
 

Evaluation of Position Controllers for a Wheatstone 
Bridge Active Magnetic Bearing system 

Luca Tarisciotti  
Dept. of Engineering 

University Andres Bello 
Santiago, Chile 

luca.tarisciotti@unab.cl 
 

Luca Papini 
DESTEC 

University of Pisa 
Pisa, Italy  

luca.papini@ing.unipi.it 

Constanza Ahumada 
Dept. of Engineering 
University of Chile 

Santiago, Chile 
coahumad@uchile.cl 

 

Catalina Gonzalez Castaño 
Dept. of Engineering 

University Andres Bello 
Santiago, Chile 

catalina.gonzalez@unab.cl 
 

Paolo Bolognesi 
DESTEC 

University of Pisa 
Pisa, Italy  

paolo.bolognesi@ing.unipi.it 

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].  

 
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 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. 

 
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 
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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. 

 
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 I.  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 (𝐿𝐿𝑘𝑘ℎ0) 7 [mH] 
Rotor displacement (𝜌𝜌) ± 0.5 [mm] 

Inductance variation constant (KL) 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 

𝐿𝐿𝑘𝑘ℎ(𝜌𝜌) ≅ 𝐿𝐿𝑘𝑘ℎ0(1 + 𝐾𝐾𝐿𝐿𝜌𝜌)                           (1) 

where 𝜌𝜌  is the rotor displacement, 𝐿𝐿𝑘𝑘ℎ0  is the nominal 
inductance value when the rotor is centred, i.e. 𝜌𝜌 = 0, and KL 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. 𝜌𝜌 = 0, 
and 𝐿𝐿𝑘𝑘ℎ(𝜌𝜌) = 𝐿𝐿𝑘𝑘ℎ0 . 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.  

 
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.  

 
Fig. 5. AMB system electrical circuit. 

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

�

𝑖𝑖𝑥𝑥𝑥𝑥 = 𝑖𝑖𝑥𝑥𝑥𝑥
𝑖𝑖𝑥𝑥𝑥𝑥 = 𝑖𝑖𝑥𝑥𝑥𝑥
𝑖𝑖𝑦𝑦𝑦𝑦 = 𝑖𝑖𝑦𝑦𝑦𝑦
𝑖𝑖𝑦𝑦𝑦𝑦 = 𝑖𝑖𝑦𝑦𝑦𝑦

       ,      �
𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝+ = 𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝− = 𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝
𝑖𝑖𝑥𝑥+ = 𝑖𝑖𝑥𝑥− = 𝑖𝑖𝑥𝑥
 𝑖𝑖𝑦𝑦+ = 𝑖𝑖𝑦𝑦− = 𝑖𝑖𝑦𝑦

                   (2) 

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:  

⎩
⎪
⎨

⎪
⎧�𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝1 − 𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝3�𝑉𝑉𝐷𝐷𝐷𝐷 = 2𝐿𝐿 �

𝑑𝑑𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝
+

𝑑𝑑𝑑𝑑
+

𝑑𝑑𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝
−

𝑑𝑑𝑑𝑑
� + 2𝑟𝑟�𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝+ + 𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝− �

[𝑆𝑆𝑥𝑥1 − 𝑆𝑆𝑥𝑥3]𝑉𝑉𝐷𝐷𝐷𝐷 =   𝐿𝐿 �𝑑𝑑𝑖𝑖𝑥𝑥
+

𝑑𝑑𝑑𝑑
+ 𝑑𝑑𝑖𝑖𝑥𝑥−

𝑑𝑑𝑑𝑑
� + 𝑟𝑟[𝑖𝑖𝑥𝑥+ + 𝑖𝑖𝑥𝑥−]

�𝑆𝑆𝑦𝑦1 − 𝑆𝑆𝑦𝑦3�𝑉𝑉𝐷𝐷𝐷𝐷 =   𝐿𝐿 �𝑑𝑑𝑖𝑖𝑦𝑦
+

𝑑𝑑𝑑𝑑
+ 𝑑𝑑𝑖𝑖𝑦𝑦−

𝑑𝑑𝑑𝑑
� + 𝑟𝑟�𝑖𝑖𝑦𝑦+ + 𝑖𝑖𝑦𝑦−�

  (3) 

where L and r represent the inductance and resistance seen by 
each HB and Sij is the conduction state of the switch Qj of the HB 
i ∈ {pol, x, y}. Sij 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 Lqj (q ∈{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 𝐿𝐿𝑘𝑘ℎ0. Table 
II 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 [Ω] 

VDC DC-Link voltage 64 [V] 
𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝+ , 𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝−  Polarizing current 3 [A] 

