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Abstract 

Over the past three decades, various fields have witnessed a successful application of active 

magnetic bearing (AMB) systems. Their favorable features include supporting high-speed 

rotation, low power consumption, and rotor dynamics control. Although their losses are much 

lower than roller bearings, these losses could limit the operation in some applications such as 

flywheel energy storage systems and vacuum applications. Many researchers focused their 

efforts on boosting magnetic bearings energy efficiency via minimizing currents supplied to 

electromagnetic coils either by a software solution or a hardware solution. According to a 

previous study, we adopt the hardware solution in this thesis. More specifically, we investigate 

developing an efficient and yet simple control scheme for regulating a permanent magnet-

biased active magnetic bearing system. The control objective here is to suppress the rotor 

vibrations and reduce the corresponding control currents as possible throughout a wide 

operating range. Although adopting the hardware approach could achieve an energy-efficient 

AMB, employing an advanced control scheme could achieve a further reduction in power 

consumption. Many advanced control techniques have been proposed in the literature to 

achieve a satisfactory performance. However, the complexity of the majority of control 

schemes and the potential requirement of powerful platform could discourage their application 

in practice. The motivation behind this work is to improve the closed-loop performance 

without the need to do model identification and following the conventional procedure for 

developing a model-based controller. Here, we propose applying the hybridization concept to 

exploit the classical PID control and some nonlinear control tools such as first- and second-

order sliding mode control, high gain observer, backstepping, and adaptive techniques to 

develop efficient and practical control schemes. All developed control schemes in this thesis 

are digitally implemented and validated on the eZdsp F2812 control board. Therefore, the 

applicability of the proposed model-free techniques for practical application is demonstrated. 

Furthermore, some of the proposed control schemes successfully achieve a good compromise 

between the objectives of rotor vibration attenuation and control currents minimization over a 

wide operating range. 

Keywords: Magnetic bearings, Sliding mode control, Adaptive backstepping control, Model-

free control 
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Résumé 

Au cours des trois dernières décennies, divers domaines ont connu une application réussie des 

systèmes de paliers magnétiques actifs (PMA). Leurs caractéristiques favorables comprennent 

une capacité de rotation à grande vitesse, une faible consommation d'énergie, et le contrôle de 

la dynamique du rotor. Bien que leurs pertes soient beaucoup plus basses que les roulements à 

rouleaux, ces pertes pourraient limiter l'opération dans certaines applications telles que les 

systèmes de stockage d'énergie à volant d'inertie et les applications sous vide. De nombreux 

chercheurs ont concentré leurs efforts sur le renforcement de l'efficacité énergétique des paliers 

magnétiques par la minimisation des courants fournis aux bobines électromagnétiques soit par 

une solution logicielle, soit par une solution matérielle. Selon une étude précédente, nous 

adoptons la solution matérielle dans cette thèse. Plus précisément, nous étudions le 

développement d'un système de contrôle efficace et simple pour réguler un système de palier 

magnétique actif à aimant permanent polarisé. L'objectif de contrôle ici est de supprimer les 

vibrations du rotor et de réduire les courants de commande correspondants autant que possible 

tout au long d'une large plage de fonctionnement. Bien que l'adoption de l'approche matérielle 

pourrait atteindre un PMA économe en énergie, un système de contrôle avancé pourrait 

parvenir à une réduction supplémentaire de la consommation d'énergie. De nombreuses 

techniques de contrôle avancées ont été proposées dans la littérature pour obtenir une 

performance satisfaisante. Cependant, la complexité de la majorité des systèmes de contrôle et  

l'exigence potentielle d’une plate-forme puissante pourrait décourager leur application dans la 

pratique. La motivation derrière ce travail est d'améliorer les performances en boucle fermée, 

sans la nécessité de procéder à l'identification du modèle et en suivant la procédure classique 

pour développer un contrôleur basé sur un modèle. Ici, nous proposons l'application du concept 

d'hybridation pour exploiter le contrôle PID classique et certains outils de contrôle non 

linéaires tels que contrôle par mode glissement du premier et du second ordre, observateur à 

grand gain, backstepping et techniques adaptatives pour développer des systèmes de contrôle 

efficaces et pratiques. Tous les systèmes de contrôle développés dans cette thèse sont 

numériquement mis en œuvre et évaluées sur la carte de contrôle eZdsp F2812. Par conséquent, 

l'applicabilité des techniques de modèle libre proposé pour l'application pratique est 

démontrée. En outre, certains des régimes de contrôle proposés ont réalisé avec succès un bon 



 

 

compromis entre les objectifs au rotor d’atténuation des vibrations et la minimisation des 

courants de commande sur une grande plage de fonctionnement. 

Mots-clés: roulements magnétiques, contrôle par mode de glissement, contrôle backstepping 

adaptive, model-libre contrôle 
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Chapter 1  
Introduction  

1.1 Background  

At present, there is a growing demand on electricity all over the world but the majority of the 

generated electric power mostly comes from resources such as coal, oil, and nuclear. These 

resources are environmentally unfriendly and have a bad impact on climate change and global 

warming. Moreover, these resources are non-renewable and are witnessing rises in the cost. The 

previously mentioned reasons have driven the research towards developing innovative solutions 

to replace the existing environmentally unfriendly resources with renewable resources such as 

wind, solar and tidal energies. Unlike traditional power sources, renewable resources are neither 

reliable nor capable to meet the changing demand cycles [1]. It was found that a smart solution 

to this problem is to store the excess power produced from distributed generation units during 

the off-peak periods and the stored energy can be utilized during the peak demand periods. 

Therefore energy storage has become an indispensable element for the renewable energy 

systems to be employed as primary sources for electricity generation [2]. Another application 

for storing energy is in rail transit systems where energy storage can be sited both onboard transit 

vehicles, and in stationary modules on the rail wayside, termed wayside energy storage systems 

(WESS). Recently, we have witnessed a considerable interest in the utilization of WESS for 

electrified rail systems as an innovative solution to confront the high increase in electricity costs 

as well as the rise in the total number of rail rides [3]. These efforts have focused on adopting 

WESS for two main applications; voltage regulation and absorption of the locomotives braking 

energy. Furthermore, WESS could be enhanced to maintain their energy for longer terms and 

be used for other applications such as peak shaving or help the integration of renewable energies. 

Additionally, WESS could be used for peak load shaving by charging with the off-peak rates at 

night and by discharging during the peak hours when the prices are higher. This way, the transit 

agencies could reduce their electricity bill and avoid installing additional substations to supply 

the peaks of the highly variable loads.  
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Currently there are various types of energy storage already in use while others are still 

under development. The existing projects for energy storage depend on three main technologies: 

chemical batteries, ultracapacitors and flywheels [4].  Superconducting magnetic energy storage 

technology is another possibility, but still undergoing advanced development [5]. Selecting the 

most appropriate type of energy storage for a certain application is not trivial. Based on recent 

studies [1], [2], [5]–[7], flywheel energy storage systems (FESS) represent an interesting option 

with respect to energy efficiency, power density and life-cycle. Furthermore, unlike many other 

energy storage technologies, FESS have few environmental concerns. Moreover, at the end of 

life of FESS, there are no particular problems for disposal.  

The main components of a FESS are illustrated in Figure 1.1. The flywheel rotor is 

supported by bearings which constrain five degrees of freedom, allowing the rotor to rotate only 

around its axis of rotation. There are two main types of bearings used in FESS: mechanical 

bearings and magnetic bearings. Mechanical bearings are the simplest and the cheapest type but 

they suffer from wear and tear, and they have the largest friction losses as well.  In principle, 

the self-discharge problem (rotational speed reduction at no-load) is the main obstacle for 

adopting FESS for long periods. Losses associated with the mechanical bearings are the main 

contributors to the high self-discharge rate of flywheels. In order to achieve high energy-

 

Figure 1.1 The main components of VYCON® FESS manufactured by Calnetix Technologies 
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efficient FESS for storing energy for hours, it is necessary to reduce these losses as much as 

possible. Magnetic bearings (an example of active magnetic bearing (AMB) is shown in Figure 

1.2.) and vacuum containment can be used to reduce to a minimum the friction losses that cause 

the rotor to slow down. However, these techniques can be a source of other types of losses when 

considering the power provided to the active magnetic bearings or the cooling of 

superconducting bearings. Therefore, a compromise shall be made to ensure that there is a net 

reduction in standby losses.  

1.2 Motivation  

Active magnetic bearings are mechatronic systems that have been widely adopted to achieve a 

contactless support for a spinning rotor. Over the past three decades, various fields have 

witnessed a successful application of AMB systems such as aerospace, transportation, robotics, 

biomedical engineering and industry. Applications include turbo-machinery, machine tools, 

high-speed motors and generators, energy storage flywheels, momentum wheels, and 

centrifuges [8]. The principal features are not limited to supporting high-speed rotation, low 

power consumption, or rotor dynamics control. They also support operation in harsh 

environmental conditions, vacuum and clean environments where no contamination is 

acceptable thanks to the absence of contamination by lubrication or mechanical wear. 

 

Figure 1.2 A radial AMB manufactured by Waukesha Bearings 
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AMBs are multivariable, inherently nonlinear and open-loop unstable systems. 

Therefore, a feedback control loop is a must to attain stability besides achieving a satisfactory 

performance. It is not surprising that most of the literature on AMB systems concerns control 

schemes [8]. The commonly used control scheme for AMB systems depends on supplying a 

large fixed bias current to each coil to improve the linearity and dynamic performance, then a 

small bi-directional varying current (also known as control currents) is superimposed to achieve 

stabilization and regulation. Another possible advantage of this control approach is to enable a 

single power amplifier per axis (less costly) if differential winding connection is adopted. 

However, supplying a large constant current to each electromagnetic (EM) coil, leads to wasting 

a considerable amount of electrical energy. Subsequently, the other challenge connected to 

AMB systems is their power consumption. Although the losses are much lower than roller 

bearings, these losses could limit the operation in some applications such as flywheel energy 

storage systems and vacuum applications [9]. Copper losses which are proportional to the square 

of the current flowing in the coils have a key role in magnetic bearings power losses. Moreover, 

other losses such as iron losses are also function of the coil currents. Therefore, minimizing 

magnetic bearings power consumption depends on minimizing currents supplied to EM coils.  

There are two approaches proposed in literature for the sake of reducing the ohmic losses 

of magnetic bearings. The first approach is a software solution, which depends on developing 

nonlinear feedback control strategies in order to eliminate or reduce the fixed bias current [10], 

[11]. However besides the complexity of control schemes, lowering or eliminating the bias 

current could lead to poor dynamic performance and less robustness against disturbances [12]. 

Moreover, the nonlinearity of the system will be enhanced and this might lead to a control 

singularity which appears as infinite voltage commands when the bias flux is zero.  Therefore, 

many researchers investigated a variable bias current based strategy which looks for the 

optimum bias current to attain a compromise between the efficiency and performance [9]. The 

alternative approach is a hardware solution which is based on employing permanent magnets as 

the source of bias flux [12]–[14]. This approach makes building an energy-efficient AMB for 

the same load capacity or the same stiffness is feasible. One of the earliest contributions to the 

design of permanent magnet-biased active magnetic bearing (PM-AMB) systems was reported 

in [15], [16]. In PM-AMB systems, permanent magnets (PMs) provide the fixed bias flux while 

the control currents supplied by EM coils are used only for stabilization and damping vibrations. 



5 

 

In this work, a radial PM-AMB of homopolar type is employed. The PMs generate a fixed high 

intensity magnetic flux while the EM coils provide a variable magnetic flux that adds to or 

subtracts from the PM flux in the working airgaps. The resultant is an energy efficient AMB 

which is an ideal candidate for applications such as flywheel energy storage systems. In 

principle, when external disturbances are insignificant, almost zero power consumption can be 

achieved at the equilibrium position. This concept is known as zero power control and has found 

a considerable interest in magnetic levitation (Maglev) trains application [17], [18]. 

In a recent study, Bakay et al. [13] showed that a promising homopolar permanent PM-

AMB, that was formerly proposed by Sortore et al. in [15], is more energy-efficient than pure 

AMBs. By employing this special design of active magnetic bearings, the reliability will be 

increased as well by the extended lifetime of the power amplifier since the required amount of 

power is reduced. Figure 1.3 presents the main components taken into account in the radial PM-

AMB construction. It consists of two lamination stacks of four teeth each and in between the 

two lamination stacks are located the PM segments, as described in [13]. Each tooth is wound 

with a coil of N turns and the eight stator coils are positioned along the vertical (four coils) and 

horizontal (four coils) axes. The four EM coils for each of the two axes are connected in series. 

Thus this design requires only four poles, unlike the conventional pure AMB which generally 

requires eight.  PMs provide the constant bias flux ϕpmin the airgap while EM coils generate the 

varying flux ϕc for stabilization and control. Developing efficient control schemes for this 

system is the main subject of this thesis. 

Stator

Coil Rotor

PM

 

Figure 1.3 Construction of the radial homopolar PM-AMB 
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1.3 Problem Statement and Research Objectives 

Although adopting the hardware approach could achieve an energy-efficient AMB, 

employing an advanced control scheme could achieve a further reduction in power consumption. 

Many advanced control techniques have been proposed in literature to achieve a satisfactory 

performance. However, the complexity of the majority control schemes and the potential 

requirement to a powerful platform could discourage their application in practice. Instead of 

following the conventional procedure for developing a model-based controller, it is interesting 

to find a way to improve the closed-loop performance without the need to do system 

identification. This leads us to formulate the following question: 

How to develop an efficient model-free sliding mode control scheme for PM-AMB systems 

to stabilize and regulate the system even in the presence of parametric and non-parametric 

uncertainties? and what will be the impact on the power consumption? 

Therefore, in this thesis, our aim is to develop efficient and yet simple control schemes for 

regulating a PM-AMB system. The control objectives here are to attenuate the rotor vibrations 

and reduce the corresponding control currents as possible throughout a wide operating range. It 

is important to make clear now what is meant by the term “model-free” to prevent any confusion 

later. The conventional sliding mode control (SMC) techniques are model-based. In these 

techniques, the controller is usually designed to cancel the nominal nonlinear (or linearized) 

dynamics of the system. A precise knowledge of the nominal dynamics of the controlled plant 

is thus necessary, otherwise the gain of the switching control component has to be made large 

enough to compensate for the mismatch between the mathematical model and the actual plant. 

Although it is theoretically feasible, increasing the switching control component gain to handle 

the lumped uncertainty is limited in practice due to the so-called chattering problem (see Chapter 

3 for more details). Therefore, it is necessary to handle the nominal dynamics of the system 

more wisely without aggravating the consequences due to the chattering problem. One solution 

to mitigate this issue is to obtain an accurate model for the controlled system. This task is non-

trivial for inherently unstable systems like AMB systems since the process of system 

identification has to be done in a closed-loop. The other solution is to handle the nominal 

dynamics without a precise knowledge of the system model. Of course the model structure of 

an AMB system is usually known, however there always exist a parametric uncertainty. In other 

words, the differential equations describing the dynamics of AMBs are known but their 
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parameters are not accurately known. In this thesis, the second approach is adopted to 

investigate the possibility of improving the operational performance of AMB system in a wide 

range of operating speeds without the need to an accurate model of the system. Besides, the 

obvious advantages of this approach which is reducing the effort and time, the burden on the 

switching control component will be alleviated. Subsequently the control efforts should also be 

reduced. This idea is illustrated with the aid of numerical simulations in Appendix C. 

Since AMBs are inherently open loop unstable systems, the first goal of the controller is 

to stabilize the system at the equilibrium point. The intuitive reasoning is to imitate the mass-

spring-damper system dynamics. Hence the controller is required to provide a restoring force 

similar to the mechanical spring as well as a damping component to dampen oscillations around 

the equilibrium point [8]. The simplest controller to achieve these requirements is the well-

known proportional-derivative (PD) controller. However, for practical applications, with a PD 

control there is always an offset error between the controlled variable and the set-point when 

the rotor is levitated (0 RPM), no matter how high the proportional gain. Addition of integral 

action is the remedy to this situation since it is able to eliminate this offset error. Therefore, the 

majority of multi-axes AMB systems in practical applications depends on proportional-integral-

derivative (PID) control schemes. 

PID control has been around for almost a century. Although many advanced linear and 

nonlinear control techniques have been proposed, PID control is still by far the most widely 

adopted controllers for practical application [19]. The popularity of this controller stems from 

its relatively simple control structure, and its ability to achieve a satisfactory performance in 

many applications. Furthermore, it is a model-free approach1, and the physical interpretation for 

each control gain is clear besides its long history and the know-how that has been accumulated 

over the years. On the other hand, for highly nonlinear and time-varying systems, tuning these 

controllers for attaining a satisfactory performance is difficult and time consuming [20], [21]. 

In general, setting the PID gains to high values is one way to yield an improved feedback control 

system. However, stability and measurement noise amplification problems could limit the 

application of such high-gain feedback control schemes.  

                                                 
1 This mean that the control algorithm is error-driven rather than model-based and should not be confused with the 
terms model-free and model-based PID control which usually refers to the tuning techniques for this controller 
[185]. 
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The application of PID to control an AMB system does stabilize the system but does not 

achieve a satisfactory performance [22]–[24] and leads to vibration levels that could be too high 

due to model uncertainties and harmonic disturbances (as will be shown later in chapter two). 

Developing an efficient control scheme for magnetic suspension system has always been non-

trivial due to the inherent high nonlinearity and open-loop instability nature of the system. 

