electronics systems presents a finite
number of possible future actuations, MPC is reformulated to
evaluate a discrete number of solutions [5], leading to the
concept of Finite Control Set Model Predictive Control (FCS-
MPC). This technique has been widely applied to three-phase
inverters [26], Cascaded H-Bridge converters [27], [28] and
Matrix converters [29], as well as power control in an Active
Front-End rectifier [30], and torque and flux control of an
induction machine [24], [25]. Additionally, due to the discrete
nature of FCS-MPC, it allows straightforward coils inductance
estimation which, as depicted in [19], is related with the rotor
position. This allows to avoid the use of additional position
sensor or sensing coils.

Regarding the AMB position control, this is independent of
the AMB coil arrangement and related with the rotor mechanical
structure. Several control techniques have been proposed in
literature with research focusing mainly on nonlinear control
techniques. Resonant controllers [31], Nonlinear Saturation
Oscillator [32], Adaptive Sliding Mode Control [33], Adaptive
Recursive Least Square Algorithm [34] and MPC [35] have been
proposed for position control of AMB system. In this work, a
Lyapunov Function Control (LFC), which shares many of the
MPC features and has already been applied to power electronics
systems [36], [37], is proposed to control the rotor position and
compared with classical PID control implementations.

II. AMB DESIGN AND MODELLING

Amng the wide variety of AMB structures a 4-poles WB
configuration has been selected [14], [15] aiming to achieve
decoupled x and y axes control. The coil arrangement is shown
in Fig. 3 for the x axis. A total of 8 coils are located in the stator
structure of which half are aligned with the x-axis and the other
half with the y-axis. This allows to unbalance the air-gap
magnetic field distribution super-imposing a differential current
on a polarization one which flows in every coil.

(b)
Fig. 3. (a) 2D model of the AMB (x-axis configuration) and (b) WB power
coil arrangement for a single axis.

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.
Considering the numerical model of [38] and approximating the
model up to the first harmonic order, it is possible to obtain the
relation between inductance variation and rotor displacement.
By using this model, the inductance matrix is computed
considering the parameters of Table I.

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 -
Inductance nominal value (L) 7 [mH]
Rotor displacement (p) +0.5 [mm]
Inductance variation constant (K) 1 [mH/mm]

Fig. 4 depicts the comparison between finite element
simulations and analytical model inductance variation with
respect to the rotor displacement. When small variations of rotor
displacements are considered, the inductance values can be
approximated linearly as it follows

Lgn(p) = Lgpo(1 + K.p) )

where p is the rotor displacement, Ly, is the nominal
inductance value when the rotor is centred, i.e. p = 0, and K; is
a constant value representative of the design. Additional
information on the AMB design can be found in [19], [20], [38].

III. ELECTRICAL SYSTEM DESIGN AND MODELLING

Considering the AMB design carried out in Section II, Fig.
5 shows the total AMB electrical circuit, where the power
electronics is included to control the AMB coils current. The
power conversion system is composed of three H-Bridges (HBs)
fed by a common DC bus. In order to reduce the number of
switches required for driving the AMB actuator, the two WB,
generating forces on x and y axis, are connected in series. As
shown before, the AMB actuator requires a polarizing current
constantly flowing through the coils. In absence of external
forces, the rotor is displaced in the centered position, i.e. p = 0,
and Ly,(p) = Lypo - Nevertheless, the polarizing current



continues flowing through the AMB coils. If external forces are
acting on the system, the rotor displacement tend to vary, and a
current unbalance in the AMB coil is applied to generate
electromagnetic forces which counteract the external
disturbance and maintain the rotor centered.
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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.

L

Fig. 5. AMB system electrical circuit.

Considering the AMB design of Section 11, the constraints of
(2) needs to be satisfied in order to properly operate the system:

lxa = lxd o

— Ipol = lpot = lpol

e .
. . ir=i-=i 2
iyg = lyq > x x x 2

L
ly =ly =1y

It has to be noted that the constraints in (2) are fulfilled by
properly designing the current control system. Under these
constraints the system model is described by the following
system of equations:

[Spoll pol3]VDC 2L [ pOl pol] + Zr[l ot lpol]
[le - Sx3]VDC =1L [dlx dlx] + 7”[lx + lx] 3)
+

where L and r represent the inductance and resistance seen by
each HB and §j;is the conduction state of the switch Q; of the HB
i € {pol, x, y}. S is equal to 1 when the switch is conducting and
0 when the switch is open. It has to be noted that the coils
inductance Ly (¢ €{x,y}, j €{a,b,c,d}) varies with the rotor

displacement, due to the system symmetry the inductance seen
by each HBs does not vary and L is always equal to L. Table
IT shows the nominal parameters of the power conversion system
under investigation. Additional information on the AMB
electrical circuit can be found in [19], [20].