𝑖𝑖𝑥𝑥+, 𝑖𝑖𝑥𝑥−, 𝑖𝑖𝑦𝑦+, 𝑖𝑖𝑦𝑦− 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 q ∈{x,y} an external 
force Fq

ext, a force proportional to the axial displacement through 
a constant Kq and a force proportional to the AMB coils current 
through a constant Ki are applied to the rotor, obtaining the 
following model: 

�
𝐹𝐹𝑥𝑥 = 𝑚𝑚𝑥̈𝑥 = 𝐾𝐾𝑥𝑥𝑥𝑥 + 𝐾𝐾𝐼𝐼𝑖𝑖𝑥𝑥
𝐹𝐹𝑦𝑦 = 𝑚𝑚𝑦̈𝑦 = 𝐾𝐾𝑦𝑦𝑦𝑦 + 𝐾𝐾𝐼𝐼𝑖𝑖𝑦𝑦

                          (4) 

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.  

 
Fig. 6. Overall AMB system control scheme. 

TABLE III.  AMB SYSTEM MECHANICAL PARAMETERS 

NAME DESCRIPTION VALUE UNIT 
m Rotor mass 6 [kg] 
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 ipol and the coil current unbalance ix and iy, 
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 
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iterations. By discretizing the model in (3) using a forward Euler 
approximation at the sampling time Ts the following current 
predictions are obtained: 

⎩
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎧𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝

+ (𝑘𝑘 + 1) = 𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝+ (𝑘𝑘)    + 2𝐿𝐿
𝑇𝑇𝑠𝑠
�𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝1(𝑘𝑘)𝑉𝑉𝐷𝐷𝐷𝐷 − 2𝑟𝑟𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝+ (𝑘𝑘)�

𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝− (𝑘𝑘 + 1) = 𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝− (𝑘𝑘) − 2𝐿𝐿
𝑇𝑇𝑠𝑠
�𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝3(𝑘𝑘)𝑉𝑉𝐷𝐷𝐷𝐷 + 2𝑟𝑟𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝− (𝑘𝑘)�   

𝑖𝑖𝑥𝑥+(𝑘𝑘 + 1) = 𝑖𝑖𝑥𝑥+(𝑘𝑘)    + 𝐿𝐿
𝑇𝑇𝑠𝑠

[𝑆𝑆𝑥𝑥1(𝑘𝑘)𝑉𝑉𝐷𝐷𝐷𝐷 − 𝑟𝑟𝑖𝑖𝑥𝑥+(𝑘𝑘)]          

𝑖𝑖𝑥𝑥−(𝑘𝑘 + 1) = 𝑖𝑖𝑥𝑥−(𝑘𝑘) − 𝐿𝐿
𝑇𝑇𝑠𝑠

[𝑆𝑆𝑥𝑥3(𝑘𝑘)𝑉𝑉𝐷𝐷𝐷𝐷 + 𝑟𝑟𝑖𝑖𝑥𝑥−(𝑘𝑘)]             

𝑖𝑖𝑦𝑦+(𝑘𝑘 + 1) = 𝑖𝑖𝑦𝑦+(𝑘𝑘)    + 𝐿𝐿
𝑇𝑇𝑠𝑠
�𝑆𝑆𝑦𝑦1(𝑘𝑘)𝑉𝑉𝐷𝐷𝐷𝐷 − 𝑟𝑟𝑖𝑖𝑦𝑦+(𝑘𝑘)�          

𝑖𝑖𝑦𝑦−(𝑘𝑘 + 1) = 𝑖𝑖𝑦𝑦−(𝑘𝑘) − 𝐿𝐿
𝑇𝑇𝑠𝑠
�𝑆𝑆𝑦𝑦3(𝑘𝑘)𝑉𝑉𝐷𝐷𝐷𝐷 + 𝑟𝑟𝑖𝑖𝑦𝑦−(𝑘𝑘)�             

    (5) 

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

⎩
⎪⎪
⎨

⎪⎪
⎧𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝

+ (𝑘𝑘 + 1) = �𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝+ (𝑘𝑘 + 1) − 𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝∗(𝑘𝑘 + 2)�
𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝− (𝑘𝑘 + 1) = �𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝− (𝑘𝑘 + 1) − 𝑖𝑖𝑝𝑝𝑝𝑝𝑝𝑝∗(𝑘𝑘 + 2)� 
𝐺𝐺𝑥𝑥+(𝑘𝑘 + 1) = |𝑖𝑖𝑥𝑥+(𝑘𝑘 + 1) − 𝑖𝑖𝑥𝑥∗(𝑘𝑘 + 2)|   
𝐺𝐺𝑥𝑥−(𝑘𝑘 + 1) = |𝑖𝑖𝑥𝑥−(𝑘𝑘 + 1) − 𝑖𝑖𝑥𝑥∗(𝑘𝑘 + 2)|   
𝐺𝐺𝑦𝑦+(𝑘𝑘 + 1) = �𝑖𝑖𝑦𝑦+(𝑘𝑘 + 1) − 𝑖𝑖𝑦𝑦∗(𝑘𝑘 + 2)�   
𝐺𝐺𝑦𝑦−(𝑘𝑘 + 1) = �𝑖𝑖𝑦𝑦−(𝑘𝑘 + 1) − 𝑖𝑖𝑦𝑦∗(𝑘𝑘 + 2)�   

        (6) 

where ipol
*, ix

* and iy
* are the current references for the three HBs. 