Furthermore, it is even more challenging for multi-axes AMB systems. Moreover, rotating 

machines suffer from the rotor mass imbalance problem which naturally leads to vibrations in 

the rotor. As a result, various advanced control techniques have been proposed to regulate and 

stabilize the hovering rotor around the equilibrium point at different operating conditions (a 

detailed state of the art is given in chapter four). Motivated by the availability of modern high-

performance microprocessors and software tools, many efforts have been made to enhance the 

performance of PID controllers for AMB systems in the recent years. These efforts include PID 

neural networks [21], [25], [26], and PID fuzzy logic [27], [28]. Other solutions proposed in 

literature to enhance the performance of PID controlled AMBs include notch filters, disturbance 

observers, and feedforward compensation schemes (see subsections 4.2.2 and 4.2.3 for more 

details). Recently other improvements on PID control have been proposed such as nonlinear 

PID [29], and fractional order PID controllers [30] but their application to handle harmonic 

disturbances associated with AMBs has not been reported yet (or at least is still under 

investigation). 

SMC is one of the robust control approaches that have been proposed to improve the 

operational performance of magnetic suspension systems and confront model uncertainties and 

external disturbances. It is a well-known control technique for nonlinear systems. Thanks to its 

invariance property to uncertainties, it can theoretically achieve a complete rejection to matched 

disturbances once an ideal sliding mode takes place. The standard SMC control scheme is 

usually composed of a feedforward linear component and a feedback nonlinear one. The linear 

component - also known as the equivalent control - is a model-based controller which drives the 

states of the system to the sliding surface. In general, if an accurate dynamic model is available, 

then it is possible to achieve a very efficient disturbance attenuation. As stated earlier, an AMB 

system is inherently unstable and it is not easy to obtain an accurate model. For these systems, 

model identification has to be done in a closed loop. Therefore, a simple controller like PID 

needs to be tuned first to stabilize the system. After a nominal model is obtained, a model-based 
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controller is then synthesized to fulfil the required performance. However, in practice, there are 

always discrepancies between the mathematical model and the real system. As a result, the 

performance and robustness of SMC could be degraded if a dynamic model cannot be accurately 

assessed [31]. Artificial intelligence tools such as neural networks and fuzzy logic have been 

investigated to enhance the performance, which yield more robust but sophisticated SMC 

control schemes for handling uncertainties in AMB systems [25], [32], [33].  This handling of 

model uncertainties was taken a step further, by developing model-free control scheme based 

on artificial intelligence and SMC techniques [21], [26], [28], [34].  

Examining the benefits and drawbacks of both PID and SMC, it seems advantageous to 

find a way to exploit the strength of both controllers while avoiding the weaknesses. As a result, 

the performance of PID controllers can be enhanced through incorporating a SMC component 

to an existing PID control scheme and the obtained controller can thus be named as PID-SMC. 

For AMBs, a simple linear controller like PID has to be tuned first to stabilize the open-loop 

unstable system. Therefore, instead of developing a new controller, the methodology is based 

on applying the hybridization concept. The advantage of applying this hybridization concept is 

attaining a nonlinear but model-free feedback control scheme which inherits the implementation 

simplicity of PID control and the efficiency of SMC while eliminating – or at least reducing – 

the drawbacks of each. Notably, the solution seems simple and straightforward. But, to the best 

of our knowledge, the application of this solution to AMB systems has never been reported in 

literature and therefore requires investigation and validation2.  

Many researchers have addressed the design of centralized control techniques for AMB 

systems thanks to the progress in the modern theory of robust control. However, the 

decentralized approach is still more attractive when it comes to practical implementation. 

Decentralized controllers are simpler and have fewer parameters to tune, and provide a 

satisfactory control performance in many applications [21], [25]. The decentralized model-free 

control schemes proposed in this thesis are composed of a PID controller enhanced with add-

ons (plug-ins) developed from sliding mode control concepts. The PID controller represents the 

                                                 
2 Very recently, some authors applied a comparable concept based on the conventional sliding mode technique for 
robot manipulator applications. The effectiveness of that hybrid control scheme to achieve a superior trajectory 
tracking performance in the presence of model uncertainties to PD and model-based SMC controllers was proven 
with numerical simulations [31], [186]. 
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main core of the control schemes which is devoted to stabilizing and regulating the nominal 

system while the function of the SMC is to effectively handle the uncertainties in the system. 

For the sake of further improving the performance of the system and effectively reducing the 

control effort as much as possible, we address later replacing the fixed-gain linear controller by 

a nonlinear controller with adaptive control gains. Due to the recent advances in sliding mode 

theory, both first-order and second-order techniques are exploited here for developing the 

control schemes. All the proposed techniques are implemented and tested on a practical digial 

signal processor (DSP) board. Finally, the performance of these techniques are experimentally 

validated and compared against the non-enhanced PID controller for the radial homopolar PM-

AMB shown in Figure 1.3. 

1.4 Scientific Contributions 

Answering the research question leads us to the following original contributions. 

Model-free control schemes 

Exploiting the developments in SMC theory, we propose several model-free control schemes. 

From the first-order class, we addressed the conventional and integral types. While from the 

second-order class, we address the application of the so-called twisting, sub-optimal, quasi-

continuous, with prescribed convergence law, and finally super twisting algorithms. All these 

techniques are used to develop add-ons to enhance the performance of PID control for PM-

AMB systems. Furthermore, we later investigate developing an adaptive backstepping 

controller robustified with a super twisting SMC for the sake of obtaining a further improved 

performance. It should be noted that the PM-AMB and current-biased AMB are equivalent 

systems from the control perspective. This because PMs or biasing currents are used to generate 

the biasing flux in the airgap and hence yields a linearization to the inherently nonlinear 

dynamics around the operating point. In principle, PM-AMB is an energy-efficient system for 

the same load capacity or the same stiffness [12]. Furthermore, there are no special treatments 

in literature when developing control schemes for PM-AMB, see for instance [35]–[38]. Based 

on that we expect that all the proposed control schemes in this thesis are applicable to current-

biased AMB systems. Moreover, we believe that these concepts can be extended to other 

mechatronic technologies of similar system structures.      

DSP implementation 
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The majority of the proposed advanced control techniques in literature were evaluated on 

commercial powerful rapid control prototyping systems (such as dSPACE, OPAL-RT, and 

National Instruments) but never tested on practical platforms. All developed control schemes in 

this thesis are digitally implemented and validated on the eZdsp F2812 control board. Therefore, 

this demonstrates the applicability of the proposed model-free techniques for practical 

application. 

Attempts towards bridging the gap between theory and practice 

Several SMC techniques have been proposed in literature for achieving a superior performance 

in AMB systems. However, the majority of these techniques are model-based and attaining a 

satisfactory performance depends on the availability of a high-fidelity model. Recently, some 

efforts have been made to exploit the merits of artificial intelligence to enhance the performance 

of SMC which yield more robust but sophisticated SMC control schemes for handling 

uncertainties in AMB systems.  Here, we propose applying the hybridization concept to exploit 

concepts from the classical PID control and nonlinear control tools such as first- and second-

order SMC, high-gain observer, backstepping, and adaptive techniques to develop efficient and 

practical control schemes.  

Comparative analysis  

To the best of our knowledge, the second-order SMC techniques employed in this thesis, their 

application to a multi-axis AMB system has never been reported in literature neither in 

simulation nor experimentally.  Here, we exploit these SMC concepts for developing model-

free control schemes.  The performance of all the proposed techniques based on first and second 

order classes are experimentally validated and compared against the non-enhanced PID 

controller. Furthermore, a comparative analysis to the performance of all the proposed schemes 

is presented in chapter eight.  

A compromise between vibration suppression and current minimization 

Many control schemes have been proposed in literature that could achieve a satisfactory 

performance regarding either rotor vibration attenuation or control current minimization over a 

wide operating range. In this thesis, some of the proposed control schemes successfully achieve 

a good compromise between both objectives. 
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1.5 Outline 

The thesis is composed of eight chapters. Chapter two presents a brief introduction to the 

dynamics of the PM-AMB system. A simplified electromehanical model of the system is then 

presented followed by an explanation to the rotor mass imbalance problem which yields 

vibrations in the rotor in the form of harmonic disturbances. The discretization process and the 

rapid prototyping implementation of the PID controller on the DSP platform is then explained. 

The same process is applicable to the proposed controllers in the next chapters since their main 

components include the derivative and integral actions. After that, a description to the 

experimental setup is provided. Finally, experimental results for the non-enhanced PID 

controller is given to be used as a bench mark for evaluating the performance of the proposed 

control schemes. In chapter three, the main principles of the sliding mode control theory are 

briefly presented.  The concepts from variable structure systems up to higher order sliding 

modes are concisely explained so that the sliding mode control schemes presented in the 

succeeding chapters can be easily followed. Chapter four presents a literature review to the 

control techniques proposed for improving operational performance of AMB systems in the 

presence of uncertainties. Furthermore, a comprehensive review for sliding mode control 

schemes proposed for magnetic suspension systems are given. In chapter five, the development 

of a two model-free control schemes based on the first order sliding mode control methods for 

improving the performance of PM-AMB systems is presented. The performance of both control 

schemes is then validated via experimental results. Chapter six presents the developed model-

free control schemes based on the second-order SMC techniques and the performance of all the 

proposed techniques is evaluated against the PID controller. A derivation to a model-free 

adaptive backstepping control scheme is presented in chapter seven. A robustification process 

via a super twisting control and the so-called dead zone technique is then presented. The 

performance of the proposed technique is validated with some experimental results. Finally, a 

conclusion and suggestions for future work are provided in chapter eight. 
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Chapter 2 
System Description and PID Control  

In this chapter, a brief introduction to the dynamics of the PM-AMB system is given first. A 

simplified electromehanical model of the system is then presented followed by an explanation 

to the rotor mass imbalance problem which yields vibrations in the rotor in the form of harmonic 

disturbances. The discretization process and the rapid prototyping implementation of the PID 

controller on the DSP platform is then explained. After that, a description to the experimental 

setup is provided. Finally, experimental results for the non-enhanced PID controller is given to 

be used as a bench mark for evaluating further proposed control schemes. 

2.1 Electromechanical Model of the PM-AMB System 

Although this thesis proposes model-free control schemes, in this section we give a brief 

presentation on the mathematical description of AMBs. The idea is to have a better 

understanding of the dynamics of the system and to guide the search for controller tuning by 

few experimental/simulation trials with a minimum labor and time. Therefore, a dynamic 

mathematical model which describes a multi-axis AMB system is presented first and then 

followed by a procedure to decouple and simplify the system model. The simplified model can 

be then built in MATLAB/Simulink® to obtain an initial guess of the control parameters through 

simulation. 

2.1.1 Electromagnetic Force 

Figure 2.1 illustrates the two main fluxes flowing radially and axially in the bearing. Once the 

rotor is centered, a uniform flux distribution is built around the airgap via PMs and hence the 

resultant electromagnetic force acting on the rotor is zero. If the rotor slightly deviates from the 

equilibrium position, a non-uniform flux distribution occurs in the airgap which leads to a 

nonzero resultant force exerted on the rotor in the same direction of deviation. To regulate the 

rotor to the concentric position, the EM coils should be excited with currents proportional the 

amount of deviation [39]. Hence, the net air-gap flux is a combination of the bias and control 

fluxes. The net force generated in PM-AMB by the combined flux in the airgap can be controlled 

through the currents supplied to the EM coils. The bias flux ϕpm generated by the PMs circulates 
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and 
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  (2.2) 

where Br is the PM remnant flux density, hpm is the axial length of PM segments, Apm is the cross 

section per pole of the PM segments located between the two stators, Ag is the air gap area below 

one tooth, µ0 is the free-space permeability, 𝜇rec is the PM relative recoil permeability and G is 

the air gap thickness under one tooth at equilibrium, ŷi  is the total current flowing in the vertical 

EM coils. For bearing M1 shown in Figure 2.2, the magnetic force Fy_M1 exerted on the stator in 

the vertical direction can be formulated as [39]: 
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The electromagnetic force in (2.3) is a nonlinear function of the fluxes. Examining (2.1) and 

(2.2) reveals that the electromagnetic force consequently is nonlinear in terms of the current ŷi 1

and the displacement y1. These relationships are illustrated in Figure 2.3. It is remarkable that 

introducing the PM biased flux improved the linearity of force/ current relationship around the 

center position (operating point) but the force/displacement relationship is still nonlinear.   

Therefore, Taylor expansion can be used for achieving linearization around the operating point. 

The linearized bearing force Fy_M1 acting along the y- axis direction can be written as follows: 
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 Figure 2.3 The electromagnetic force function 

where Bpm is the flux density due to PMs. Similarly, the horizontal magnetic force at bearing M1 

can be formulated as: 

 
1 1 1_ 1 0_ ( ,0)x M sx xx ixx MF F I k x k i   (2.8) 

where  

 _ 1 0( ,0) 0x M xF I   (2.9) 

The displacement stiffness ksx and the current gain kix for the horizontal direction can be 

calculated similar to (2.6) and (2.7) respectively. The electromagnetic forces at bearing M2 can 

also be calculated in a similar manner as follows: 

 
2 2_ 2 0 2_ ( ,0)y M syy iy yy MF F I k y k i   (2.10) 

 
2 22_ 2 0_ ( ,0)x M sx xx ixx MF F I k x k i   (2.11) 

It should be emphasized that the equations presented above are valid within a 10% of the air-

gap width. Predicting the behavior using the linearized formula outside this range could be 

inaccurate since the magnetic cross coupling becomes significant [39]. All the experimental 

work was conducted with results within that range. 

(a) Force/ displacement relationship (b) Force/ current relationship 
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2.1.2 Equations of Motion 

Figure 2.2 shows the geometry relationships of the rotor-bearing system. The rotor is 

horizontally supported by two radial bearings located at M1 and M2. It is assumed that the rotor 

is symmetric and rigid, and the axial motion is decoupled from the radial ones. In this work, the 

rotor is treated as rigid body since the working speed range of the rotor is below its first bending 

frequency. Therefore, the radial dynamics can be represented by four degrees of freedom (DOF) 

while the axial dynamics is 1-DOF which is not being of particular interest here. For more 

simplicity, it is assumed that the axial direction is blocked via mechanical means. In section 2.3, 

we will see that the rotor is driven by a motor through a flexible mechanical coupling, thus a 

thrust bearing is not needed [39]. Furthermore, it is also assumed that the sensors and magnetic 

bearing actuators are collocated. The most straightforward approach to describe the rigid body 

dynamics is to use the displacements xs, and ys of its center of gravity (COG) and its inclinations 

𝜃x, and 𝜃y with respect to the inertial fixed reference. Following Newton–Euler equations, the 

dynamic behavior for the rotor-bearing system about the COG can be described as follows [8], 

[35]:  
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  (2.12) 

where m denotes the rotor mass, Jr and Jz are the  transverse and polar moments of inertia of the 

rotor respectively; ω is the rotational speed of the rotor around z-axis; Fx_M1, Fy_M1, Fx_M2, and 

Fy_M2, are the horizontal and vertical electromagnetic forces generated at bearings M1 and M2 

respectively; g is the acceleration of gravity; fdx and fdy are the external disturbances acting on 

the rotor COG; lengths l1 and l2 are the distance between the bearings M1, and M2 and the COG 

respectively, and finally l = l1 + l2. The rotor is assumed to be rigid and the rotor displacements 

from the equilibrium point are assumed to be small (within 0.1G), thus the relationships between 

the COG coordinates (xs, ys, 𝜃x, 𝜃y) and the rotor displacements (x1, y1, x2, y2) at bearings M1 and 

M2 can be represented as: 

 2 1 1 2
s

l x l xx
l


   (2.13) 
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In (2.15) and (2.16), it is assumed that 𝜃x and 𝜃y are very small angles, where approximations 

sin(𝜃x) ≅ 𝜃x and sin(𝜃y) ≅ 𝜃y can be applied. Substituting (2.13)−(2.16) into (2.12), the dynamic 

model for the rotor-bearing system in terms of the rotor displacements can be obtained as: 
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Manipulating the above equation, the dynamic behavior for the horizontal and vertical directions 

can be represented as follows: 

 

2
1 1 1 1 2

1 1 2 _ 1 _ 2

2
2 2 1 2 2

2 1 2 _ 1 _ 2

1
1

1 1 1

1 1 1

z z
x M x M dx

r r r r

z z
x M x M dx

r r r r

z

l J l J l l l
x y y F F f

l J l J m J m J m

l J l J l l l
x y y F F f

l J l J m J m J m

l J
y

l J


      


      



         
        
        

         
        
        

w w

w w

w
2

1 1 1 2
1 2 _ 1 _ 2

2
2 2 1 2 2

2 1 2 _ 1 _ 2

1 1 1

1 1 1

z
y M y M dy

r r r r

z z
y M y M dy

r r r r

l J l l l
x x F F g f

l J m J m J m

l J l J l l l
y x x F F g f

l J l J m J m J m


      


       









         
                 


          

         
        

w

w w

  (2.18) 

Substituting for the linearized electromagnetic force formulas (2.4), (2.8), (2.10), and (2.11) into 

(2.18), the obtained dynamic model is: 
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It is remarkable that besides the nonlinear behavior of the four DOF PM-AMB system, its 

dynamics are also time-varying because of parameter variations, external disturbances, 

magnetic coupling, and gyroscopic effect. This means that the dynamics of the system are 

coupled. However, for the sake of developing decentralized controllers, the simplified 

decoupled dynamic model can be derived from (2.19) as follows:  
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where d1, d2, d3, and d4 denote the neglected coupling terms which can be considered as 

disturbances and formulated as follows: 
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  (2.21) 

2.1.3 External Disturbances 

Rotating machines suffer from a common problem known as rotor mass imbalance which leads 

to vibrations in the rotor in the form of harmonic disturbances. These disturbances are mainly 

generated because of the unavoidable imperfections in rotor manufacturing. Since the perfect 

balancing is nontrivial, the resulting residual mass makes the center of mass out of alignment 
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with the geometric center. As a result, centrifugal forces synchronous with the rotation speed 

are generated when the rotor rotates about its geometric axis which eventually causes the 

unpleasant rotor vibrations phenomenon. These centrifugal forces are also known as imbalance 

forces and can be represented by two perpendicular components fdx and fdy acting on the 

horizontal and vertical axes respectively. Unlike conventional bearings, AMBs provide a mean 

to handle this problem through proper control schemes.  