TABLE II. AMB SYSTEM ELECTRICAL PARAMETERS
NAME DESCRIPTION VALUE | UNIT
C DC-Link capacitance 11 [mF]
L winding inductance 7 [mH]
r winding resistance 0.5 [Q]
Vbe DC-Link voltage 64 [V]
iyols ipol Polarizing current 3 [A]
iy, iy, iy, iy x and y HBs current +3 [A]

IV. CONTROL DESIGN

Fig. 6 shows the control block scheme of the overall AMB
system. The mechanical model shows that three forces act on the
rotor. Considering the axial displacement g €{x,y} an external
force F*", a force proportional to the axial displacement through
a constant K, and a force proportional to the AMB coils current
through a constant K; are applied to the rotor, obtaining the
following model:

{Fx =mX = K, x + Kji, @
E, =myjy = K,y + K;i,

where the values of the mechanical model parameters are shown
in Table III. As it can be noted, the position control on the two
axis is completely decoupled due to specific coil arrangement in

the AMB.
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Fig. 6. Overall AMB system control scheme.

TABLE IIL AMB SYSTEM MECHANICAL PARAMETERS
NAME DESCRIPTION VALUE | UNIT

m Rotor mass 6 [ke]

Ki Current/Force constant 65.32 [N/A]
Kx, Ky Displacement/Force constant 391.96 [N/m]

From Fig. 6 it can be noted that the control system is
composed by three main blocks: an FCS-MPC current
controller, a Predictive position estimator and a position
controller on each axis. The current control is implemented as
three FCS-MPC controllers, in charge of controlling the
polarizing current i,,; and the coil current unbalance i and i,
respectively. The implementation of FCS-MPC considers
independent control of the HB leg currents, in order to fulfill the
constraints in (2) and reduce the required number of control



iterations. By discretizing the model in (3) using a forward Euler
approximation at the sampling time 7, the following current
predictions are obtained:

otk +1) = iy () + 7 [Spour (Ve — 2rige: ()]

ik + 1) = (50 (0) = 2 [ 5ot (Vg + 2rig ()]
ix(k+1) =i (k) +—[ Sx1(k)Vpe — iz (k)]
x(k+1) =iy (k) - [ x3(K)Vpe + 1ix (k)]

iy Yk+1) = iy Y(k) + —[ 1K) Vpe — iy (k)]
iy(k+1)=1i5k) - —[ y3(K)Vpe + iy (k)]

®)

Based on (5) the FCS-MPC then evaluate all the possible
conduction states of each switch Sj; and select to apply during
the next sampling interval switch state which minimizes the
following cost functions:

pol(k + 1) - |lpol(k + 1) lpol*(k + 2)|
Gpot(k + 1) = |i(k + 1) — ipg; " (k + 2)|
Gitk+1) =itk +1) =i, (k + 2)|
Gy(k+1)=|i;(k+1)— i, (k +2)]
Gk +1) = |if (k+1) — i) (k +2)|
Gy (k+1) =|i;(k+1) — i, (k + 2)|

(6)

where i,,/", iy and i," are the current references for the three HBs.
Considering that i and i;", with i € {pol, x, y}, are controlled to
follow the same reference i, by minimizing the cost function in
(6) inherently the constraints in (2) are satisfied and the system
is able to operate properly. Additionally, each HB leg control
requires only two control iteration to minimize the cost function
in (6), resulting in 12 converter states to be evaluated at every
sampling instant, which reduce computational issues in the
implementation on physical hardware with limited
computational resources. The position is estimated through an
inductance estimation algorithm, which takes advantage of the
discrete nature of FCS-MPC. In fact since the current controller
applies only one converter state per instance, during one
sampling interval the current in each coil varies linearly and the
inductance can be estimated using only current measures at the
FCS-MPC sampling instants, without requiring any
oversampling. In order to perform the inductance estimation a
discretized set of Zq j possible values (g €{x,y}, j €{a,b,c,d}) are
generated using a discretization step A; and considering 2N + /
values as follows:
Lyj(k) =Lgj(k—1)+iA, , i=-N,..,0,..,N (7)
For each value of inductance, the coils current, iq j» can be
obtained at the time instant k considering measured values at the
time instant k-7 as follows:

rixa(k) = Axal [Spoll(k - 1) - xl(k - 1)]VDC + Exaz(k)ixa(k - 1)

lxc(k) xcl [Spoll (k 1) - Sx3(k - 1)]VDC + Excz(k)ixc(k - 1) (8)
Ly (k) = ybl[ Sy (k= 1) = spors(k — D]Vpe + 'I’éybz(k)iyb(k -1
iyd(k) = I:fyun[sys (k-1 - Spol3 (k- 1)]VDC + 'I’éydz (k)iyd(k -1

where the constants kg4, kg, contain the inductance value:

Lq} G

q}l(k) - i

l;qu(k) =1- iéq]l(k) (9)

Equations (7)-(9) are then used to evaluate the following cost
functions:

Goj = [ig (k) — ig(K)| (10)

And the values of Eq (k) which minimize (10) are chosen as the

current inductance estimation on each coil. Using these values
and taking advantage of the AMB system symmetry it is possible
to estimate the position on the x and y axis as follows:

o g (k) = Lc (K]
Ly () = Ly ()]

Xest (k) =
YVest (k) -

(%o (k) — X (k)] =

(11)
[J’b k) —9.(0)] =

1
2
1

Additional information on the FCS-MPC and the position
estimator for the AMB system can be found in [19], [20].

The position control blocks compute the HBs currents on x
and y axes to stabilize the mechanical model reject the external
disturbances F¢*t, F7**. This control can be implemented using
a PID controller:

Cx(s) =

(s+2¢)?

C (s) = Keent sG+p0)

(12)

This paper proposes to replace the PID controller with a
nonlinear controller, specifically LFC, in order to increase the
system bandwidth and disturbance rejection. In order to
formulate LFC, the mechanical model (4) is taken into account
and used to calculate the current on both axes as follows

m .. Ky
Ly :K_x_K_

1 1
y _K1y KI)’

Moreover, the position errors can be defined as

(2300 (14)
=y—y

And their derivative is also calculated including a control tuning
parameter o as follows:

Ty = é, + ae,
=5 (15)
{ry =e, t+ae,

Equation (15) are then used to define the selected Lyapunov
function of the mechanical model as the rotor kinetic energy as
follows:

(16)



Equation (16) shows that the system Lyapunov function is
defined positive, and its derivative can be calculated as
T = (6y + aé,)(é, + aey)

vy
{Vy = (& +ae,))(¢, + aey)
where the latter expression is obtained by substituting (15) in

(17). In order to ensure exponential stability, Lyapunov theory
demonstrates that the following condition must be satisfied

(17)

V, = =K.V,
b 9
y = Thcly
which, considering (15) to (17) can be expressed as
(&, + aé)(é, + ae,) = ——(ex + ae,)?
19)
(é, + ae,)(é, + aey) = —TC (e, + aey)2
By simplifying (19) and considering that
=Xk —X"
.. L 20
{ey =y-y (20)
The following expression is obtained
. . . Kc ..
{x—x +aé, = ——= (6 +aey) o
L . Kc (-
y -y +ae, = —?C(ey + aey)

Finally, ¥ and y can be obtained from (13) and substituted in
(21) to obtain the reference current expression on the two axes:

Kcm

iy = x + & x+—(ex+aex)

(22)
» . K
LyzKﬂIy y+ Cm(ey+aey)

The controller in (22) replace the PID controller in Fig. 6 and
ensure the mechanical system stability, with K¢ and o being the
control tuning parameters. In order to allow its digital
implementation, (22) is discretized at a sample time 75 in the
discrete variable k, using Forward Euler approximation and
resulting in the following discrete control law of (23). Table IV
shows the control parameters used in this paper.

V. SIMULATION RESULTS

Simulations of the proposed system are carried out for PID
and LFC position control using PLECS, and the parameters
given in Table I-IV.