Considering that 𝑖𝑖𝑖𝑖+and 𝑖𝑖𝑖𝑖−, with i ∈ {pol, x, y}, are controlled to 
follow the same reference 𝑖𝑖𝑖𝑖∗, 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 𝐿𝐿�𝑞𝑞𝑞𝑞 possible values (q ∈{x,y}, j ∈{a,b,c,d}) are 
generated using a discretization step ∆𝐿𝐿 and considering 2N + 1 
values as follows: 

𝐿𝐿�𝑞𝑞𝑞𝑞(𝑘𝑘) = 𝐿𝐿�𝑞𝑞𝑞𝑞(𝑘𝑘 − 1) + 𝑖𝑖∆𝐿𝐿      , 𝑖𝑖 = −𝑁𝑁, … ,0, … ,𝑁𝑁  (7) 

For each value of inductance, the coils current, 𝚤𝚤̂𝑞𝑞𝑞𝑞, can be 
obtained at the time instant k considering measured values at the 
time instant k-1 as follows: 

⎩
⎪
⎨

⎪
⎧𝚤̂𝚤𝑥𝑥𝑥𝑥(𝑘𝑘) = 𝑘𝑘�𝑥𝑥𝑥𝑥1�𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝1(𝑘𝑘 − 1) − 𝑠𝑠𝑥𝑥1(𝑘𝑘 − 1)�𝑉𝑉𝐷𝐷𝐷𝐷 + 𝑘𝑘�𝑥𝑥𝑥𝑥2(𝑘𝑘)𝑖𝑖𝑥𝑥𝑎𝑎(𝑘𝑘 − 1)
𝚤̂𝚤𝑥𝑥𝑥𝑥(𝑘𝑘) = 𝑘𝑘�𝑥𝑥𝑥𝑥1�𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝1(𝑘𝑘 − 1) − 𝑠𝑠𝑥𝑥3(𝑘𝑘 − 1)�𝑉𝑉𝐷𝐷𝐷𝐷 + 𝑘𝑘�𝑥𝑥𝑥𝑥2(𝑘𝑘)𝑖𝑖𝑥𝑥𝑥𝑥(𝑘𝑘 − 1)
𝚤̂𝚤𝑦𝑦𝑦𝑦(𝑘𝑘) = 𝑘𝑘�𝑦𝑦𝑦𝑦1�𝑠𝑠𝑦𝑦1(𝑘𝑘 − 1) − 𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝3(𝑘𝑘 − 1)�𝑉𝑉𝐷𝐷𝐷𝐷 + 𝑘𝑘�𝑦𝑦𝑦𝑦2(𝑘𝑘)𝑖𝑖𝑦𝑦𝑦𝑦(𝑘𝑘 − 1)
𝚤̂𝚤𝑦𝑦𝑦𝑦(𝑘𝑘) = 𝑘𝑘�𝑦𝑦𝑦𝑦1�𝑠𝑠𝑦𝑦3(𝑘𝑘 − 1) − 𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝3(𝑘𝑘 − 1)�𝑉𝑉𝐷𝐷𝐷𝐷 + 𝑘𝑘�𝑦𝑦𝑦𝑦2(𝑘𝑘)𝑖𝑖𝑦𝑦𝑦𝑦(𝑘𝑘 − 1)

  (8) 

where the constants 𝑘𝑘�𝑞𝑞𝑞𝑞1, 𝑘𝑘�𝑞𝑞𝑞𝑞2 contain the inductance value: 

𝑘𝑘�𝑞𝑞𝑞𝑞1(𝑘𝑘) =
𝐿𝐿�𝑞𝑞𝑞𝑞(𝑘𝑘)

𝑇𝑇𝑠𝑠
   ,    𝑘𝑘�𝑞𝑞𝑞𝑞2(𝑘𝑘) = 1 − 𝑘𝑘�𝑞𝑞𝑞𝑞1(𝑘𝑘)         (9) 

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

𝐺𝐺𝑞𝑞𝑞𝑞 = �𝑖̂𝑖𝑞𝑞𝑞𝑞�𝑘𝑘�− 𝑖𝑖𝑞𝑞𝑞𝑞�𝑘𝑘��                         (10) 