Figure 2.4 shows a 2-D plan AMB which is provided in order to illustrate the 

misalignment between the mass center S (xs, ys) and the geometric center O (xo, yo) that yields 

the runout of the rotor surface.  If ε denotes the mass eccentricity, ω represents the rotation 

speed, and φ is the initial phase of the mass center, the coordinates of the mass center can be 

formulated in terms of those of the geometric center as [42]: 

  coss ox x t     (2.22) 

  sins oy y t     (2.23) 

 Then the imbalance forces due to the rotor imbalance can be modeled as: 

  cosdx of x t m    
2   (2.24) 

  sindy of y t m    
2   (2.25) 

The presence of these imbalance forces leads to a periodic runout during the rotation of the rotor 

which increases with the rotational speed squared [43]. This fact will be demonstrated later with 

the experimental results. Unless xo = 0 and/or yo = 0, there will also exist an electromagnetic 

imbalance in AMB meaning that the electromagnetic center does not coincide with the 

geometric center [42]. 

2.1.4 Electrical Dynamics 

In AMB systems, power electronic circuits are used to convert control signals into control 

currents. This is achieved by applying voltages on the terminals of the electromagnetic coils and 

hence supply them with currents. Switch-mode amplifiers have been exclusively employed in 

most industrial AMB applications because they consume much less power than analog 

amplifiers [8], [43].  A current-mode switching power amplifier system is basically composed 
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2.2 Digital Controller Development 

Since the dynamics of a single radial magnetic bearing are represented as two uncoupled 

systems which describes the deviations of the shaft in the horizontal and vertical directions, two 

separate feedback control systems can be designed for them. This is the so-called decentralized 

control approach. This section presents the control structure adopted in this work first and then 

illustrates the discretization process. 

2.2.1 Cascade Control Structure 

The commonly used control structure for both electric drives and magnetic bearings is the so-

called cascade-loop control “or double-loop control” [8][45]. For AMBs, the outer control loop 

is the primary or the master loop and is devoted for controlling the shaft position, while the inner 

loop is responsible for controlling the current. The primary objective of the feedback control 

system is to stabilize the inherently unstable system first and then regulating the shaft position 

around the set-point. The input to the system is the position reference signal (usually the 

geometric center position of the bearing), and the output signal is the position of the shaft. Figure 

2.5 illustrates the employed controller structure. 

2.2.2 Inner Control Loop 

The function of the inner loop is to regulate the measured current i to track the current reference 

signal iref generated by the outer control loop. The current error is amplified and used to calculate 

the corresponding duty cycle to control the output voltage of the H-bridge.  By employing a 

high-gain controller, it is expected that the control current can follow accurately the current 

reference signal. It is advised not to use a high proportional feedback gain (P-controller) only, 

because the current amplifier will be prone to saturation as well as the high tendency of noise 

generation. The common approach is a proportional-integral (PI) for current control [43]. The 

current error signal ei can be described as: 

 i refe i i    (2.28) 

The continuous-time PI controller for the inner loop in the so-called parallel form and is 

formulated as: 
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 q re q q    (2.32) 

The PID controller for the outer loop in Laplace domain can be described as: 

 ( ) ( )i
o p d q

kU s k k s E s
s

 
   
 

  (2.33) 

where kp is the proportional gain, ki is the integral gain, and kd is the derivative gain for the outer 

control loop. The expression of the controller given in Equation (2.33) cannot be implemented 

in practice. First of all because the transfer function of the controller is not proper4. The other 

problem is that a pure derivative action is not allowable in practice due to the amplification of 

the high frequency measurement noise [47]. The commonly used solution to these problems is 

to cascade the derivative term with a low pass filter. The practical version of PID controller can 

be written in parallel form as follows: 

 ( ) ( )
1

i d
o p q

p

k k sU s k E s
s s

 
     

  (2.34) 

where τp is the time constant of the low pass filter. 

2.2.4 Controller Discretization 

The current controller and the position controller were described by Laplace transforms in 

Equations (2.30) and (2.34) respectively. Since we want to implement these controllers in digital 

form, it is necessary to represent them in discrete-time. The commonly used approach for 

designing a digital controller for a continuous-time system is to first design an analog controller 

and then convert it into an equivalent discrete-time system that have a close approximate 

behavior [48]. There are various techniques from the signal processing field that can be used to 

convert an analog controller to its digital form counterpart. The method we are going to use is 

the approximation of differential equations by numerical integration. There are commonly three 

methods for this purpose, Forward Euler (FE), Backward Euler (BE), and Trapezoidal method 

or Tustin’s method. In this section we present the discretization of the position controller and 

the current controller can be done in a similar manner. Discretizing a continuous-time system 

by Tustin method can simply be done by replacing the Laplace variable s with: 

                                                 
4 In control theory, a transfer function is proper if the order of its numerator does not exceed that of its denominator.  
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where Ts is the sampling time and z is the variable of Z-transform. By following this rule, the 

integral and derivative terms can be discretized respectively as follows: 
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Since the proportional part is static, no discretization is needed and thus 

   pP z k   (2.38) 

and the complete outer-loop control signal would be: 

           o qU z P z I z D z E z     (2.39) 

2.2.5 Digital Controller Realization 

Rapid Control Prototyping (RCP) has been proposed as a systematic procedure which 

accelerates the process of control development under a unified platform. Adopting this way, 

control engineers can focus on testing and iterating their control strategies. Several commercial 

RCP systems are available such as dSPACE, OPAL-RT, xPC, and NI CompactRIO. They have 

been extensively used for industrial applications including automotive, aerospace, and industrial 

automation. Although these systems provide high flexibility in developing complex control 

algorithms as well as saving time and labor, they are very expensive. Their prices could be so 

high for many researchers to afford. Several efforts has been made for the sake of developing 

an economical and powerful RCP systems based on Texas Instruments (TI) C2000 DSP 

processors [49]–[54]. TI C2000 devices are C28x-based 32-bit microcontrollers with high 

performance integrated peripherals designed for real-time control applications. Its math-

optimized core can run multiple complex control algorithms at speeds necessary for demanding 

control applications. They are suitable for real-time closed loop control applications such as 



28 

 

motor control, digital power supplies, industrial drives, hybrid and electric vehicle, and solar 

power. Developed control schemes in this thesis are digitally implemented on the eZdsp F2812 

control board which is based on the Texas Instruments TMS320F2812 Digital Signal Processor. 

The processor is a fixed-point type which can handle calculations up to 150 MHz (6.67 ns cycle 

time) and provides up to 150 MIPS in performance. F28x controllers feature ultra-fast 12-bit 

ADCs with a conversion rate 80 ns/12.5 MSPS, that provide up to 16 input channels for 

performing the current and position sensing required for closing the loop. 

Computer Aided Control System Design (CACSD) tools such as MATLAB and 

Simulink provide means for graphical programming. Therefore, the need for manually coding 

the software will be revoked and the effort will be then concentrated on improving functionality 

and performance, not the programming [50]. Simulink platform is used for carrying out the 

complete system design and then automatically generating the code for the hardware. In order 

to realize the discrete-time PID controller (2.39), the integral and derivative actions have to be 

manipulated respectively as follows: 
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where 1z  is a unit delay, sTk
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In Simulink, the algorithm is built graphically using the Simulink library standard blocks as 

shown in Figure 2.7. Furthermore, on-chip and on-board peripherals such as ADC and PWM 

can be obtained from the Embedded Coder Support Package for TI C2000 Processors. 

Combined with MATLAB Coder, Simulink Coder, and Embedded Coder toolboxes, Simulink 

could automatically generate an efficient ANSI/ ISO C/ C++ code that can be compiled and 

executed on Texas Instrument C2000 microcontrollers using Code Composer Studio IDE. The 

development procedure can be summarized as follows [54]: 

1) System modeling, developing control algorithm, and carrying out simulations in 

Simulink environment. 
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devoted to illustrate the steady-state behavior for the non-rotating condition. While the other 15 

cases are devoted for examining the characteristics of the controlled PM-AMB system under 

different rotation conditions from 200 RPM to 3000 RPM with a step of 200 RPM rotational 

speed.  For the non-rotating case, it is expected the regulated position error is almost zero thanks 

to the integral action. However, position errors will never vanish to zero for the rotational cases 

due to the external disturbances, to which the system is subjected. The major source of these 

disturbances is the rotor mass imbalance which is characterized by a sinusoidal shape and has 

the same frequency as the rotor speed, as previously explained in subsection 2.1.3. In this work, 

the mass imbalance stems from the uneven distribution of mass around an axis of rotation and 

no artificial imbalance were intentionally incorporated.  

For the sake of brevity, the most critical conditions of the recorded cases are only 

presented here. The remaining cases are provided in Appendix A. The critical cases refer to the 

two resonant frequencies encountered when the PID controlled system was rotated up to 3000 

RPM. It was observed that the controlled rotor successfully passed the first critical speed around 

23.33 Hz (1400 RPM) despite the high vibration level. However, for the second critical speed 

at (42.5 Hz) 2550 RPM, the vibration level was so high that the rotor touched the inner bore of 

the safety bearing (not shown here). This region has to be passed quickly otherwise the system 

loses its stability. Due to the limited capability of the employed data acquisition system, the 

measurements were made at 2600 RPM speed instead. The first critical case is presented in 

Figure 2.10 which corresponds to 1400 RPM. Rotor orbit is shown in Figure 2.10(a) and the 

corresponding power amplifier currents are shown in (b). The second case which was 

encountered at around 2600 RPM is shown in Figure 2.11. 

 

 

 

 

 

 

 

 



33 

 

 

 

 
 
  

(a) Rotor orbit (b) Control currents 

Figure 2.10 Experimental results at 1400 RPM speed for PID controlled system. 

(a) Rotor orbit  (b) Control currents 

Figure 2.11 Experimental results at 2600 RPM speed for PID controlled system 
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To further evaluate the performance of the actively controlled PM-AMB system with a feedback 

control scheme under various operating conditions, two performance measures for both 

regulated position errors, and control currents are adopted. The root mean square (RMS) value 

of regulated position errors ERMS and the maximum vibration levels EMAX are defined as follows 
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  (2.42) 

   maxMAXE e nT   (2.43) 

where e(nT) is the position error for either horizontal or vertical directions, n is iteration number, 

N = 2500 is the number of recorded samples, T = 200 μs is the measurement sampling rate. The 

RMS value of control currents IRMS and the peak control current values IMAX are defined as 

follows 
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  (2.44) 

   maxMAXI u nT   (2.45) 

where u(nT) is the control currents for either horizontal or vertical directions. The steady state 

performance of the controlled system and the associated control effort under different operating 

conditions can be examined through (2.42) and (2.44) respectively while the most severe (worst 

case) conditions can be observed through (2.43) and (2.45). Figure 2.12 to Figure 2.15 shows 

the ERMS and EMAX for the horizontal and vertical directions respectively against rotational speed 

up to 3000 RPM. The corresponding IRMS and IMAX are presented in Figure 2.16 to Figure 2.19 

respectively. It is remarkable that the amplitude of the position error increases with the rotational 

speed. The vibration level reaches its highest values in the range 1400 – 1600 RPM and 2400 – 

2600 which corresponds to the first and second vibration modes of the controlled rotor-bearing 

system. The maximum recorded vibration level is 140 μm which represents about 28% of the 

safety bearing clearance. Therefore, it is necessary to attenuate this high runout through the 

proposed control schemes in the next chapters. It should be noted that  
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the corresponding control currents for both horizontal and vertical directions also increase 

simultaneously when the amplitudes of the shaft displacements increase as shown in Figure 2.16 

to Figure 2.19. 

 

 

 

 

 

Figure 2.12 RMS value for tracking error in the horizontal direction with PID control 

 

Figure 2.13 RMS value for tracking error in the vertical direction with PID control 
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Figure 2.14 Maximum values for tracking error in the horizontal direction with PID control 

 

Figure 2.15 Maximum values for tracking error in the vertical direction with PID control 
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Figure 2.16 RMS value for control currents in the horizontal direction with PID control 

 

Figure 2.17  RMS value for control currents in the vertical direction with PID control 
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Figure 2.18  Peak values for control currents in the horizontal direction with PID control 

 

Figure 2.19  Peak values for control currents in in the vertical direction with PID control 
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The employed AMB system is biased through PMs. As a result, the coil currents can be 

kept as low as possible as long as a well-designed controller is applied to maintain the rotor in 

the geometric center and hence the mass is mainly supported by PMs. Therefore, the ohmic 

(copper) losses consumed by the developed controller will be calculated and used as another 

performance measure. The power consumption of the radial homopolar PM-AMB due to the 

ohmic losses for the operating conditions is evaluated by calculating: 

 2 2
loss x x y yP I R I R    (2.46) 

where Ix and Iy are the RMS value of the control currents flowing in the electromagnetic coil of 

the horizontal and vertical directions respectively, which were calculated in (2.44), Rx and Ry 

represents the total resistance for the horizontal and vertical coils respectively. The computed 

total ohmic losses for a radial PM-AMB system against rotation speed is given in Figure 2.20.   

 

There are other power losses in the system, besides the ohmic losses, such as iron losses, 

switching losses and windage losses [8]. However, the ohmic losses only are calculated here as 

a performance measure to assess the performance of the proposed controllers in next chapters 

against a simple linear PID controller with respect to minimizing the control currents as much 

as possible. 

 

 

Figure 2.20  Total ohmic losses in a radial PM-AMB with PID control 
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2.5 Concluding Remarks 

The PID controller is employed here for stabilizing the inherently open-loop unstable system 

due to its favorable features which include a model-free design approach, simple control 

structure, few tuning parameters, and easy to implement. Although a satisfactory performance  

is achieved for the non-rotating condition, the performance deteriorates when the system is 

subjected to external disturbances while rotating. Vibration level increases with rotational speed 

and the maximum values are reached in the operating regions corresponding to the vibration 

modes. Besides the degraded performance and the potential loss of the closed-loop stability, the 

repetitive intensive contact with the safety bearing could reduce its lifetime due to the wear and 

tear. On the other hand, the higher the vibration levels, the higher the control efforts which 

means higher power losses. Furthermore, higher peak currents could require higher current 

amplifier ratings. Therefore, it is necessary to develop a more efficient control scheme for 

technical and economical purposes. It is desired that the proposed control algorithm to possess 

the simplicity of the PID controller besides achieving improved performance as well as reducing 

the power losses. The performance measures using a PID control plotted against rotational speed 

and given in Figure 2.12 to Figure 2.20 are used as a benchmark to evaluate the performance of 

the proposed control schemes in the next chapters. 

In this work, the shaft was horizontally supported by the bearings. However, this orientation 

leads to a higher power consumption in the vertical axis so as to compensate for the shaft weight. 

It is advised to construct the system with the shaft in the vertical orientation and employ a 

passive magnetic bearing to support the system in the axial direction. This modification to the 

assembly of the system should be taken into account in future for realizing more energy-efficient 

FESS. 
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Chapter 3  
Sliding Mode Control Principles: From 
Classical Concepts to Higher Order Approach 

3.1 Introduction 

Model-based approach is the common technique followed in designing a feedback regulator for 

a controlled system in general and for an AMB system in particular. However, there are always 

discrepancies (mismatches) between the developed mathematical model and the actual plant. 

The sources of these uncertainties include variation in system parameters, unmodeled dynamics, 

system nonlinearities, external disturbances, and measurement noises. Designing a control law 

in the presence of system uncertainties is one of the challenges a control engineer has to face. 

Therefore, developing control methods that ensure the required performance in practice in spite 

of system uncertainties has been gaining much interest since the late 1970s and early 1980s [55], 

[56]. Control techniques that address this problem are known as robust control methods such as 

ℋ∞ control [57], [58], μ-synthesis [57], [58], linear matrix inequalities (LMIs) based control 

[59], quantitative feedback theory (QFT) [60], gain scheduling control [61], linear parameter-

varying (LPV) control [62], sliding mode control (SMC) [56], [63], robust adaptive control [64], 

[65], and passivity based control [61], as well as intelligent control techniques such as artificial 

neural network (ANN) based control [66], [67] and fuzzy logic control (FLC) [68]. SMC is a 

well-known powerful technique for nonlinear systems and probably the most effective technique 

in handling bounded uncertainties since it has the ability of completely rejecting matched 

disturbance or uncertainty once an ideal sliding motion takes place [56][69]. 