Kem x*(k+1)—x(k+1)+x(k)—x* (k)

*(k+1)-2x* (k) +x* (k— 1) K,
i) = R 4 () +
m y*(k+1)-2y"(k)+y"(k—1)
ly(k) - T2 2K;

+ Kq (k) +K(;my (k+1)-y(k+1)+y(k)-y* (k) Kcma[ (k) y(k)]

TABLEIV. CONTROL PARAMETERS

NAME DESCRIPTION VALUE | UNIT
K PID control gain 169840 /]
Zc PID control zero 190 [/]
Pe PID control pole 2513 |
Kc LFC tuning parameter | 1000 |
o LFC tuning parameter II (10/100 kHz) 300/700 [/

f Sampling frequency 10/100 [kHz]

AL Minimum inductance variation (10/100 10/1 [1H]

kHz)
2N+1 Number of values of the discretized set of 41 [/
inductance value

In Fig. 7 the position reference is set to (0,0) and sinusoidal
external force disturbance of amplitude 150N and frequency
variable from 0 Hz to 500 Hz is applied on both axes. It can be
noted that, disregarding of the sampling frequency, the PID
control is not able to properly counteract low frequency
vibrations resulting in maximum position tracking error of 0.18
mm when both the sampling frequencies of 10 and 100kHz are
considered. On the other hand LFC properly maintain the rotor
in the centered position. Fig. 8 shows the PID and LFC position
controllers operating with a position reference of (0,0) and no
external force applied. At time t=0.5s an external force pulse of
amplitude 150N is applied of both axes. It can be noted that the
PID position controller lose the position reference tracking and
requires 0.05s to restore normal operations with a maximum
error of 0.1 mm. Also in this case the sampling frequency does
not affect the PID control dynamic. On the other hand LFC
control maintain the rotor centered in (0.0) with negligible
tracking error.

VI. CONCLUSIONS

In this paper FCS-MPC is proposed for the current control of
a4-pole WB AMB system with classical PID and LFC evaluated
for the position control. Additionally, position on the (x,)) axes
is estimated from the coil currents, allowing sensorless position
control operations. The power converter control current flowing
through the WBs coils to impose the required force on the rotor
which counteract external force disturbances an maintain the
rotor in its centered position (0,0). The system is tested through
simulations in various operative conditions and for two values
of control sampling frequency, 10kHz and 100kHz respectively.
In order to evaluate the position controllers, the AMB system is
tested under sinusoidal external force disturbances, of amplitude
150N and frequency variable from 0 Hz to 500 Hz. Additionally
response to an external force pulse of 150 N on both x and y axes
is evaluated. Results shows superior performances of LFC with
respect to the PID position controller, thus validating the
theoretical claims.

o + e () = x ()

(23)

Ts



Torce Disturbance X

Torce Disturbance X

200 200
) )
30— 3 0
£ £
-200 -200
200 Torce Disturbance Y 200 Torce Disturbance Y
Z Z
3 0 3 0
£ £
=200 =200
Posilion X Posilion X
E 04— — Position Reference X || E 04— — Position Reference X ||
g — Position X g — Position X
5 0.0 —r—per FURRRIORPTIN b ; gt PR e — 5 0.0 :
& &
-0.2 0.2
Position Y Position Y
E 04— ~— Posilion Reference Y | E 04— — Posilion Reference Y |
E oo .|~ Estimated Position Y || E oo .|~ Estimated Position Y ||
g 7 — Position Y g 7 — Position Y
5 0.0 — ety prryaligmbbiny \ Jeddh bbbl 5 00 -
& &
-02 -0.2
Current Tracking X Current Tracking X
rreni X
Current Reference X ||
Current Tracking Y 10 Current Tracking Y
= “urrent Y
= S rrent Reference Y
E o-
<
-3 T

Time [s]

(@

TForce Disturbance X

Time [s]

(b)

TForce Disturbance X

Torce Disturbance Y Torce Disturbance Y
200
)
3 0
5
2
=200
Position X Position X
E 04— o H — Position Reference X || E 04— — Position Reference X [1
E o o — Estimated Position X || E o o — Estimated Position X ||
g — Position X g — Position X
= . = .
£ 0o ; g 00 ‘V%%%WWWWM
~ ~
-0.2 -0.2
Position Y Position Y
E 04— : — Position Reference Y E 04— — Position Reference Y |
E o o | — Estimated Position Y || E o o — Estimated Position Y ||
e — Position Y e — Position Y
& : &
0.2 : 0.2
Current Tracking X Current Tracking X

Curreni Tracking Y

Time [s]

©

Curreni Tracking Y

Time [s]

@

Fig. 7. Simulation results for FCS-MPC current control operating under sinusoidal external force disturbances of amplitude 150N and frequency variable from OHz
to 500Hz considering: PID position control operating at a sampling frequency of (a) 10kHz and (b) 100kHz and LFC position control operating at a sampling
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