And the values of  𝐿𝐿�𝑞𝑞𝑞𝑞(𝑘𝑘) 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: 

�
𝑥𝑥𝑒𝑒𝑒𝑒𝑡𝑡(𝑘𝑘) = 1

2
[𝑥𝑥�𝑎𝑎(𝑘𝑘) − 𝑥𝑥�𝑐𝑐(𝑘𝑘)] = 1

𝐾𝐾𝐿𝐿
[𝐿𝐿𝑥𝑥𝑥𝑥(𝑘𝑘) − 𝐿𝐿𝑥𝑥𝑥𝑥(𝑘𝑘)]

𝑦𝑦𝑒𝑒𝑒𝑒𝑒𝑒(𝑘𝑘) = 1
2

[𝑦𝑦�𝑏𝑏(𝑘𝑘) − 𝑦𝑦�𝑑𝑑(𝑘𝑘)] = 1
𝐾𝐾𝐿𝐿
�𝐿𝐿𝑦𝑦𝑦𝑦(𝑘𝑘) − 𝐿𝐿𝑦𝑦𝑦𝑦(𝑘𝑘)�

     (11) 

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 𝐹𝐹𝑥𝑥𝑒𝑒𝑒𝑒𝑒𝑒 , 𝐹𝐹𝑦𝑦𝑒𝑒𝑒𝑒𝑒𝑒 . This control can be implemented using 
a PID controller: 

𝐶𝐶𝑥𝑥(𝑠𝑠) = 𝐶𝐶𝑦𝑦(𝑠𝑠) = 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
(𝑠𝑠+𝑧𝑧𝑐𝑐)2

𝑠𝑠(𝑠𝑠+𝑝𝑝𝑐𝑐)
                       (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 

�
𝑖𝑖𝑥𝑥 = 𝑚𝑚

𝐾𝐾𝐼𝐼
𝑥̈𝑥 − 𝐾𝐾𝑥𝑥

𝐾𝐾𝐼𝐼
𝑥𝑥

𝑖𝑖𝑦𝑦 = 𝑚𝑚
𝐾𝐾𝐼𝐼
𝑦̈𝑦 − 𝐾𝐾𝑦𝑦

𝐾𝐾𝐼𝐼
𝑦𝑦

                                   (13) 

 Moreover, the position errors can be defined as 

�
𝑒𝑒𝑥𝑥 = 𝑥𝑥 − 𝑥𝑥∗
𝑒𝑒𝑦𝑦 = 𝑦𝑦 − 𝑦𝑦∗                                  (14) 

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

�
𝑟𝑟𝑥𝑥 = 𝑒̇𝑒𝑥𝑥 + 𝛼𝛼𝑒𝑒𝑥𝑥
𝑟𝑟𝑦𝑦 = 𝑒̇𝑒𝑦𝑦 + 𝛼𝛼𝑒𝑒𝑦𝑦

                                (15) 

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

�
𝑉𝑉𝑥𝑥 = 1

2
𝑟𝑟𝑥𝑥2

𝑉𝑉𝑦𝑦 = 1
2
𝑟𝑟𝑦𝑦2

                                     (16) 



Equation (16) shows that the system Lyapunov function is 
defined positive, and its derivative can be calculated as 

�
𝑉̇𝑉𝑥𝑥 = 𝑟𝑟𝑥𝑥𝑟̇𝑟𝑥𝑥 = (𝑒̈𝑒𝑥𝑥 + 𝛼𝛼𝑒̇𝑒𝑥𝑥)(𝑒̇𝑒𝑥𝑥 + 𝛼𝛼𝑒𝑒𝑥𝑥)
𝑉̇𝑉𝑦𝑦 = 𝑟𝑟𝑦𝑦𝑟̇𝑟𝑦𝑦 = �𝑒̈𝑒𝑦𝑦 + 𝛼𝛼𝑒̇𝑒𝑦𝑦��𝑒̇𝑒𝑦𝑦 + 𝛼𝛼𝑒𝑒𝑦𝑦�

          (17) 

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 

�
𝑉̇𝑉𝑥𝑥 = −𝐾𝐾𝐶𝐶𝑉𝑉𝑥𝑥
𝑉̇𝑉𝑦𝑦 = −𝐾𝐾𝐶𝐶𝑉𝑉𝑦𝑦

                                   (18) 

which, considering (15) to (17) can be expressed as 

�
(𝑒̈𝑒𝑥𝑥 + 𝛼𝛼𝑒̇𝑒𝑥𝑥)(𝑒̇𝑒𝑥𝑥 + 𝛼𝛼𝑒𝑒𝑥𝑥) = −𝐾𝐾𝐶𝐶

2
(𝑒̇𝑒𝑥𝑥 + 𝛼𝛼𝑒𝑒𝑥𝑥)2

�𝑒̈𝑒𝑦𝑦 + 𝛼𝛼𝑒̇𝑒𝑦𝑦��𝑒̇𝑒𝑦𝑦 + 𝛼𝛼𝑒𝑒𝑦𝑦� = −𝐾𝐾𝐶𝐶
2
�𝑒̇𝑒𝑦𝑦 + 𝛼𝛼𝑒𝑒𝑦𝑦�

2      (19) 