 In this chapter, the main principles of the sliding mode control theory are briefly 

presented in general while the state of the art in SMC applications to AMB systems is presented 

in section 4.3. The concepts from variable structure systems up to higher order sliding modes 

are concisely explained so that the sliding mode control schemes presented in the succeeding 

chapters can be easily followed. Numerical examples are given to illustrate the principles and 

the systematic design process. Important notions associated with sliding modes such as reaching 

phase, sliding surface, reachability condition, invariance principle, …etc., are also explained. 

The chattering phenomenon which is the main problem facing the implementation of the 
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classical SMC in reality is explained as well as the proposed solutions. Phase trajectories for the 

presented SMC algorithms are provided to highlight the basic difference between them with 

respect to the way they steer the states of the system to the origin.  

3.2 Classical Sliding Mode Control 

Sliding mode control technique has emerged as a particular type of variable structure systems 

(VSS) which was developed in the former USSR by Emel’yanov and other co-researchers in the 

1950s [63]. However, these control concepts were only available in Russian and German until 

1976, when Itkis published his book [70] in English and then Utkin published a survey paper 

[71]. Control techniques based on sliding mode principles have been successfully implemented 

in different applications, particularly robotics, electromechanical systems, power electronics, 

and aeronautics [63], [64]. In the next subsections, a brief review for these principles are given 

and illustrated with some examples. 

3.2.1 Variable Structure Systems and Sliding Modes 

Variable structure systems can be viewed as a combination of independent structures (control 

laws) accompanied with suitable switching rules to jump between these structures so as to 

achieve the required system performance. In other words, VSS is a dynamic system which works 

on the switching between the various subsystems depending on the current value of the system 

states. It is possible that the designed closed loop VSS possesses new properties that do not exist 

in any of its individual structures. It is better to illustrate the working principles of VSS with the 

next example. 

Example (1) 

This example is adapted from [71] and appears also in [69], [72]–[74].  Consider the following 

second-order system 

 1 2

2 2 , 0
x x
x ax u a


  
  (3.1) 

This system is divergent (or unstable) since a is a positive scalar. The objective is to design the 

feedback controller u in order to drive the state variables from an arbitrary initial value to the 

origin (0, 0). Figure 3.1 illustrates the representation of this second-order system. Initially 

consider the following simple feedback law: 





u = 1x1

u = 2x1





x2 + cx1= 0

u= kx1

x2 + cx1= 0

u= kx1



x2 + cx1= 0
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to two phases or modes. The first stage which describes the initial motion (the hook-like curve) 

towards the red line is called the reaching phase, while the second stage which describes the 

motion along that line towards the origin is called the sliding mode. The red line is usually 

termed as the sliding surface. It is now clear why this special class of VSC is known as sliding 

mode control. 

3.2.2 Design Procedure of SMC 

The core of SMC depends on a properly designed function, termed as the sliding variable which 

once becomes zero, it defines the sliding surface [56]. Achieving an appropriate closed loop 

performance relies on the judicious design of the sliding variable. Insensitivity to bounded 

uncertainties matched by the control is the most interesting property of the SMC thanks to the 

discontinuous nature of the control action [75]. This distinctive property is activated once the 

state trajectories arrives at the sliding surface. Therefore, a controller is required to steer the 

state trajectories to the properly designed sliding surface and keep them thereafter. In summary, 

designing a SMC involves two steps. The first one is to select an appropriate sliding variable 

such that the desired system performance is achieved when the system motion arrives at the 

sliding surface. The second step is to select a feedback control law which makes the designed 

sliding surface attractive to the state trajectories and keep them thereafter even in the presence 

of uncertainties. 

Example (3) 

The aim of this example is to illustrate the systematic design process of SMC. Consider again 

the same second order system given by (3.1) but in the presence of a disturbance or model 

uncertainty. 

 
 

1 2

2 2 1 2, ,
x x
x ax f x x t u


  
  (3.10) 

where the function f (x1, x2, t) represents the model uncertainties5 which could be, for example, 

unmodeled dynamics and/or unknown external disturbance and it is assumed to be bounded i.e., 

  , ,f t x x  1 2 0   (3.11) 

                                                 
5 Recall the model uncertainties for the PM-AMB system represented by (2.21). 
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 The first step is to define the sliding variable as a function of system states. The most 

common form can be defined as [56], [61], [64], [69]: 

 
1nd x

dt
 



 
  
 

  (3.12) 

where n is the input-output relative degree6 between y and u, and λ is a strictly positive constant. 

For n = 2 the sliding variable can be written as: 

 2 1x x     (3.13) 

The performance of the closed loop system depends on the choice of the scalar λ which defines 

the unique pole of the resulting reduced order system once the system enters the sliding mode. 

It is worth noting that the choice of λ is arbitrary while n depends on the input-output relative 

degree of the system under control. 

 The second step is to select a control law u that drives the state variables to the sliding 

surface in finite-time and keep them thereafter to guarantee a sliding motion. In other words, 

the objective is to synthesize a controller such that the sliding variable σ is driven to zero in 

finite-time. Lyapunov function approach can be applied to accomplish this objective. A 

Lyapunov function candidate can be written as [56], [61], [64]: 

 21
2

V    (3.14) 

In order to achieve a finite-time convergence (global finite-time stability) about the equilibrium 

point σ = 0, it is necessary to satisfy the following conditions [56]: 

(i) 
1
2 , 0V V      

(ii) lim V
 

    

One can notice that condition (ii) is already satisfied. Therefore, the derived controller u must 

satisfy the first condition (i) which can be re-written in terms of σ as: 

                                                 
6 The sliding variable σ has a relative degree r means that the control variable u explicitly appears after σ being 
differentiated r time [56]. 
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1
2

2

V V




 

 
  (3.15) 

The derivative of the Lyapunov function V can be computed as: 

   

    
2 2 1 2

2 1 2

, ,

, ,

V
x ax f x x t u

a x f x x t u



 

 



   

   

  (3.16) 

Select a control law   2u a x v   . The most commonly used candidate for the v controller 

is defined as follows: 

 
0
0

c

c

if
v

if
 

 


 

 
  (3.17) 

where ρc  is a sufficiently large positive scalar. The v controller could be re-written in the 

compact form as: 

  sgncv      (3.18) 

and the designed controller u can be then rewritten as: 

    2 sgncu a x       (3.19) 

Substituting for u into (3.16), we obtain: 

 

    

 

  

1 2

1 2

1 2

, , sgn

, ,

, ,

c

c

c

V f t x x

f t x x

f t x x

 

 
  

 

 

  


 



  

  (3.20) 

Taking the upper bound condition (3.11) into consideration, (3.20) can be formulated as: 

 
 

 

c

c

V  

  
  (3.21) 
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x1 to zero in the presence of the bounded disturbance. Figure 3.11 presents the actual control 

signal and it is a very high switching frequency controller. 

3.2.3 Properties of SMC 

Once the state trajectories arrive to the sliding surface to start an ideal sliding motion

 rt t , the sliding variable becomes zero (σ = 0) which also results in: 

 

Figure 3.9 Phase portrait 

 

 

 

Figure 3.10 Evolution of position x1 with respect to time 
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 1 2 0x x      (3.24) 

and 

  1 1 rx x t t     (3.25) 

This means that although the open-loop system is of a second-order type, the closed loop system 

behaves as a first-order once the sliding motion takes place. The compensated system dynamics 

has a reduced order with respect to the original system and this is another advantage of applying 

SMC. 

It is remarkable that the disturbance f (t, x1, x2) has been completely rejected. The 

insensitivity to the mismatch between the mathematical model and the actual plant is a major 

advantage to SMC and therefore it is an appropriate candidate for robust control [69]. 

Robustness of SMC can be interpreted via the equivalent control concept [63]. An equivalent 

control law refers to the control action required to keep the state variables on the sliding surface 

to guarantee an ideal sliding motion in the presence of bounded disturbance. This means that

  0 for all  rt t . Therefore, the equivalent control law ueq can be obtained as follows 

through equating   to zero:  

    2 1 2, ,equ a x f x x t      (3.26) 

 

Figure 3.11 Actual control signal 
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This control law cannot be applied in reality because of the uncertain nature of the function           

f (t, x1, x2). Nevertheless, let us consider it as the average effect of the high frequency control 

action derived in (3.19) [56], [69]. The average control action uavg can be obtained by applying 

a simple low pass filter (LPF) to the actual signal as [56], [63]: 

 
1avg

uu
s




  (3.27) 

where τ is the time constant of the LPF. The average control action can be then re-written as 

     2 sgnavg cu a x LPF       (3.28) 

Once an ideal sliding motion is initiated  

  avg eq ru u t t    (3.29) 

Figure 3.12 gives a visual demonstration to this concept, the time constant τ of the LPF was 

chosen to be 0.01. Comparing (3.26) and (3.28), the SMC is able to estimate the disturbance 

function as: 

       1 2
ˆ , , sgnc rf t x x LPF t t     (3.30) 

One also can notice that the closed loop dynamic described in (3.25) during ideal sliding motion 

is insensitive to external disturbance/uncertainties and only depends on the parameter λ. This is 

 

Figure 3.12 Equivalent control and average control actions 
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called the invariance property [56]. However, it is worth mentioning that the insensitivity 

property of SMC is only effective with matched uncertainties7. 

3.2.4 Chattering problem 

The operating principle of SMC approach originates from the switching between two different 

control structures to construct another distinctive system with a discontinuous nature. The 

inherited characteristics of the synthesized system are excellent in achieving complete rejection 

to external system disturbance, insensitivity to parameter variations as well as reducing the 

system order. However, these superb features come with a serious problem which impedes the 

implementation of ideal SMC in many practical applications, especially mechanical systems. 

This problem is best well known as chattering which characterize the audible noise which stems 

from the application of SMC approach to mechanical systems. Technically, chattering refers to 

the phenomenon of the undesirable finite-amplitude oscillations about the sliding surface which 

occurs in many practical SMC implementations due to the high switching frequency [63]. This 

high switching frequency phenomenon is dangerous and not acceptable because it could lead to 

wear and tear in the actuator component, power losses, and even could lead to the instability of 

the closed loop system. These oscillations occur because of the usually neglected fast dynamics 

in the control design process such as actuator and sensor dynamics which are often excited due 

to the high switching frequency nature of the control action. Moreover, ideal sliding modes can 

be realized only by infinite switching frequency and hence digital implementation of SMC with 

finite sampling frequency leads to another type of chattering, which is called the discretization 

chattering [63]. Since SMC switching frequency is related to the sampling rate of the control 

algorithm, the amplitude of the discretization chattering could be reduced by increasing the 

sampling rate [76]. The chattering phenomenon has irritated control engineers and even has led 

to the limited appreciation to this control approach. Moreover, SMC could have been one of the 

greatest discoveries in modern control theory but for this problem [75]. Much research efforts 

has been devoted to analyzing and proposing solutions to overcome this phenomenon [56], [63], 

[64], [75]–[80]. 

The inappropriate treatment of the chattering problem prevents the application of SMC 

to a wide range of applications. Fortunately, there are many techniques proposed in the literature 

                                                 
7 Uncertainties which affect on the system through the same channel as the control signal. 
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as a cure to this problem which do not require a detailed knowledge of the unmodeled dynamics. 

The commonly used technique is the boundary layer approach which depends on replacing the 

discontinuous functions with a continuous approximate one [61], [63], [64]. Although the 

proposed technique for eliminating chattering is effective, the price to pay is the degradation of 

the closed-loop system performance and robustness. Therefore, a wise trade-off between the 

system performance and the allowable chattering level is necessary. Other approaches has been 

proposed, such as the observer-based solution [63], disturbance rejection approach [63], 

adaptive control gain [79], and recently higher order SMC [56][78].  

3.3 Second Order Sliding Mode Control 

Higher order sliding modes (HOSM) has emerged as a promising approach for handling the 

chattering problem while maintaining the main advantages of the classical SMC with respect to 

robustness, order reduction, simplicity and ease of implementation [81]–[83]. Furthermore, it is 

claimed that the practical implementation of HOSM results in a higher accuracy compared to 

the classical SMC in the presence of switching delays and measurement noise [84]. HOSM is 

considered an extension to the classical sliding mode theory. In this context, classical SMC 

previously presented are often referred to as first order sliding mode control (1-SMC). Another 

reason for developing this approach is that the 1-SMC are restricted to applications where the 

relative degree between the system and the sliding variable has to be one, which can constrain 

the choice of the sliding variable [56]. The main idea is to increase the order of the controlled 

system by adding integrators to the input channel before the application of the actual control 

signal. Therefore, the discontinuous control component acts on the higher order time derivative 

of the sliding variable instead of its first time derivative as happens in 1-SMC. In other words, 

this novel approach can significantly reduce chattering effect since the actual discontinuous 

control action is “buried” in the higher derivative of the sliding variable [56], [85], [86]. This 

section presents a brief review to the most popular second order sliding mode control (2-SMC) 

techniques, a special case of HOSM, that have been successfully implemented to solve some 

real problems. 

3.3.1 Problem Formulation 

Consider the following nonlinear uncertain system: 
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    , ,x f t x g t x u    (3.31) 

where nx  is the state vector, t is the time, u  is the control input, and  .f ,  .g  are 

some smooth and uncertain vector functions.  

Assume that a sliding variable σ is defined to fulfill the required control specifications as 

follows: 

  ,t x   (3.32) 

and is designed such that it has a relative degree r with respect to the control variable u. Consider 

σ has a relative degree r = 2, then the second total time derivative can be formulated as: 

    , ,t x t x u    (3.33) 

where  . ,  .  are some uncertain and smooth functions and only their bounds 0 , m , M , 

and  are known fulfilling the following inequalities [56]: 

 , ,m M 00        (3.34) 

The control objective in 1-SMC is to drive the designed sliding variable σ to zero in finite time. 

While for 2-SMC, it is required to drive both the sliding variable σ and it derivative  to zero 

in finite time. This is done by means of a discontinuous control action which acts on the second 

derivative of the sliding variable  [85]. In the following subsections, the most popular 2-SMC 

algorithms that fulfill this control objective are presented.  

3.3.2 Twisting Algorithm 

Historically, the twisting algorithm is considered the first developed technique that falls under 

the category of 2-SMC algorithms. Although it was developed earlier in Russian, it was not 

formally available to the control community until 1993 [81]. The algorithm depends on the 

switching between two different control gains such that the state trajectory is steered in a spiral 

(twisting) manner to converge in finite time to the origin, see Figure 3.13. This control algorithm 

can be defined as follows: 
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The above constraints represent the sufficient conditions.  

An observation regarding the twisting and sub-optimal algorithms. They both can be generally 

described by the following control law: 

 

      

 
   

   

*

sgn M

M M

M M

u t t U t

if t t
t

if t t

0

1 0

  

          
 

         

  (3.39) 

with , 1 2 1 is the anticipation factor [85]. The above formula turns into a twisting algorithm 

when 0 , MU , *
m M  under the conditions    Mt 0 0     and 

  Mt 0 0    . While the sub-optimal algorithm is attained if /1 2 . 

3.3.4 Super Twisting Algorithm 

Although it is a 2-SMC, this algorithm was originally developed for systems with relative degree 

one for the sake of avoiding the chattering problem connected with the application of 1-SMC 

[81]. In other words, this algorithm can drive both the sliding variable and its derivative to zero 

in finite time only when the relative degree of the system is one.  The control algorithm can be 

defined as:  
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  (3.40) 

The phase trajectory of this algorithm is shown in Figure 3.15. The sufficient conditions for 

finite time convergence are given as [81]: 
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  (3.41) 

It is remarkable that this 2-SMC requires the measurement of σ only. Furthermore, it is a 

continuous control law although both of its two terms contains a discontinuous control action. 
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order, and invariance to the matched bounded disturbances/ uncertainties. However, there is a 

serious problem which impedes the practical implementation which is known as the chattering 

phenomenon. Fortunately, numerous solutions have been proposed including the conventional 

solution by using an approximate continuous controller instead of the ideal discontinuous one, 

and recently the claimed more efficient approach known as higher-order SMC. Finally, the 

principles of the 2-SMC and some of the most popular algorithms that belongs to this approach 

are presented. 
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Chapter 4  
Advanced Control of Active Magnetic Bearings: 
State of the Art 

4.1 Introduction 

Active magnetic bearings have gained a very good reputation as electromagnetic systems 

providing a contact-free support for spinning shafts. That means no friction and thus less wear 

and tear compared to the conventional mechanical bearings, and so they could lead to longer 

machine life time and lower need for maintenance. With AMB systems, the concern about 

lubrication is eliminated which makes them ideal candidates for vacuum and clean environments 

where no contamination is acceptable as well as harsh environmental conditions. One of their 

tremendous advantages is the ability to support higher rotational speed with lower power losses 

in comparison to the conventional bearings. Moreover, the electromagnetic forces generated to 

suspend the hovering rotor can also be used for controlling and damping out rotor vibrations. 

They have been proposed for different applications such as flywheel energy storage systems 

[91], machine tool spindles [92], hard disc drives [93], turbo-molecular pumps [8], aircraft jet 

engines [94], and artificial heart pumps [95].  

However, AMBs have many drawbacks since they are nonlinear, inherently open-loop 

unstable, and multivariable systems which necessitate the application of advanced control laws 

to achieve stability as well as the required performance. Rotating machines suffer from a 

common problem known as rotor mass imbalance which leads to vibrations in the rotor in the 

form of harmonic disturbances. These disturbances are mainly generated because of the 

unavoidable imperfections in the rotor manufacturing. Since the perfect balancing is nontrivial, 

the resulting residual mass makes the center of mass out of alignment with the geometric center. 