By simplifying (19) and considering that 

�
𝑒̈𝑒𝑥𝑥 = 𝑥̈𝑥 − 𝑥̈𝑥∗
𝑒̈𝑒𝑦𝑦 = 𝑦̈𝑦 − 𝑦̈𝑦∗                                  (20) 

The following expression is obtained 

�
𝑥̈𝑥 − 𝑥̈𝑥∗ + 𝛼𝛼𝑒̇𝑒𝑥𝑥 = −𝐾𝐾𝐶𝐶

2
(𝑒̇𝑒𝑥𝑥 + 𝛼𝛼𝑒𝑒𝑥𝑥)

𝑦̈𝑦 − 𝑦̈𝑦∗ + 𝛼𝛼𝑒̇𝑒𝑦𝑦 = −𝐾𝐾𝐶𝐶
2
�𝑒̇𝑒𝑦𝑦 + 𝛼𝛼𝑒𝑒𝑦𝑦�

                 (21) 

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

�
𝑖𝑖𝑥𝑥∗ = 𝑚𝑚

𝐾𝐾𝐼𝐼
𝑥̈𝑥∗ + 𝐾𝐾𝑥𝑥

𝐾𝐾𝐼𝐼
𝑥𝑥 + 𝐾𝐾𝐶𝐶𝑚𝑚

2𝐾𝐾𝑖𝑖
(𝑒̇𝑒𝑥𝑥 + 𝛼𝛼𝑒𝑒𝑥𝑥)

𝑖𝑖𝑦𝑦∗ = 𝑚𝑚
𝐾𝐾𝐼𝐼
𝑦̈𝑦∗ + 𝐾𝐾𝑦𝑦

𝐾𝐾𝐼𝐼
𝑦𝑦 + 𝐾𝐾𝐶𝐶𝑚𝑚

2𝐾𝐾𝑖𝑖
�𝑒̇𝑒𝑦𝑦 + 𝛼𝛼𝑒𝑒𝑦𝑦�

              (22) 

The controller in (22) replace the PID controller in Fig. 6 and 
ensure the mechanical system stability, with KC and α being the 
control tuning parameters. In order to allow its digital 
implementation, (22) is discretized at a sample time Ts 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. 

TABLE IV.  CONTROL PARAMETERS 

NAME DESCRIPTION VALUE UNIT 
Kctrl PID control gain 169840 [/] 
zc PID control zero 190 [/] 
pc PID control pole 2513 [/] 
KC LFC tuning parameter I 1000 [/] 
α LFC tuning parameter II (10/100 kHz) 300/700 [/] 
fs Sampling frequency 10/100 [kHz] 
ΔL Minimum inductance variation (10/100 

kHz) 
10/1 [μH] 

2N+1 Number of values of the discretized set of 
inductance value 

41 [/] 

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 

a 4-pole WB AMB system with classical PID and LFC evaluated 
for the position control. Additionally, position on the (x,y) 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. 

�
𝑖𝑖𝑥𝑥∗(𝑘𝑘) = 𝑚𝑚

𝐾𝐾𝐼𝐼

𝑥𝑥∗(𝑘𝑘+1)−2𝑥𝑥∗(𝑘𝑘)+𝑥𝑥∗(𝑘𝑘−1)
𝑇𝑇𝑠𝑠2

+ 𝐾𝐾𝑞𝑞
𝐾𝐾𝐼𝐼
𝑥𝑥(𝑘𝑘) + 𝐾𝐾𝐶𝐶𝑚𝑚

2𝐾𝐾𝑖𝑖

𝑥𝑥∗(𝑘𝑘+1)−𝑥𝑥(𝑘𝑘+1)+𝑥𝑥(𝑘𝑘)−𝑥𝑥∗(𝑘𝑘)
𝑇𝑇𝑠𝑠

+ 𝐾𝐾𝐶𝐶𝑚𝑚𝑚𝑚
2𝐾𝐾𝑖𝑖

[𝑥𝑥∗(𝑘𝑘) − 𝑥𝑥(𝑘𝑘)]

𝑖𝑖𝑦𝑦∗(𝑘𝑘) = 𝑚𝑚
𝐾𝐾𝐼𝐼

𝑦𝑦∗(𝑘𝑘+1)−2𝑦𝑦∗(𝑘𝑘)+𝑦𝑦∗(𝑘𝑘−1)
𝑇𝑇𝑠𝑠2

+ 𝐾𝐾𝑞𝑞
𝐾𝐾𝐼𝐼
𝑦𝑦(𝑘𝑘) + 𝐾𝐾𝐶𝐶𝑚𝑚

2𝐾𝐾𝑖𝑖

𝑦𝑦∗(𝑘𝑘+1)−𝑦𝑦(𝑘𝑘+1)+𝑦𝑦(𝑘𝑘)−𝑦𝑦∗(𝑘𝑘)
𝑇𝑇𝑠𝑠

+ 𝐾𝐾𝐶𝐶𝑚𝑚𝑚𝑚
2𝐾𝐾𝑖𝑖

[𝑦𝑦∗(𝑘𝑘) − 𝑦𝑦(𝑘𝑘)]
                (23) 



 
(a)                                                                                                                         (b) 

 
(c)                                                                                                                         (d) 

Fig. 7. Simulation results for FCS-MPC current control operating under sinusoidal external force disturbances of amplitude 150N and frequency variable from 0Hz 
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 
frequency of (c) 10kHz and (d) 100kHz. 



 
(a)                                                                                                                         (b) 

 
(c)                                                                                                                         (d) 

Fig. 8. Simulation results for FCS-MPC current control external force disturbances pulse of amplitude 150N considering: PID position control operating at a 
sampling frequency of (a) 10kHz and (b) 100kHz and LFC position control operating at a sampling frequency of (c) 10kHz and (d) 100kHz. 



REFERENCES 
[1] W. Zhang and H. Zhu, “Radial magnetic bearings: An overview,” Elsevier, 

Results in Physics, vol. 7, pp. 3756–3766, 2017. 
[2] G. Valente, L. Papini, A. Formentini, C. Gerada, and P. Zanchetta, “Radial 

Force Control of Multisector Permanent-Magnet Machines for Vibration 
Suppression,” IEEE Trans. Ind. Electron., vol. 65, no. 7, pp. 5395–5405, 
2018, doi: 10.1109/TIE.2017.2780039. 

[3] P. Imoberdorf, C. Zwyssig, S. D. Round, and J. W. Kolar, “Combined 
Radial-Axial Magnetic Bearing for a 1 kW, 500,000 rpm Permanent 
Magnet Machine,” in APEC 07 - Twenty-Second Annual IEEE Applied 
Power Electronics Conference and Exposition, 2007, pp. 1434–1440. 

[4] G. Schweitzer, “Active magnetic bearings—Chances and limitations,” in 
FTOMM nt. Conf. Rotor Dyn., 2002, pp. 1–12. 

[5] N. Motee, M. S. de Queiroz, Y. Fang, and D. M. Dawson, “Active magnetic 
bearing control with zero steady-state power loss,” in American Control 
Conference, 2002, pp. 827–832. 

[6] P. Samanta and H. Hirani, “Magnetic Bearing Configurations: Theoretical 
and Experimental Studies,” IEEE Trans. Magn., vol. 44, no. 2, pp. 292–
300, 2008, doi: 10.1109/TMAG.2007.912854. 

[7] J. Sun, H. Zhu, and G. Liu, “Self-sensing Technology of Rotor 
Displacement for Six-pole Radial Active Magnetic Bearing Using 
Improved Quantum Particle Swarm Optimized Cubature Kalman Filter,” 
IEEE Journal of Emerging and Selected Topics in Power Electronics, Jun. 
2021, doi: 10.1109/JESTPE.2021.3118491. 

[8] K. C. Lee, Y. H. Jeong, D. H. Koo, and H. J. Ahn, “Development of a radial 
active magnetic bearing for high speed turbo-machinery motors,” in 2006 
SICE-ICASE International Joint Conference, 2006, pp. 1543–1548. doi: 
10.1109/SICE.2006.315244. 

[9] T. Soni, J. K. Dutt, and A. S. Das, “Magnetic Bearings for Marine Rotor 
Systems-Effect of Standard Ship Maneuver,” IEEE Transactions on 
Industrial Electronics, vol. 68, no. 2, pp. 1055–1064, Feb. 2021, doi: 
10.1109/TIE.2020.2967664. 

[10] R. P. Jastrzebski, A. Putkonen, E. Kurvinen, and O. Pyrhonen, “Design and 
Modeling of 2 MW AMB Rotor with Three Radial Bearing-Sensor Planes,” 
IEEE Transactions on Industry Applications, vol. 57, no. 6, pp. 6892–6902, 
2021, doi: 10.1109/TIA.2021.3102463. 