As a result, centrifugal forces synchronous with the rotational speed are generated when the 

rotor rotates about its geometric axis which eventually causes the unpleasant rotor vibrations 

phenomenon. Unlike conventional bearings, AMBs provide a means to handle this problem 

through proper control schemes. This chapter presents a literature review to the control 

techniques proposed for improving operational performance of AMB systems in the presence 
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of uncertainties. The state of the art in advanced control schemes is presented in section two. 

While a comprehensive review for sliding mode control schemes proposed for magnetic 

suspension systems are given in section three. Concluding remarks are provided in section four. 

4.2 Advanced Control Schemes 

The majority of AMB systems in practical applications operate with Proportional-Integral-

Derivative (PID) control schemes. However, adopting PID controllers lead to vibration levels 

that could be too high due to model uncertainties and external disturbances, and even worse 

losing the stability of the system in certain conditions. In other words, employing simple PID 

control schemes to achieve both stability and performance might be unfruitful for a wide 

operation range [22]. Developing a control scheme for magnetic suspension system has always 

been non-trivial due to this inherent high nonlinearity and open-loop instability. It is even more 

challenging for multi-axes AMB systems applied to rotating machines which suffer from rotor 

mass imbalance. Many reasons justify the need for compensating this rotor imbalance. This 

includes the desire to avoid amplifier saturation, reducing housing vibrations, reducing costs, 

and reducing displacement orbits when the rotational speed crosses the rigid body modes [96]. 

As a result, various advanced control techniques have been proposed to regulate and stabilize 

the hovering rotor around the equilibrium point at different operating conditions. In the next 

subsections, the existing control schemes for imbalance and synchronous vibration 

compensation are reviewed. 

4.2.1 Robust Feedback Control Schemes 

In this approach, the imbalance is viewed as a sinusoidal disturbance force, and the objective of 

the designed controller is to achieve disturbance rejection and subsequently reducing rotor 

position runout during rotation. Various robust linear and nonlinear controllers have been 

proposed with the objective to achieve asymptotic sinusoidal disturbance attenuation. Many 

nonlinear control tools have been proposed to develop control schemes with different goals such 

as enhancing the performance of the AMB system and efficiently handling the rotor imbalance 

problem, and increasing the robustness to modeling errors and neglected dynamics [97]. These 

nonlinear tools include gain-scheduling, feedback linearization, adaptive control, backstepping, 

sliding mode control, and artificial intelligence tools such as fuzzy logic, neural networks, and 

genetic algorithms. Because of its nonlinear input-output mapping, a fuzzy logic controller 
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(FLC) is often considered as a nonlinear and more robust form of PID control [28]. When 

obtaining a precise model of the controlled plant is not trivial, the FLCs is viewed as an effective 

and convenient technique to achieve better system performance than the conventional PID 

controller. This claim was addressed early and an improved performance was successfully 

demonstrated with computer simulations for an AMB system by Hung [98]. Hong & Langari 

[99] proposed a robust nonlinear FLC scheme for AMB systems subjected to harmonic 

disturbances. The nonlinear dynamics of the AMB model was represented by Takagi-Sugeno-

Kang (TSK) fuzzy model. Then, the nonlinear FLC was designed via fuzzy gain-scheduling for 

the sake of adaptively adjusting the stiffness of the AMB and thus keeping the stiffness uniform 

over the rotational speed range. The controller was evaluated experimentally and the robustness 

to parametric uncertainty and the attenuation of harmonic disturbances was demonstrated up to 

500 RPM rotational speed. Chen et al. [28] investigated the application of a FLC with a self-

tuning mechanism to an AMB system. The proposed FLC was designed as a replacement to the 

conventional PID in order to improve the disturbance rejection property and robustness of the 

AMB system to parameter uncertainties and unmodeled dynamics. Experimental results showed 

the improved performance with the FLC over the conventional PID controller at various 

rotational speeds. Later, Chen & Lin [21] investigated the utilization of artificial neural networks 

(ANNs) for developing a high performance controller for AMB system. The experimental 

results demonstrated that the proposed ANN-based PID controller provide better performance 

and robustness compared to the conventional PID control at some selected conditions. 

Many decentralized robust controllers synthesized using ℋ∞ methods have been 

proposed to achieve good disturbance attenuation against imbalance vibrations in AMBs [8]. 

One of the earliest contributors to this approach is attributed to Fujita et al. [100] . They 

examined the application of a decentralized ℋ∞ robust controller designed through the loop 

shaping technique. However, vibration attenuation was only achieved at a fixed rotation speed. 

Typically, linear time invariant (LTI) controllers are designed to contain a notch filter in the 

loop in order to reject disturbances at one particular rotational speed which must be accurately 

known in advance. When the AMB system is required to operate in a wide range of operational 

speeds, the natural solution to solve this problem is to resort to gain-scheduling approach. 

Therefore, later Matsumura et al. [101] considered the application of the gain scheduling to the 

loop shaped ℋ∞ robust controller. The objective was to obtain a controller which has the ability 
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to change its imaginary poles according to the rotational speed of the rotor and thus possess high 

stiffness. From a theoretical perspective, it was expected that the gain-scheduled ℋ∞ should 

have completely attenuated the imbalance vibration over the whole operating speed range, 

however this could not be achieved experimentally. The authors attributed this performance 

degradation to the sensitivity of the proposed controller to the accuracy of the rotational speed 

measurement. Moreover, the proposed controller is effective in rejecting harmonic disturbances 

and maintaining the closed loop stability only when the rotational speed changes slowly. 

Gosiewski & Mystkowski [102] addressed the application of a decentralized ℋ∞ controller 

designed through the signal-based control design approach. A simple linear second order model 

for the permanent magnet biased homopolar AMB, constructed via experimental identification, 

was utilized for the design process of the robust controller. The weighting functions were 

specified based on the sensitivity and complementary sensitivity functions obtained through a 

closed-loop identification procedure. However, the authors demonstrated the vibration 

attenuation performance at a fixed rotational speed only.  

A centralized ℋ∞ controller for AMB systems was developed by Jastrzebski et al. [103]. 

Two design approaches were considered; loop shaping control design, and signal-based ℋ∞ 

control. However, selecting the performance weighting functions for a centralized robust 

controller is not trivial, so the authors proposed to solve this problem using a genetic algorithm 

(GA). Obtaining an accurate plant model and a properly specified model uncertainty is a 

requirement for designing a robust feedback controller for AMBs. Thus a finite element method 

(FEM) was used to construct the plant model, and then experimental identification was applied 

for correcting the numerically developed model. The rotational speed was treated as an uncertain 

parameter. It was found that both controllers were not robustly stable to the modeled uncertainty 

and were unable to reject the disturbances at the unmodeled flexible modes. As a solution to 

make the developed controller robustly stable to the unmodeled uncertainties, the authors 

proposed a gain-scheduled control scheme composed of 12 ℋ∞ controllers. However, the 

resulting controller is a high order control law which requires a high performance regulation 

platform for practical implementation. Since the gain-scheduling solution did not satisfactorily 

alleviate the problem, Jastrzebski et al. [104] suggested to manually insert notch filters to 

suppress the flexible mode effects. 



69 

 

The common approach for specifying uncertainty bounds depends on a prior knowledge 

of the AMB dynamics combined with trial and error adjustments, or arbitrary. Gibson [105] 

proposed the application of ANNs for estimating the modeling error (due to parameter 

uncertainty and unmodeled dynamics) and then constructing the uncertainty weighting function. 

The objective was to alleviate the conservatism on the error bounds and thus optimize the 

controller performance through combining the merits of soft computing (ANNs) and hard 

computing (ℋ∞ control) techniques. The experimental results demonstrated better tracking 

performance of the proposed centralized ℋ∞ controller over the nominal ℋ∞ controller. 

However, the vibration attenuation ability to a variable rotational speed did not improve and 

even got worse at some speeds. In the sequel of the marriage between the soft computing and 

hard computing techniques, Hong & Langari [106] proposed a robust fuzzy ℋ∞ controller. 

Takagi-Sugeno (T-S) fuzzy model was used to characterize the nonlinear AMB system. The 

fuzzy model was employed to synthesize a robust ℋ∞ controller designed through the linear 

matrix inequalities (LMI) technique. The given experimental results of the proposed controller 

showed a better vibration attenuation than those with the linear controller at 1200 RPM 

rotational speed. A similar robust fuzzy LMI-based ℋ∞ controller was addressed in Lee et al. 

[107]. However, the performance of the proposed controller was demonstrated only with 

numerical simulations to rejecting a fixed frequency harmonic disturbance. 

The μ-synthesis approach has been evaluated experimentally for flexible rotor-AMB 

system by Nonami & Ito [108]. The results showed that the μ-synthesis controller has greater 

robustness to model uncertainties and rejection of low frequency disturbance than the ℋ∞ 

controller. However, the nominal performance of the μ-synthesis controller was inferior to the 

analog PID controller in terms of settling time. The authors reported that in the case of rotation 

test, both ℋ∞ and the μ-synthesis controllers provided the same performance. The μ-synthesis 

controller was also investigated by Fittro & Knospe [109] for the sake of minimizing the rotor 

compliance. An improvement in performance was achieved by the multi-input multi-output 

(MIMO) μ-synthesis controller over the optimized PID controller. The improvement could be 

more significant provided that the model is more accurate. It was observed that the synthesized 

MIMO μ- controller was unstable, and thus it is challenging to startup and levitate the rotor by 
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this controller. The authors proposed using a simple PID controller for the startup process and 

then switching to the unstable MIMO controller.  

The majority of robust ℋ∞ controllers reported in literature were designed based on a 

rigid rotor model of AMB and has been successfully implemented. However, when the rotor 

exhibits flexible dynamics8, a good dynamic model via a FEM for such mechanical systems is 

necessary, particularly for synthetizing a robust controller. Real elastic rotors can be found in 

many applications, for instance turbo machinery, aero-engines, pumps, machine spindles, 

motors and generators [8]. Bailini et al. [110] addressed the design and implementation of robust 

ℋ∞ controllers designed based on a flexible rotor model. The motivation was to improve the 

disturbance attenuation over a wide frequency range when the flexible dynamics are taken into 

consideration. The authors claimed that this approach offers superior performance, however, 

standard ℋ∞ synthesizing techniques often yield unstable controllers when the AMB spindle 

exhibits flexible mode dynamics. Unstable controllers originated from placing imaginary poles 

at the desired frequency to cancel the near imaginary axis zeros of the plant.  Starting up an 

unstable controller is a challenge, and hence the authors proposed a switching method using 

Youla parametrization. Experimental results were given to demonstrate that the unstable ℋ∞ 

controllers offered better disturbance attenuation over the stable ones. The switching scheme 

could be employed to schedule between different controllers and yields improved performance 

over a wide rotational speed range. Various ℋ∞ controllers were synthesized to reject 

disturbances at various rotational speeds. The successful application of these multiple 

controllers requires a precise real-time measurement of the AMB rotational speed as well as the 

switching-on scheme of the appropriate controller. It is expected that the gain-scheduling 

scheme is effective in attenuating harmonic disturbances only at discrete rotational speeds which 

corresponds to the notch filters frequencies [111]. Theoretically a uniform disturbance 

attenuation could be achieved by gain-scheduling an infinite number of ℋ∞ controllers, which 

is of course infeasible. 

                                                 
8 The distinction between rigid and flexible rotors is not plain. There are two historical definitions of rigid and 
flexible rotors [187]. The commonly used definition in industry and specifications depends on the operating speed. 
If the system operates below (less than 50%) the first critical speed, then the rotor is considered rigid otherwise it 
is a flexible rotor if it operates near to or above the first critical speed. The other definition is more academic which 
depends on the imbalance and the degree of deformation. It states that the rotor is rigid if the imbalance forces are 
not high enough to bend the rotor and it is flexible if the deformation is high, for instance as in the vicinity of a 
critical speed.  
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Recently, many researchers have addressed the application of the linear parameter 

varying (LPV) control approach to eliminate the need for gain-scheduling which lack stability 

and performance guarantees. LPV control schemes have the appeal to achieve disturbance 

attenuation for an AMB system rotating across a wide speed range without the tedious process 

of manually tuning several control gains. Lu et al. [112] experimentally examined the 

applicability and effectiveness of the LPV control technique to AMB systems. The nominal 

model of the AMB system was represented by a speed dependent LPV model while model 

uncertainties at different rotational speeds were identified by ANNs in a similar manner to [105]. 

The proposed LPV controller was designed for rotational speeds up to 10,000 RPM with speed 

rates less than 50 RPM/s. Experimental results showed that LPV control could provide better 

performance than the traditional PID controller for high rotational speeds (above 7000 RPM) 

but not necessarily for the lower speed range. The authors pointed out that the LPV is a 

demanding and a sophisticated control strategy, and thus a trade-off between the computational 

effort and the required performance is necessary. Balini et al. [111] reported the application of 

LPV control and gain-scheduled ℋ∞ controllers to an experimental AMB setup. The addressed 

controllers were a single LPV controller, three gain-scheduled LPV controllers, and 24 gain-

scheduled ℋ∞ controllers. All of them were synthesized based on a multivariable model 

incorporating the first two flexible modes. Since the obtained controllers were unstable, the 

Youla parametrization switching scheme proposed in Bailini et al. [110] was adopted to achieve 

the gain-scheduling between controllers. The performance of the proposed switching controllers 

was demonstrated experimentally. However, both the switching LPV and ℋ∞ controllers were 

of the order 48 and hence lookup tables were employed to reduce the computational costs 

associated with large order controllers. The authors pointed out to the possibility of encountering 

numerical difficulties with LMI solvers during synthesizing LPV controllers. The successful 

application of these unstable controllers highly depends on the slow switching between the 

stable and unstable controllers. Moreover, the Youla parametrization of the switching controller 

increases the order further of the usually very high MIMO LPV and ℋ∞ controllers. The real-

time implementation of these excessively high order controllers in practice is not trivial and 

requires a very powerful platform.  

Designing a high performance and stable MIMO ℋ∞ control based on a flexible model 

of the AMB has been recently investigated by Noshadi et al. [113]. The authors reported that 
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the key to the successful design of a high performance stable controllers is the accurate modeling 

of the plant. They claimed that the synthesized controllers in [110], [111] were unstable because 

the employed system model did not possess the parity interlacing property (PIP). In other words, 

the synthesized controller will be stable as long as the PIP condition is satisfied and hence no 

switching scheme is necessary. The authors employed a GA-based approach to accurately 

capture the high frequency dynamics of the AMB system. It was shown that the designed single-

input single-output (SISO) and MIMO ℋ∞ controllers outperform the ℋ2 controller, lead-lag 

compensator, and the analog on-board lead compensator. The performance provided by the 

MIMO ℋ∞ controller is better than the SISO counterpart, but it requires a more powerful 

hardware to implement the excessively higher-order controller.  

4.2.2 Add-on Solutions 

Two solutions belong to this approach. Notch filters and disturbance observers are both possible 

add-ons (plug-ins) that can be added to an existing stabilizing controller for the sake of 

enhancing the performance. The main reason behind this emerging approach goes probably back 

to the simplicity and intuitive tuning of decentralized linear (PID) controllers which are better 

understood by control engineers who have much more experience with it. However, it is 

nontrivial to achieve both stability and performance objectives with such a simple linear 

controller. Therefore, early efforts were based on employing a PID controller to stabilize the 

system while compensating the harmonic disturbances by inserting notch filters in the feedback 

control loop. Herzog et al. [96] proposed a generalized notch filter to be inserted in the closed 

loop system. This method is applicable with any control algorithm and its design does not 

require a mathematical plant model, however the frequency domain measurement of the closed 

loop sensitivity matrix is necessary. The successful implementation was demonstrated at the 

specified operating speed via experimental results. However, the authors pointed out that they 

implicitly assumed that the sensitivity matrix does not change after being stored by the means 

of lookup tables and therefore robustness of the proposed scheme has to be investigated if that 

assumption is not true. Darbandi et al. [114] investigated the application of a modified notch 

filter to attenuate harmonic disturbances due to rotor imbalance and sensor runout for a three 

pole AMB. Unlike the generalized notch filter which is inserted in the feedback loop, the 

modified notch filter is placed in parallel with the controller in an outer loop. Although the 



73 

 

effectiveness of the proposed method has been proven at one fixed rotational speed, the authors 

concluded that this technique is limited to a fixed rotation speed only and sensitive to speed 

variations. Moreover, any slight change in the rotational speed yields undesirable transients in 

the system response. Another rotor imbalance compensation scheme based on notch filters and 

plug-in time varying resonators has been recently proposed by Kang & Tsao [115]. The 

performance was demonstrated with some experimental results but the authors indicated that 

the successful application highly depends on the accuracy of rotational speed measurements. 

Moreover, this scheme must be gingerly implemented, otherwise resonant modes could be 

excited. In general, schemes based on notch filters are only effective in a limited frequency 

range and could degrade the stability and performance of the system. Extending these schemes 

to a wide range of rotation is possible through gain scheduling the parameters of the notch filters 

however, the successful implementation depends very much on the accuracy of speed 

measurement. Zheng et al. [38] addressed the application of synchronous rotating frame (SRF) 

transformation for vibration suppression. The SRF was employed for online identification of 

the physical characteristics of rotor mass imbalance. A phase locked loop software can be used 

for obtaining the SRF transformation matrix. Although the proposed technique has less 

computational burden compared to the generalized notch filter method, it could destabilize the 

closed loop system at low operating speeds. As a remedy to this defect, the authors suggested a 

switching strategy according to the rotor speeds.  