[11] J. Yang, D. Jiang, H. Sun, A. Li, and Z. Liu, “Series-Winding Topology 
Converter for Active Magnetic Bearing Drive,” IEEE Transactions on 
Industrial Electronics, vol. 68, no. 12, pp. 11772–11782, Dec. 2021, doi: 
10.1109/TIE.2020.3040670. 

[12] J. Yang, D. Jiang, H. Sun, J. Ding, A. Li, and Z. Liu, “A Series-Winding 
Topology Converter With Capability of Fault-Tolerant Operation for 
Active Magnetic Bearing Drive,” IEEE Transactions on Industrial 
Electronics, vol. 69, no. 7, pp. 6678–6687, Aug. 2021, doi: 
10.1109/tie.2021.3100983. 

[13] Y. Xu, Q. Shen, Y. Zhang, J. Zhou, and C. Jin, “Dynamic modeling of the 
active magnetic bearing system operating in base motion condition,” IEEE 
Access, vol. 8, pp. 166003–166013, 2020, doi: 
10.1109/ACCESS.2020.3022996. 

[14] W. K. S. Khoo, K. Kalita, and S. D. Garvey, “Practical Implementation of 
the Bridge Configured Winding for Producing Controllable Transverse 
Forces in Electrical Machines,” IEEE Trans. Magn., vol. 47, no. 6, pp. 
1712–1718, 2011, doi: 10.1109/TMAG.2011.2113377. 

[15] N. V. P. Kamisetti and G. Narayanan, “Electro-Magnetic Bearings with 
Power Electronic Control for High-Speed Rotating Machines: Review, 
Analysis and Design Example,” IEEE Trans. Ind. Appl., vol. 9994, no. c, 
pp. 1–1, 2021, doi: 10.1109/tia.2021.3093013. 

[16] K. Yang, Y. Hu, X. Guo, J. Zhou, and H. Wu, “Evaluation of Switching 
Power Amplifier Topology for Active Magnetic Bearings,” Actuators, vol. 
10, no. 6, p. 131. 

[17] J. Ding, H. Sun, D. Jiang, J. Yang, and Z. Liu, “Open-Circuit Fault-Tolerant 
Control and Topology Switching Strategy of Active Magnetic Bearing 
Power Electronics Controller,” IEEE Transactions on Power Electronics, 
vol. 37, no. 9, pp. 10928–10938, Sep. 2022, doi: 
10.1109/TPEL.2022.3159959. 

[18] Y. He, X. He, J. Ma, and Y. Fang, “Optimization Research on a Switching 
Power Amplifier and a Current Control Strategy of Active Magnetic 
Bearing,” IEEE Access, vol. 8, pp. 34833–34841, 2020, doi: 
10.1109/ACCESS.2020.2974765. 

[19] L. Tarisciotti, L. Papini, C. Ahumada, and P. Bolognesi, “Predictive 
Control For An Active Magnetic Bearing System With Sensorless Position 
Control,” IEEE Energy Conversion Congress and Exposition (ECCE), pp. 
3267–3274, 2021, doi: 10.1109/ecce47101.2021.9595339. 

[20] L. Papini, L. Tarisciotti, A. Costabeber, C. Gerada, and P. Wheeler, “Active 
Magnetic Bearing system design featuring a Predictive current control,” 
IEEE Annual Conference of Industrial Electronics (IECON), pp. 1–6, 
2016, doi: 10.1109/IECON.2016.7793444. 

[21] M. N. Sahinkaya and A. E. Hartavi, “Variable bias current in magnetic 
bearings for energy optimization,” IEEE Trans. Magn., vol. 43, no. 3, pp. 
1052–1060, 2007, doi: 10.1109/TMAG.2006.888731. 

[22] T. Schuhmann, W. Hofmann, and R. Werner, “Improving operational 
performance of active magnetic bearings using Kalman filter and state 
feedback control,” IEEE Trans. Ind. Electron., vol. 59, no. 2, pp. 821–829, 
2012, doi: 10.1109/TIE.2011.2161056. 

[23] G. R. Duan, Wu Zhan-Yuan, C. Bingham, and D. Howe, “Robust magnetic 
bearing control using stabilizing dynamical compensators,” IEEE Trans. 
Ind. Appl., vol. 36, no. 6, pp. 1654–1660, 2000, doi: 10.1109/28.887218. 

[24] J. Rodriguez et al., “Latest Advances of Model Predictive Control in 
Electrical Drives. Part II: Applications and Benchmarking with Classical 
Control Methods,” IEEE Transactions on Power Electronics, vol. 37, no. 5, 
pp. 5047–5061, 2021, doi: 10.1109/TPEL.2021.3121589. 

[25] J. Rodriguez et al., “Latest Advances of Model Predictive Control in 
Electrical Drives - Part I: Basic Concepts and Advanced Strategies,” IEEE 
Transactions on Power Electronics, vol. 37, no. 4, pp. 3927–3942, Apr. 
2022, doi: 10.1109/TPEL.2021.3121532. 

[26] L. Tarisciotti, P. Zanchetta, A. Watson, J. C. Clare, M. Degano, and S. 
Bifaretti, “Modulated Model Predictive Control for a Three-Phase Active 
Rectifier,” IEEE Trans. Ind. Appl., vol. 51, no. 2, pp. 1610–1620, 2015. 

[27] L. Tarisciotti, P. Zanchetta, A. J. Watson, J. C. Clare, and S. Bifaretti, “A 
comparison between Dead-Beat and Predictive control for a 7-Level Back-
To-Back Cascaded H-Bridge under fault conditions,” in IEEE Energy 
Conversion Congress and Exposition (ECCE), 2013, pp. 2147–2154. 

[28] L. Tarisciotti, P. Zanchetta, A. Watson, P. Wheeler, J. C. Clare, and S. 
Bifaretti, “Multiobjective Modulated Model Predictive Control for a 
Multilevel Solid-State Transformer,” IEEE Trans. Ind. Appl., vol. 51, no. 
5, pp. 4051–4060, 2015, doi: 10.1109/TIA.2015.2429113. 

[29] R. Vargas, J. Rodríguez, U. Ammann, and P. W. Wheeler, “Predictive 
Current Control of an Induction Machine Fed by a Matrix Converter With 
Reactive Power Control,” IEEE Trans. Ind. Electron., vol. 55, no. 12, pp. 
4362–4371, 2008. 

[30] P. Cortés, J. Rodríguez, P. Antoniewicz, and M. P. Kazmierkowski, “Direct 
Power Control of an AFE Using Predictive Control,” IEEE Trans. Power 
Electron., vol. 23, no. 5, pp. 2516–2523, 2008. 

[31] J. Li, G. Liu, P. Cui, S. Zheng, X. Chen, and Q. Chen, “An Improved 
Resonant Controller for AMB-Rotor System Subject to Displacement 
Harmonic Disturbance,” IEEE Transactions on Power Electronics, vol. 37, 
no. 5, pp. 5235–5244, May 2022, doi: 10.1109/TPEL.2021.3131756. 

[32] A. Kandil, Y. S. Hamed, and A. M. Alsharif, “Rotor Active Magnetic 
Bearings System Control via a Tuned Nonlinear Saturation Oscillator,” 
IEEE Access, vol. 9, pp. 133694–133709, 2021, doi: 
10.1109/ACCESS.2021.3114356. 

[33] S. M. Amrr and A. Alturki, “Robust Control Design for an Active Magnetic 
Bearing System Using Advanced Adaptive SMC Technique,” IEEE 
Access, vol. 9, pp. 155662–155672, 2021, doi: 
10.1109/ACCESS.2021.3129140. 

[34] Z. Xu and C. Zhu, “Vibration Control of an Active Magnetic Bearings 
Flexible Rotor System Based on Adaptive Recursive Least Square 
Algorithm,” in ICEMS 2021 - 2021 24th International Conference on 
Electrical Machines and Systems, 2021, pp. 1948–1952. doi: 
10.23919/ICEMS52562.2021.9634261. 

[35] A. Morsi, H. S. Abbas, S. M. Ahmed, and A. M. Mohamed, “Model 
Predictive Control Based on Linear Parameter-Varying Models of Active 
Magnetic Bearing Systems,” IEEE Access, vol. 9, pp. 23633–23647, 2021, 
doi: 10.1109/ACCESS.2021.3056323. 

[36] S. K. Mazumder and K. Acharya, “Multiple Lyapunov function based 
reaching condition for orbital existence of switching power converters,” 
IEEE Transactions on Power Electronics, vol. 23, no. 3, pp. 1449–1471, 
2008, doi: 10.1109/TPEL.2008.921065. 

[37] H. Makhamreh, M. Sleiman, O. Kükrer, and K. Al-Haddad, “Lyapunov-
Based Model Predictive Control of a PUC7 Grid-Connected Multilevel 
Inverter,” IEEE Trans. Ind. Electron., vol. 66, no. 9, pp. 7012–7021, 2019. 

[38] T. D’Aversa, L. Papini, and P. Bolognesi, “Fast Analytical-Numerical 
Modelling of Rotor Eccentricity for Radial Active Magnetic Bearing,” 
2021 IEEE Workshop on Electrical Machines Design, Control and 
Diagnosis (WEMDCD), pp. 70–75, 2021, doi: 
10.1109/WEMDCD51469.2021.9425657. 

 