The other solution which falls under this category is based on adding a complementary 

disturbance observer to the existing stabilizing controller for the sake of enhancing the 

performance. Again, although this solution originally proposed for improving the performance 

of PID controller, they can also be combined with more advanced control schemes to enhance 

the performance further. For instance, model-based observer designs have been investigated for 

suppressing sinusoidal disturbances. Schuhmann et al. [116] addressed the application of 

optimal state observer and optimal state feedback algorithms for achieving improved operational 

performance. Optimal estimation was realized via extended Kalman filter and the so-called 

linear quadratic Gaussian (LQG) controller was employed for closing the feedback loop. The 

optimal observer was proposed as a replacement to the common numerical differentiator often 

used for PID controller. The motivation behind this replacement was handling the high 

frequency noise usually amplified if the numerical differentiator was employed. Another 
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optimal observer was designed for the sake of achieving imbalance compensation. The proposed 

control scheme yielded an improved performance, and reduced control efforts in comparison 

with the PID controller. However, this control scheme requires a powerful control platform 

which is able to satisfy the computational demands. The authors pointed out that the potentially 

high cost real-time implementation of this technique could be compensated by the reduced 

electricity costs. Recently, Noshadi et al. [117] proposed a decentralized (SISO) disturbance 

observer-based ℋ∞ controller (ℋ∞ -DOBC).  The hybrid control scheme is comprised of ℋ∞ 

controller and active disturbance rejection observer. The experimental results demonstrated that 

the vibration attenuation of the proposed hybrid scheme is better than the decentralized ℋ∞ 

controller and much better than the analog on-board controller at different speeds. Another 

recent observer-based control scheme was proposed by Darbandi et al. [118]. The authors 

investigated the application of a model-based integral adaptive observer for the sake of 

identifying the harmonic disturbances due to sensor runout and rotor imbalance as well as 

estimating the states of the system at the same time. The effectiveness of the proposed scheme 

was proved with simulation and experimental results at a fixed operating speed. It was found 

that this algorithm also resulted in a reduction in the corresponding control currents. 

4.2.3 Open-Loop Feedforward Solution 

In the feedforward imbalance compensation schemes, a sinusoidal reference signal which has 

the appropriate magnitude and phase is generated to compensate for the imbalance sinusoidal 

terms of the sensor signal. Historically, the development for this approach took place in parallel 

to the notch filter solution as a solution to enhance the performance of the stabilizing linear 

controller with respect to imbalance compensation. They can also be incorporated with any 

robust control algorithm to compensate for the harmonic disturbance with rotation frequencies 

above the designed controller bandwidth. In general, the rotation speed of the system has to be 

accurately measured or estimated for the successful realization of the techniques belong to this 

approach in reality. Shafai et al. [119] proposed the so called adaptive forced balancing (AFB) 

scheme where the time varying Fourier coefficients were computed and adaptively updated 

online. A frequency tracking algorithm was combined with the AFB technique to track not only 

the amplitude and phase of the unbalance disturbance but also its frequency. The authors 

reported that the AFB technique vividly yielded an effect similar to a high quality notch filter. 
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Lum et al. [120] proposed an adaptive autocentering control technique. This scheme is based on 

the online identification of the mass center location for adaptively updating the stabilizing 

controller to compensate for the synchronous disturbance. The authors demonstrated the 

performance via simulation results under varying rotor speed. Another adaptive vibration 

control (AVC) scheme was developed by Betschon & Knospe [36] which minimizes the 

memory and computational requirements. This control scheme was demonstrated to be effective 

over a wide speed range thanks to the gain scheduling. However, the transfer matrices require 

an accurate system model which could be obtained through experimental identification. Shi et 

al. [37] proposed two AVC techniques named displacement nulling and control nulling. The 

main drawback of these schemes is that they can achieve either rotor displacement suppression 

or control current minimization but not both objectives simultaneously. The  development of 

displacement nulling and control nulling schemes via automatic learning control (ALC) was 

addressed later by Bi et al. [42]. The proposed scheme was based on time-domain iterative 

learning control. Since the learning gain could be effective at one rotating speed but might 

destabilize the closed loop system at another speed, gain-scheduling control was adopted to 

handle this issue. The learning gains were obtained by online tuning and hence the exact 

knowledge of the system model parameters is not required. However, a tradeoff between the 

compensation performance and the robustness of the ALC is necessary.  A new technique for 

online identification of imbalance mass position and magnitude has been recently proposed by 

Kejian et al. [121]. The new technique depends on the recursive seeking for estimating the 

Fourier coefficients of either the imbalance mass or imbalance force. The authors reported that 

this approach could be inefficient if the system is highly noisy.  

The operating principle of almost all of the feedforward imbalance compensation 

schemes is based on injecting generated synchronous signals to the control loop intentionally to 

eliminate or reduce the unbalance forces or displacements [96]. The difference between these 

techniques is how this synchronous signals are generated and what adaptation mechanism is 

employed. Besides complex nonlinear adaptation mechanisms were often used, the convergence 

could not be guaranteed in all cases. The precise measurement of the rotation speed is required 

for the practical implementation of automatic balancing schemes, but frequency tracking 

algorithms could also be employed. The vibration suppression schemes which belongs to this 

approach are often effective in a limited frequency range, unless a gain scheduling approach is 
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adopted. Moreover, most of the available schemes are complicated and cumbersome, and their 

practical application could be limited since they require large memory space and/or intensive 

computational effort [42]. 

4.3 Sliding Mode Control of Magnetic Suspension Systems 

Sliding mode control (SMC) is a nonlinear tool and has been considered as an efficient robust 

control to provide satisfactory performance for nonlinear systems with uncertainties in system 

parameters and external disturbances [56], [63]. That is because the closed loop system with 

SMC possesses an invariance property to the matched uncertainties once ideal sliding motion 

takes place. However, the so called “chattering” phenomenon is a serious implementation 

problem in mechanical systems. Chattering may occur due to the interaction between parasitic 

unmodeled dynamics and finite-frequency switching elements [69][63]. This high switching 

frequency phenomenon is dangerous and not acceptable because it could lead to wear and tear 

in the actuator component. The most common approach to face the chattering problem is to 

replace the discontinuous function in the conventional SMC with a smooth approximate 

function, this technique is known as “boundary layer” control. This technique is able to reduce 

the chattering effect but at the expense of the degradation of the closed loop system performance 

and robustness. The reason behind this degradation is because an indefinite steady state error 

occurs depending on the selection of the boundary layer thickness. Therefore, a trade-off 

between the system performance and the allowable chattering level is necessary. In this section, 

a comprehensive review to the SMC techniques reported in literature for magnetic suspension 

systems in general is given with an emphasis on radial AMBs in particular.  

4.3.1 Conventional Sliding Mode Control 

Lee et al. [122] considered the application of a conventional SMC to control the angular 

displacement of a magnetically suspended balance beam. The authors proposed the application 

of this benchmark magnetic bearing system to an artificial heart pump. A five degrees of 

freedom (DOFs) hybrid bearing system was used for the operation of the artificial heart pump. 

With the proper arrangement of permanent magnets, only one degree of freedom has to be 

actively controlled which was schematically the same as the balance beam from the control 

point of view. The motivation behind the application of SMC was its efficiency in controlling 

nonlinear systems. Although the employed SMC scheme was a standard one seen in textbooks, 
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the authors argued that the novelty of their work can be justified as there was no application to 

a magnetically suspended balance beam used for the research of an artificial heart pump.  Not 

only chattering is harmful to mechanical system, but also could lead to larger currents in the 

electromagnetic coils and hence causes larger power consumption. Therefore, a continuous 

function was used as an approximation to the discontinuous component to reduce the chattering 

effect.  They addressed various control settings for the sake of reducing the power consumption 

which is critical for the artificial heart pump while maintaining a good performance in transient 

and steady state conditions. Experimental evaluation rather than complicated mathematical 

analysis was presented for verifying the validity of the applied controller. Real time control 

laboratory composed of a PC computer with a real time Linux OS was used for the realization 

of the digital controller. The authors adopted the voltage control approach where the coil current 

i is a state besides the angular displacement   and the velocity   while the voltage u is the 

control signal. The linearized state-space equations for the electromechanical model of the 

balance beam was defined as 

 
 ,n nx A x B u x t

y C x
  


  (4.1) 

where 3x R  , 1u R  , and 3y R while  ,x t  represents the lumped uncertainties in the 

system and An and Bn are the nominal state and nominal input matrices respectively. Only model 

uncertainty was considered in this work with no external disturbance forces. As a preliminary 

step for designing the sliding surface for a SMC in state space, the regular form [63], [69] 

approach was applied to decompose the system in (4.1) as follows 
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If (A11, A12) is controllable, the pole placement method can be used for designing the gain k in 

(4.3). The utilized controller was composed of a linear component ul and a nonlinear component 

unl as follows 
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where 
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and 
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and the authors employed a sigmoid function as an approximation to the signum function as 

follows 
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The linear component ul defined in (4.5) is also known as the equivalent control (when 

uncertainties are neglected) which determines the behavior of the nominal system while unl 

counteracts the effects of the uncertainty or nonlinearity [69]. It is noticed that the authors used 

the boundary layer approach to approximate the signum function where δ is a small positive 

scalar and ρ is a design parameter. Selecting a very low value for δ the control input yields a 

high gain and the closed loop system could be robust against uncertainties but the system will 

suffer from chattering. On the contrary, the chattering can be significantly reduced by selecting 

δ as a high value however the system stability might be lost because of a wide boundary layer 

and hence the non-reaching to the sliding surface. Therefore, a wise selection of δ is necessary. 

The bound of the lumped uncertainty is required to be known in advance for the design of SMC 

such that [56] 

  ,x t    (4.8) 

In other words, the robustness property of the SMC to the matched uncertainties in the plant can 

be guaranteed if (4.8) is satisfied. However, for practical application like AMB systems, this is 

very difficult to be quantified [25]. Therefore, selecting the required control gain ρ to keep the 

trajectory within the boundary layer is not trivial. Usually the trade-off in system performance 

degradation and minimizing chattering level is done thought selecting ρ and δ experimentally 

by trial and error.  
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One of the earliest contributions in applying a SMC law to radial AMB systems is 

attributed to Nonami & Yamaguchi [123]. The authors proposed a conventional SMC based on 

a fifth order electromechanical model to control a flexible rotor supported with AMB system. 

A reduced order linear observer was employed for estimating the unknown states. Simulation 

and experimental results for the closed loop system revealed the improved performance and 

robustness to parameter variations and impulse response test compared to the PID controller. 

Regarding the unbalance response test, from the provided experimental results, it seems that the 

performance of the SMC is not always better than the linear controller. However, the linear 

controller fails to support the rotating shaft beyond the rotating speed 76 Hz however, while the 

SMC successfully regulate the rotating shaft up to 160 Hz.  

Smith & Weldon [124], motivated by the desire to comprehend the benefits or 

drawbacks from implementing a nonlinear controller on magnetic bearing systems, addressed 

the application of SMC for a rigid rotor-magnetic bearing system. The horizontally-oriented 

rotor of the addressed system was assumed to be rigid for the sake of simplifying controller 

development. Since the developed model was nonlinear, input-output feedback linearization 

(FL) was applied to cancel the nonlinearities in the system. It is well-known that FL will lead to 

incomplete cancellation of the nonlinearities in reality due to the uncertainty in the dynamic 

model [64]. In other words, the successful application of FL depends on the accuracy of the 

employed model. Therefore, the authors considered the application of the SMC to enhance the 

robustness of the controller. Since the addressed model was a multivariable system, the authors 

tackled this situation by attempting to reduce the problem to a series of single-input systems 

instead of the regular form approach [69]. Consider the following generic nth order control-

affine9 nonlinear system 

    x f x g x u    (4.9) 

where x is the state vector, u is the control input,  f x  and  g x  are smooth vector fields. The 

tracking error was defined as dx x x   , where xd is the reference. The sliding surface s was 

designed as [64] 

                                                 
9 Affine system refers to a nonlinear system linear in the input (control). 
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 where λ is a positive constant and n = 2 for a decentralized current controller. The nonlinear 

controller was designed as 

 ˆ sat su u 
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where ρ is a positive constant, and ϕ is the boundary layer thickness. The saturation function 

sat(.) is defined as [64] 
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and û  is the nominal control function to cancel the nonlinearities which was defined as 

(assuming 1/g(x) is nonsingular) 

 
 

  1 ˆˆ du x f x x
g x

     (4.13) 

where  f̂ x  is the nominal model and thus    f̂ x f x 
 

 represents the model error. It is 

noticed that the authors employed the continuous-time saturation function as an approximation 

to the discontinuous-time signum function as a solution to the chattering problem. The 

performance of the proposed controller by Smith & Weldon [124] for centering a non-rotated 

rotor to the set-point was numerically evaluated. Simulation results for perfect model and model 

uncertainty conditions were given to prove the robustness of the proposed nonlinear controller. 

Finally, although the authors did not conduct a comparative study, depending on the unique 

robustness offered by sliding mode approach, they concluded that the performance of SMC 

could be quite different compared to classical PID control or modern deterministic and 

stochastic state variable methods. 

Exploiting the inherent robustness in sliding mode observers and controllers to confront 

the rotor imbalance problem was addressed by Rundell et al. [125]. The main objectives of the 

authors were to eliminate the vibration of the rotor in the presence of imbalances as well as 
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improving tracking capabilities. A vertical shaft supported with magnetic bearings was used for 

that work. A nonlinear five DOF model and a linearized version were given. For the sliding 

surface design, the dynamics of the system were decoupled to a second-order canonical structure 

to facilitate the design process. The design of the sliding surface was based on the knowledge 

of the sinusoidal disturbance while its derivative was used for the proposed full-state controller. 

The structure of the SMC is similar to (4.4)−(4.6). A 10th-order sliding mode observer was 

proposed to estimate four states and two unmatched rotational disturbances using two state 

measurements, while a low pass filter was used to smooth the discontinuous estimates. The 

simulation was done on the linearized model rather than the nonlinear one. Numerical results 

demonstrated the utility and robustness of the proposed feedback controller. However, it should 

be emphasized here that the success of the proposed controller in elimination of rotor vibrations 

depends on the knowledge of the rotational speed, and the system states’ initial values for the 

observer equations. The controller employs a discontinuous component which will most likely 

causes the undesirable chattering-effect. 

  One of the earliest works that addressed the stabilization and regulation of a magnetic 

levitation system without premagnetization was done by Charara et al. [126]. Their motivation 

was to reduce the power consumption via the elimination of the fixed bias current. The main 

advantage of the bias current is to improve the linearization of the nonlinear model of the 

magnetic levitation system around the equilibrium point but the power consumption would be 

high. Elimination of this bias makes the model highly nonlinear with a fast open-loop instability 

and hence the system cannot be controlled around the equilibrium point. The authors proposed 

the application of input-output FL for cancelling the nonlinearities in the system reinforced with 

a SMC to enhance the robustness of the closed loop system. A magnetically suspended inertial 

wheel was used for simulations and experimental work. A passive magnetic bearing suspended 

the system against gravity while one AMB was used to support the wheel in radial directions. 

The application of input-output linearization allows decoupling the dynamics via feedback, 

where each output could be controlled by a single input. Due to the computation complexity for 

closing the feedback loop, a simplified version of the proposed controller in the form of a double 

lead compensator (PDD) was experimentally implemented rather than the actual state feedback 

controller. A further modification was done to avoid the singularity of the control law by 

injecting a small reference current of 1 mA. Only one case was provided to demonstrate the 
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superiority of the proposed controller over PID in terms of energy saving and the rejection of 

unbalance forces. The nonlinear controller for x-axis in comparison to the linear controller with 

current bias at 1500 RPM rotation speed consumed approximately 80 % less power and the 

vibration level was less by 33 % while the required voltage was four times more. Simulation 

results were given to demonstrate that the time delay due to sampling period could degrade the 

performance of the SMC and even could lead to the open-loop instability of the system.  

Another SMC scheme for AMB system avoiding premagnetization was proposed by 

Torres et al. in [127]. The authors addressed the design of a discontinuous feedback control 

based on a nonlinear model. The proposed SMC control scheme was composed of two sliding 

surfaces. The first one imposes the desired mechanical dynamics while the second one imposes 

a simple flux almost complementary condition10. The discrete-time control input was also 

considered. Simulation results were given to validate the feasibility of the proposed SMC to 

stabilize a non-spinning shaft-AMB system. Two drawbacks that could complicate the practical 

implementation of this control scheme. First, flux measurement is required and, the second 

problem is the discontinuous control function that could induce chattering in the system. 

A three-pole radial AMB system has been addressed in literature because it has lower 

power losses, more space for heat dissipation, and lower cost than the conventional eight-pole 

configuration. Nevertheless the system is inherently nonlinear and the strong magnetic flux 

coupling between the poles cannot be neglected [128]. Many authors has considered the 

application of a sliding mode control scheme to handle the nonlinearities, modeling error, 

unmodeled dynamics, and external disturbances [128]–[132]. Although introducing a bias 

current can linearize the dynamics of the commonly used eight-pole AMB system around the 

equilibrium point and thus many control methods are applicable including PID, the same trick 

could fail on the three-pole AMB configuration because of the strong coupling. However, a bias 

current is still required to support the rotor’s weight. It was claimed in [128] that the linear 

model is not suitable for a three-pole system and thus FL was proposed to obtain an exact 

linearized model. However because of the sensitivity of FL to modeling error, exact linearization 

                                                 
10 The current complementary condition proposed in [188] means that only one electromagnet is working at a time 
depending on the sign of the required force. The weaker condition is the current almost complementary condition 
which refers to imposing a small differential bias current in a small domain around the equilibrium point. The 
motivation of proposing the flux mode approach is to obtain a simpler control scheme. 
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control alone was not experimentally feasible [128], [133]. A control scheme composed of FL 

enhanced with a conventional SMC was addressed in [131], [132]. Burgos et al. [131] employed 

a current control scheme for two radial AMBs in a flywheel energy storage system. The inner 

loops were regulated by PI controllers while the outer loops depended on a FL enhanced with a 

SMC. Feedback linearization was adopted to enable a magnetic field decoupling and hence 

obtaining a simple linearized system. Because of the sensitivity of FL to modeling uncertainties, 

a robust controller was combined to improve the closed loop system robustness and 

performance. The linearized system has a similar form of (4.9), and the employed SMC based 

on the conventional sliding surface (with n = 2) given in (4.10) was written as 

 
 

2
1 satSMC

sU x
g x

 


  
    

  
  (4.14) 

A linear PD controller in conjunction with the FL scheme was also designed. Simulation results 

revealed that SMC is better in handling parameter variations while PD control gives better 

results when the measured signal are noisy but the difference is quite small. The proposed 

controllers were tested experimentally with the flywheel at 1500 RPM and the SMC gave a 

slightly better performance compared to PD control while the peak to peak vibration level was 

about 100 μm. The same flywheel energy storage system supported with two radial three- pole 

AMB was addressed again by Beizama et al. [132] but with a voltage control scheme. The 

electrical dynamics were taken into consideration for the mathematical model. A feedback 

linearization was also proposed for cancelling nonlinearities and also two control techniques 

were considered for the linearized system. One controller was a state feedback controller 

designed with the pole placement method while the other controller was the conventional SMC 

described previously in (4.14). Experimental results demonstrated that the SMC gives better 

performance in comparison with the linear controller at 850 RPM rotation speed with an error 

amplitude about 39 μm. However the performance of the voltage control scheme was not 

compared to the performance of the current control scheme designed previously in [131]. 

Fan et al. [134] proposed the application of a conventional SMC enhanced with a model-

based disturbance estimator for regulating a single radial AMB suspended rotor system. The 

aim behind the proposed control scheme was to eliminate the vibration associated with mass 

unbalance.  Combining a disturbance estimator with the SMC was intended to reduce the upper 
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bound of the lumped uncertainty and ultimately reducing the chattering magnitude.  The 

structure of the proposed Luenberger disturbance estimator is similar to the extended state 

observer (ESO) [135]. The proposed control scheme was implemented experimentally to 

validate its performance. Two cases at 2400 RPM and 4800 RPM were given to prove the 

superiority of the disturbance observer-based SMC over the conventional SMC. 

Fan et al. [136] proposed an adaptive model-reference SMC for regulating AMB 

suspended turbomolecular pumps. The objectives were to increase the robustness, overcome 

model uncertainties as well as handling the gyroscopic effect, decrease the influence of the 

unbalance or external disturbances, and work in a wide range. The centralized controller was 

implemented to control the two radial bearings and the thrust bearing as well. The performance 

of the adaptive SMC was validated with numerical simulations up to 36,000 RPM rotation 

speed. 

Some authors recently addressed examining the performance of primitive forms of SMC 

compared to other control schemes. Shi et al. [137], [138] addressed the application of a simplex 

dynamic output feedback controller for the stabilization of the MBC50011. An 8th-order model 

was developed by identification, while a reduced 2nd-order model was used for controller design. 

The simplex SMC is composed of a nonlinear component only, similar to the one given in (4.7) 

without a linear component, this scheme is also known as a bang-bang controller. A full order 

Luenberger observer was designed to estimate the unmeasured states. The performance of the 

simplex SMC was compared to the conventional lead compensator, a linear controller designed 

based on analytical interpolation approach, and a Fuzzy logic controller (FLC). The four 

controllers were compared in simulation for a step response test and experimentally against FLC 

for a step disturbance rejection. The authors claimed that the proposed simplex SMC had 

superior performance over the others. However, examining the simulation results given in [137] 

reveals that there’s an obvious tracking error and the experimental results [138] demonstrates a 

poor disturbance rejection. The observer-based simplex SMC has been recently tested in [139] 

to a step disturbance applied to the same MBC500 and the performance has been compared to 

a servo LQR controller. Although the simplex SMC has a better transient performance, the servo 

LQR is superior in terms of steady state response, disturbance rejection and power consumption.  

                                                 
11 MBC500 is a standard magnetic bearing setup commonly used for control research and education. 
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A simple bang-bang controller was employed by Gosiewski & Żokowski [140] to control a non-

rotating shaft with 1-DOF magnetic suspension system around the equilibrium point. 

Conventional and integral sliding surfaces were examined. Simulation results showed the non-

efficacy of the proposed controller over a PID regulator. 

4.3.2 Integral Sliding Mode Control 

Integral-sliding-mode-control (ISMC) has been proposed as a solution to improve the 

performance of the approximated SMC through introducing an integral action to the sliding 

surface to reduce the steady state error [141]. Employing ISMC to obtain a better regulation 

performance compared to the conventional SMC was demonstrated in [63]. Lee et al. [142] 

addressed the application of ISMC to control the angular displacement of a balance beam 

suspended on two symmetric magnetic bearings with model uncertainties and external 

disturbances. Similar to [122], the voltage control sliding mode control approach was adopted 

to achieve robustness against matched plant uncertainties but in that work an integral action was 

introduced for achieving a zero steady state error under step disturbances. The integrator 

augmented with (4.1) as an additional state n was defined as 

  dn dt     (4.15) 

The authors followed the same treatment presented in [122] for designing the sliding surface, 

selecting the control structure, and the approximation to the discontinuous component. These 

steps were previously illustrated in (4.2)−(4.6). The authors evaluated the performance of ISMC 

numerically and experimentally but with two different control settings. The authors justified 

using different sliding surface vectors for simulation and experimentations goes back to the 

inherent nonlinearity of the actual system which was not considered in simulation. The 

superiority of ISMC to step and impulse disturbance rejections over the conventional SMC [122] 

was demonstrated. 

Yeh et al. [143] proposed robust current and voltage control schemes for regulating a 

non-spinning rotor with a magnetic bearing system. The control objective was to make the rotor 

to track an overdamped 2nd order trajectory of frequency 10 rad/s. The developed 

electromagnetic force formula adopted were calibrated through attenuation factors to 

characterize the usually neglected secondary effects such as flux leakage, fringing fluxes, and 
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finite core permanence in the magnetic bearing. The attenuation factors were tuned by trial and 

errors to have a good agreement with numerical simulation via finite element method. Since the 

authors considered a non-spinning rotor condition, gyroscoping coupling and rotor imbalance 

effects were neglected. The authors adopted input-state linearization to obtain exact linearized 

models through feedback. ISMC was used in conjunction with FL to enhance the robustness of 

the closed loop system.  Both current and voltage sliding mode control schemes were proposed. 

However, only the current control scheme was implemented experimentally while the voltage 

control scheme was evaluated numerically to validate the feasibility of the proposed controller. 

Backstepping approach was adopted as a remedy for the non-matching condition in the voltage 

control mode. The success of the voltage controller depends on the exact knowledge of the 

electromagnetic coil resistance and inductance values. Experimental results demonstrated that 

the proposed current control scheme had a superior tracking compared to PID, a non-robust FL 

controller, and a SMC based on a linearized model. 

In the sequel of controlling three poles radial AMBs, an ISMC method was proposed by 

Hsu & Chen [128] to the feedback linearized system in order to handle the uncertainties and 

achieve a good steady-state accuracy. Only the start-up test was considered for that work. The 

performance of the proposed FL+ISMC was evaluated both in simulation and experimentation 

and compared to a linear state feedback controller (LC) and also to a FL+LC. It was shown that 

FL+ISMC only could stabilize the system. Experimentally, it took 0.4 s for the system to settle 

with a steady-state error about 10 μm when the controller was applied to levitate the rotor resting 

on the lower side of the backup bearing. One can notice that the control currents used were not 

smooth. Evaluating the performance of the nonlinear controller FL+ISMC for the system rotated 

with a motor was addressed later by Chen et al. [129]. It was found that the performance of 

FL+ISMC could be limited because of the uncertainty and magnetic saturation. Thus the authors 

proposed conducting a delicate identification and calibration of the system and sensors in order 

to reduce the uncertainty. Although theoretically the proposed controller is robust regardless the 

magnitude of the uncertainty, the upper bound of the uncertainty must be known in advance, 

and hence selecting the control gain of the sliding mode controller according to the condition in 

(4.8).  For the sake of simplicity, it was assumed that the uncertainty was caused by system 

parameters only and an analytical expression for the upper bound on the uncertainty was 

derived. In that study two cases were considered: without a motor and with a motor. The three 
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controllers LC, FL+LC, and FL+ISMC were evaluated experimentally for the without-motor 

case. Because of the nonlinearity of the system, starting-up the rotor with the LC to the 

neighborhood of the equilibrium position induced a limit cycle with amplitude of 200 μm (peak 

to peak = 400 μm) and a frequency of 90 Hz at the steady state while for FL+LC the amplitude 

of the limit cycle was 400 μm with a frequency of 4 Hz. It is observed that the performance of 

FL+LC is worse than LC, this might be justified that the nonlinearities were not exactly 

canceled. Only the FL+ISMC worked successfully in levitating the rotor from rest to the center 

position with a steady state error of 10 μm. Therefore only FL+ISMC was applied to the with-

motor case and rotor dynamics such as gyroscopic effect and rotor imbalance were neglected. 

The proposed controller was studied at 120 RPM and 570 RPM rotation speed, and the 

accompanied limit cycle has an amplitude of 50 μm and 100 μm respectively. The application 

of FL+ISMC demonstrated that a three-pole AMB system is feasible.  

 Later, a robust stabilizing controller for the voltage-controlled three-poles AMB system was 

addressed by Chen & Weng [130].  An ISMC was designed for the feedback linearized system 

via backstepping procedure to deal with matched and mismatched uncertainties for the voltage 

control mode. The proposed controller was experimentally validated for the start-up test. The 

rotor starting from the lower side of the back-up bearing can settle in the equilibrium position 

after 0.5 s and the steady state error is about 15 μm even with external loads. Although not 

explicitly stated, It is observable that the performance of the FL+ISMC in voltage control mode 

does not beat the FL+ISMC in current control mode previously applied in [129]. Recently 

Darbandi et al. [144] proposed both linear and nonlinear output feedback control laws for a 

three-pole radial AMB system in the voltage control mode. The authors showed that despite the 

nonlinearity of this special AMB, the system dynamics could be linearized around the center 

position by introducing a bias to coil currents. The electrical dynamics of the power amplifier 

and the electromagnetic coil were described as a second order system in order to minimize the 

uncertainties. Therefore the electromechanical system was eight-state unlike the six-state model 

in [130], [132]. The linearized system was decoupled into x- and y-directions. Two decentralized 

linear quadratic Gaussian (LQG) with integral action were designed. Since the shaft position 

and coil current were the only measurable states, a Kalman filter was designed to estimate the 

other unknown states (the derivatives of position and current). For the nonlinear controller, the 

authors proposed an input-output feedback linearized system augmented with an ISMC. Both 
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the linear and nonlinear controllers were implemented and the closed loop performance were 

evaluated experimentally. Although both controllers succeeded in levitating the shaft from rest 

to the center position, the transient behavior of the linear controller was more elegant. It took 

0.2 s for the closed loop system with linear controller to settle while for the nonlinear controller 

it is 1 s. The reason for the degraded performance of the model-based ISMC is because the 

authors adopted a voltage control mode where the mismatched uncertainties (the main source 

of uncertainties is the generated force) cannot be handled directly by the ISMC. One possible 

solution to improve the performance of the nonlinear controller is to design the ISMC via a 

backstepping procedure as in [130], [143]. 

 The application of ISMC to handle the nonlinearity and uncertainty in thrust magnetic 

bearings were addressed by Yeh et al. [145]. Feedback linearization was applied to enable the 

system to preserve high performance across the entire working region by cancelling system 

nonlinearities as well as minimizing power consumption by removing the bias current. The 

efficiency of the FL relies basically on the accuracy of the employed model. Two remedies were 

proposed. The first one was through characterizing the usually neglected electromagnetic effects 

such as flux leakage, fringing fluxes, reluctance of the core material, and eddy current loss. The 

contribution of these secondary electromagnetic effects were parametrized and incorporated into 

the dynamic model. A finite element method then conducted to investigate the possible ranges 

of these parameters. The second remedy was via the application of ISMC as it provides 

robustness against parametric uncertainties.  The sliding surface was designed with integral 

action as in (4.18) while the control structure is similar to (4.11) and (4.13). The controller was 

digitally implemented on personal computer with a sampling frequency 4 kHz.  The velocity 

signals were obtained by numerically low-pass filtering the backward difference of the 

measured position signals. Simulation and experimental results were given to evaluate the 

proposed technique. Although a good tracking capability was demonstrated, the chattering effect 

and therefore the power consumption was remarkable.  

4.3.3 Discrete-Time Sliding Mode Control 

A discrete-time sliding mode control for flexible rotor-magnetic bearing system was proposed 

by Tian & Nonami [146], [147]. The authors developed a 14th-order model to describe the 

flexible rotor dynamics using the finite element method. To simplify the controller design, a 
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reduced order model considering only the rigid modes was constructed by truncation of higher 

order modes. Then the equivalent discrete-time system was obtained. The design process for the 

discrete-time SMC is similar to the continuous-time SMC described by (4.2) to (4.6). A sliding 

mode observer was designed to estimate the unmeasured signals. Simulation results were given 

to validate the performance of the proposed controller with respect to transient response at lift-

off (start-up), impulse response, and robustness to parameter variations tests. The controller was 

implemented experimentally to replace an analog PID controller. The transient response in 

levitation tests of the closed loop system with discrete-time SMC was better than that with an 

analog PID. The experimental results demonstrated that the SMC could achieve higher 

robustness to the impulse test with respect to the analog linear controller. Moreover, the rotor 

was successfully operated with the help of SMC up to 35,000 RPM rotation speed, passing 

through the first bending critical speed and the vibration responses were attenuated.  

While in [148], Tian et al. proposed a discrete-time voltage control-mode ISMC 

enhanced with a sliding mode disturbance observer for a high-speed spindle supported with an 

AMB system. A 26th-order model was used to describe the flexible dynamics of the plant. 

Moreover, actuator dynamics were augmented to the flexible-rotor dynamics to obtain the 

electromechanical model of the system. And also for the sake of simplicity in designing the 

discrete-time compensator, a reduced order model which considered only the rigid modes and 

the first bending mode was used. A sliding mode disturbance observer was proposed to be 

incorporated with the discrete-time ISMC to eliminate the rotor imbalance. Simulations were 

performed for the proposed controller designed with the rigid modes and the first bending mode. 

In the step response test, a smooth reference tracking occurs with the proposed controller while 

with the PID control the system exhibited a big overshoot. A mismatched disturbance about 1 

N with 400 Hz frequency was applied in simulation to imitate an unbalanced rotor behavior. 

The proposed speed-dependent disturbance observer is able to completely compensate the 

disturbance while a linear disturbance observer cannot. The proposed controller was also 

implemented experimentally and tested up to 100,000 RPM rotation speed. Unlike simulations, 

the disturbance due to rotor imbalance was not completely eliminated but the maximum 

vibration amplitude at this speed was 0.2 mm while with a PID control it was 0.3 mm. In the 

same context, Tian et al. [149] proposed a similar voltage control scheme composed of discrete-

time servo SMC enhanced with a sliding mode disturbance observer for a senseless flexible 
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rotor-AMB systems were only the coil currents are sensed. The feasibility of the proposed 

sensorless control scheme was validated via numerical simulations only. 

Emadzadeh et al. [150] conducted an experimental comparison between a robust linear 

observer-based controller and a linear observer-based SMC for regulating the MBC500 

magnetic bearing system. Although all the analysis and controller design were based on a 

decoupled reduced order model, simulations were carried out with a coupled 10th-order model. 

A discrete-time SMC with a Luenberger observer similar to the one proposed by Tian & Nonami 

[146], [147] was used for the comparative study. The linear component of the SMC was 

designed to be robust. The SMC showed an improved behavior regarding the tracking of a step 

command test in terms of steady state and transient response with respect to the robust linear 

pole placement controller. However, when both controllers were tested up to 48,000 RPM, SMC 

did not demonstrate a satisfactory performance at higher rotation speeds. The authors concluded 

that the unsatisfactory performance of discrete-time SMC were due to the unmatched model 

uncertainties, the linear observer, and the simple discretization method for the discontinuous 

control function. 

4.3.4 Dynamic Sliding Mode Control 

The dynamic sliding mode control (DSMC) adds additional dynamics (compensators) to the 

sliding surface for the sake of achieving and/or improving the system stability as well as 

obtaining the desired system performance [151]. A DSMC with a gain-scheduled sliding surface 

(hyperplane) was proposed by Sivrioglu & Nonami [152] for an AMB system supporting the 

ultra-high speed rotation of a turbomolecular pump. The turbo-molecular pump system was 

supported in the vertical orientation by one radial AMB and one radial passive magnetic bearing 

(PMB). For a system model given in regular form as in (4.2), the dynamic sliding surface was 

designed as 

 1 2d Hz Lx x      (4.16) 

 1z Fz Gx    (4.17) 

where H, L, F, and G are design matrices and z represents the virtual state realized by adding 

extra dynamics. The state space model of the system was augmented with a pre-filter to give an 

integral action to the DSMC. The gyroscopic coupling has a considerable effect on the system 
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and the natural frequencies becomes speed dependent. In this case, the rotor-bearing system 

belongs to the class of linear-parameter varying (LPV) systems. The authors proposed to gain-

schedule the hyperplane with respect to the rotational speed. Linear matrix inequality (LMI) 

approach was used to calculate the compensator. An additional 0.6-g mass was attached to the 

1.5 kg rotor to test the performance with rotor unbalance. The experimental results showed a 

degraded performance when the rotational speed coincided with the critical speed at 6000 RPM. 

Except that, simulation and experimental results were given to validate the effectiveness of the 

proposed controller up to 10,000 RPM rotation speed.  However, the claimed performance was 

not compared against other control schemes. 

For a similar turbomolecular pump but in horizontal orientation, Xu & Nonami [153] 

proposed a DSMC scheme with a robust sliding surface for regulating the five DOF of an AMB 

system supporting the ultra-high speed rotation. A fuzzy neural network (FNN) was employed 

to develop a fuzzy model12 for the system. The input-output data were for the actual 

turbomolecular pump with a 2.5 kg rotor and 45,000 RPM rated speed using an analog 

controller. A continuous-time system was formed by using MATLAB in the process of deriving 

approximate nominal parameters from the discrete-time system. A robust hyperplane was 

designed using μ-synthesis based on the approximate reduced order continuous-time model. The 

effectiveness of the SMC was validated for the high-speed rotation of the turbomolecular pump 

up to 45,000 RPM. The robustness of the developed controller was verified by testing it on 

another machine with different parameters up to 35,000 RPM rotation speed. 

4.3.5 Intelligent-Based Sliding Mode Control 

A decentralized intelligent double integral sliding-mode control (IDISMC) system was 

proposed by Lin et al. in [25]. Five IDISMCs were used to regulate and stabilize a fully 

suspended 5-DOF AMB system.  First the authors derived the decoupled dynamic model of the 

5-DOF AMB system for the purpose of designing the decentralized control. Then they designed 

a decentralized integral sliding-mode control (ISMC) system based on the decoupled dynamic 

model. The motivation of the authors for proposing IDISMC was to further improve the control 

performance of the 5-DOF system since AMBs are highly nonlinear and time-varying. The 

proposed controller adopted double integral sliding surface unlike the ISMC which depends on 

                                                 
12 A fuzzy model is a model described in the form of if-then using the reasoning method of the fuzzy control. 
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one integral sliding surface. The authors claimed that reinforcing the sliding surface with 

additional integrator improves the elimination of the steady state error more effectively. 

Moreover, the proposed controller depended on a modified proportional–integral–derivative 

neural network (MPIDNN) observer to adaptively adjust the control gains of IDISMC on-line. 

The discontinuous control component was replaced by an approximate saturation function. The 

strength of the proposed controller comes from combining the merits of ISMC, adaptive control 

and neural network (NN). If the regulating error can be defined as de x x   where xd represents 

the reference position and x denotes the system state, then the integral sliding surface for the 

ISMC can be defined as 

        1 1 2 0

t
s t e t c e t c e d       (4.18) 

where c1 and c2 are positive constants. The ISMC was designed as 

             1
1 2 1satISMC n d nU t B x t A x t c e t c e t s t          (4.19) 

 where ρ is a positive constant. The sliding surface for the proposed IDISMC was designed as 

          2 1 2 30 0 0

t t t
s t e t c e t c e d c e d d            (4.20) 

The inputs to the observer are    1e k e k  and     2e k e k  where k is the sampling time 

while the outputs of the hidden layers were defined as 
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The proposed IDISMC was formulated as 

      1 1
2

ˆˆ T
IDISMC n d n nU B x t A x t s t B         W O   (4.25) 

  2ˆ s t    (4.26) 

  2
ˆ

W s tW O   (4.27) 

where  1 2 3 4
To o o oO  and 2 2 2 2

1 2 3 4
ˆ T

w w w w   W . 

For the sake of reducing the computational burden, the authors set all the connective weights 
1
ijw to 1. Note that o2 and o3 represent integral while derivative nodes respectively while node o4 

is used to estimate the lumped uncertainty. Equation (4.24) is similar to the hyperbolic tangent 

tanh(x)  

  
1 exp( 2 )tanh
1 exp( 2 )

xx
x

 


 
  (4.28) 

which is used as an approximation to the discontinues sign(.) function . Using a decentralized 

control structure simplifies the controller design and reducing the computational burden. The 

ISMC and IDISMC for 5-DOF AMB system were realized on a personal computer (PC) using 

Visual Basic language. Three operating conditions were used to evaluate the performance of the 

proposed controller. For Case 1 and Case 3, the rotor was operated at a constant speed 2400 

RPM and 4800 RPM while Case 3 has the same operating speed of Case 1 but an additional 

0.38 kg load disc was mounted on the left end of the rotor. Control parameters were adjusted 

manually taking into consideration the compromise between the control accuracy and system 

stability. Experimental results were given as a validation on the improved performance of the 

proposed controller over the ISMC with fixed gains at various operating conditions. Although 

the proposed control scheme showed improved performance, the stability of the system was 

then aggravated due to adding additional integral action. By observing the designed control 

parameter and comparing (4.19) and (4.25), one can notice that the outperform of the proposed 

controller originates from possessing not only a 20% higher static gain over the ISMC but also 

augment an integral action to the nominal controller.  
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Another intelligent sliding mode control was proposed by Lin et al. [26] to control the 

position of a levitated object by a magnetic levitation system with the compensation of the 

system uncertainties. Developing a high performance controller to confront the open-loop 

instability and inherent nonlinearity in electromagnetic dynamics of the magnetic levitation 

systems. The proposed sliding mode controller employed a radial basis function (RBF) neural 

network to estimate the uncertain dynamics online. The objective of the augmentation of that 

intelligent tool was to increase the robustness of the sliding mode controller. The sliding surface 

was designed with an integral action the same as (4.18).  The proposed controller was composed 

of a sliding mode controller Us (t) and a compensating controller Uc (t) as follows 
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where xd is the reference signal, Γ  is a vector of the outputs of the hidden layer, and f  and 

p  are positive learning rates. It is noticed that the proposed controller is considered as a model-

free controller since it does not depend on the mathematical model and thus is less sensitive to 

the parameter variation. Moreover, the gain of the sliding mode controller is not constant and 

the uncertainty estimator is adaptively calculated online. The excellent trajectory tracking 

performance of the proposed controller was proven experimentally for both periodic sinusoidal 

and trapezoidal trajectories. Performance measures demonstrated the superiority for the 

SMCRBF with respect to PID control and model-based ISMC (like the one presented in       

(4.19)). 

4.3.6 Higher-Order Sliding Mode Control 

Chen & Lin [154] addressed the application of a nonsingular terminal sliding mode control 

(NTSMC) to achieve finite time tracking control for the rotor position in the axial direction of 

a thrust active magnetic bearing. The motivation behind selecting NTSMC was because of its 
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nonlinear terminal sliding surface which provides faster, finite time convergence, and higher 

control precision in comparison with the conventional SMC with its linear sliding surface. Since 

thrust magnetic bearings are highly nonlinear and time varying systems, a recurrent Hermite 

neural network (RHNN) was proposed to estimate the uncertainty in order to improve the 

control performance and increase the robustness of the closed loop system. The proposed 

controller augmented the merits of the NTSMC, RHNN, and adaptive control. The linearized 

dynamic model of the thrust magnetic bearing system was described as follows 

          ; ; ;z t F t G t U t d t  z z z   (4.32) 

where  
Tz zz  , U (t), d (z; t) are the system states, the control effort, and the external 

disturbance respectively. Equation (4.32) was then modified to 

          ; ; ;n nz t F t G t U t L t  z z z   (4.33) 

where Fn, Gn are the nominal values of F, G respectively, while L(z; t) is called the lumped 

uncertainty and was defined as 

          ; ; ; ;L t F t G t U t d t    z z z z   (4.34) 

The nonsingular terminal sliding surface was defined as13 
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where e (t) is the tracking error defined as   me t z z   in which zm represents the reference 

trajectory. The NTSMC was designed as 

       1 satNTSMC eq n nU t U G s t         (4.36) 
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z   (4.37) 

As long as the condition (q < p < 2q) holds the controller is immune to the singularity problem. 

The proposed robust nonsingular terminal sliding mode control (RNTSMC) was designed as 

                                                 
13 Nonsingular terminal sliding mode control (NTSMC) was proposed as a solution to the singularity problem 
occurs when the terminal sliding mode control (TSMC) is applied [189]. The description of the sliding variable of 
TSMC was given in (3.41) while the sliding variable of NTSMC is given in (4.35). 
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        RNTSMC eq RHNN rU t U t U t U t     (4.38) 
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where Ŵ  is a vector of the connective weights between hidden neurons and output neurons in 

the RHNN estimator while Γ  is a vector of the outputs of the hidden layer, and W  and   are 

positive learning rates. A periodic sinusoidal command with different frequency and a non-

periodic trapezoidal command were used to evaluate the performance of the proposed controller 

to trajectory tracking. Experimental results were given to demonstrate the excellent robust 

characteristics of the proposed controller and superiority over PID, SMC, and NTSMC 

controllers in tracking responses. The employed SMC structure for the sake of comparison was 

given as 

        
 1 ; satSMC n m n
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z   (4.43) 

where the sliding surface s(t) is designed like (4.10) with n = 2. 

The problem of lumped uncertainty estimation was also addressed by Lee et al. [155] via 

adaptive control and sliding mode control tools. The objective was to develop a robust tracking 

control for a bipolar precise-position electromagnetic levitation (MAGLEV) system. 

Developing a mathematical expression for the force generated by a magnetic levitation system 

is practically possible however it is very likely to have modeling errors and thus inexact dynamic 

model.  Therefore a lumped uncertainty was defined to represent all the possible uncertainties 

and unmodeled dynamics. A robust controller was developed to compensate the effect of these 
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uncertainties via a lumped uncertainty estimator and to give the desired closed-loop response. 

The dynamic model describing the plant was given as 

 f
u

G
z u g l

m
 

   
 

  (4.44) 

where m, g, and lu are the mass, gravitational acceleration, and the lumped uncertainty 

respectively. Gf is the combined gains of the electromagnet and the amplifier while u is the 

control effort. A switching control strategy was adopted, i.e. one electromagnet is working at a 

time. The control effort was designed as follows to linearize the control voltages  

 1 2

1 2

0, 0,

, 0 0.

v v u if u

v u v if u

   


   

  (4.45) 

The conventional SMC with a sliding surface designed similar to (4.10) with n = 2 can be written 

as 

    2 1 sgnSMC d
f

mU z g e k s k s
G

           (4.46) 

However, robustness and performance behaviors of the SMC depends on selecting the SMC 

control gain to be higher than the lumped uncertainty as illustrated previously in (4.8). Since the 

upper bound of the lumped uncertainty is very difficult to be determined practically, Lee et al. 

proposed the following adaptive SMC and the lumped uncertainty estimator ûl   were defined 

as 

 2
ˆ

ASMC d u
f

mU z g e k s l
G

     
 

  (4.47) 
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Based on the principle of operation of the exact differentiator [56], [156], another lumped 

estimator called exact estimator (super twisting observer) ûnl  was proposed as  

    
1 2ˆ sgnf

un e

G
x l u g x z x z

m


 
      

 
  (4.49) 
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  ˆ sgnunl x z dt     (4.50) 

where λe is a positive constant. And a NTSMC based on the sliding surface defined in (4.35) 

and enhanced with the exact estimator was designed as follows 

  
2 1ˆ p q p q

NTSMC d u T n n
f

m qU z g l e t k s
G p


  

     
 

  (4.51) 

The trajectory tracking and robustness of the proposed controllers (4.47) and (4.51) were proven 

experimentally. The NTSMC controller had a superior tracking performance compared to PID, 

conventional SMC (4.46), and ASMC (4.47). 

4.4 Concluding Remarks  

This chapter presents a literature review to the various control methods proposed for improving 

the operational performance of AMB systems. Developing a controller for AMB is a challenge 

because of the inherent nonlinearity and open-loop instability properties. Moreover, rotor mass 

imbalance is another problem which yields synchronous vibrations in the rotor. Decentralized 

PID controllers have been widely used for most industrial AMBs systems. However, designing 

conventional PID to achieve a satisfactory performance is difficult when the system is nonlinear 

and subjected to harmonic disturbances. Many solutions have proposed to handle the rotor mass 

imbalance problem. They can be categorized into three groups. The first group includes all 

robust controllers designed to achieve asymptotic sinusoidal disturbance attenuation. Many 

linear and nonlinear control techniques have been proposed to achieve robustness against plant 

uncertainties including parametric uncertainties and external disturbances. Linear robust 

controllers such as ℋ∞ and the μ-synthesis have been widely addressed since 1990s. To consider 

effect of variable rotation speeds on the system, gain-scheduling several controller for each 

operating speed has been investigated. Because this ad-hoc solution (gain-scheduling) is 

questionable for rapid-varying parameters, lately the LPV control technique has been examined. 

It was reported that the successful application of linear robust controllers depends on the 

accuracy of the employed model as well as the precise rotation speed measurement in the case 

of running in a wide range. Moreover, these controllers require a very powerful platform to 

satisfy the large memory and excessive computational requirements. These drawbacks could 

hinder the implementation of these high-order controllers in real life. The complexity and 
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imposing heavy computational burden which makes them hard to be adopted in practice, are 

probably the motivation behind the recent active research in the other two groups, namely add-

ons techniques and feedforward compensation schemes. The other two approaches seem to be 

more practical but they are mostly effective for a constant rotational speed. Although applying 

these techniques for systems operating at a wide range of rotational speeds is feasible though 

gain-scheduling or adaptation schemes, the resulting algorithms are usually cumbersome 

requiring large memory space and/or intensive computational effort. The last section of this 

chapter provides a comprehensive review on the SMC techniques proposed for magnetic 

suspension system with emphasize on radial AMBs. This tool belongs to nonlinear control 

methods and is well-known for providing powerful robustness to matched uncertainties. The 

literature review shows that SMC has been experimentally investigated for various AMB 

systems since the beginnings of 1990s. The majority of contributions are based on the 

conventional techniques SMC and ISMC. However ideal SMC cannot be implemented 

practically, and approximate SMC are used instead which could yield unsatisfactory 

performance.  Recently, artificial intelligence based SMC as well as higher order SMC have 

gained the attention of many researchers to achieve improved performance over the 

conventional SMC approach.   
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Chapter 5  
First-Order Sliding Mode Control Schemes for 
AMB Systems  

This chapter presents the development of two model-free control schemes based on the first 

order sliding mode control methods for improving the performance of PM-AMB systems. The 

first scheme employs the conventional sliding mode control (CSMC) while the second one uses 

the integral sliding mode control (ISMC) approach. Design process is then presented. Finally, 

the efficacy of both controllers compared to PID control are demonstrated through the 

experimental results.  In Appendix B, the advantages of adopting a model-free SMC approach 

over a model-based one is illustrated by the means of numerical simulations. Furthermore, the 

stability analysis is presented in Appendix C.   

5.1 Sliding Mode Control Formulation  

The decentralized control approach is adopted here due to the simplicity in tuning the control 

parameters as well as the ease of practical implementation. For that we consider the simplified 

second order model for one controlled axis of the AMB system described in (2.20) re-written as 

follows 

        q t a q t bu t d t     (5.1) 

where q(t) denotes the measured position of the system; u(t) is the control input; and d(t) 

represents the external disturbances to the system. For instance, if the horizontal axis at bearing 

M1 is concerned, then q(t) = x1; u(t) = ix1; d(t) = d1(t); a = ϱ1ksx; and b = ϱ1kix. Since it is not 

feasible in reality to obtain the exact model of an AMB system, the nominal model and 

parametric uncertainties can be separated as follows 

 
           

     

n n

n n

q t a a q t b b u t d t

a q t b u t t

     

  
  (5.2) 

where an and bn are the nominal system parameters; Δa and Δb denotes the parametric 

uncertainties introduced by the system parameter variations; τ(t) represents the lumped 

uncertainty which is defined as  
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        t a q t bu t d t       (5.3) 

The lumped uncertainty is unknown but assumed to be bounded and satisfies the following 

inequality  

   maxt    (5.4) 

where τmax denotes the upper bound of the uncertainty. The control problem is to find a suitable 

control input u(t) such that the position of the rotor is regulated around the equilibrium point in 

presence of model uncertainties and external disturbances.  Therefore, the tracking error q  is 

defined in terms of the measured output signal q and the reference position14 qr as follows 

      rq t q t q t    (5.5) 

Let 1q q , and 2q q , then the state space model can be written as 

 
   

       

1 2

2 1n n

q t q t

q t a q t b u t t



  
  (5.6) 

Furthermore, it is assumed that the lumped uncertainty satisfies the matching condition, i.e. 

affects the system through the same channel as the control signal, or equivalently, 

    nt b t    (5.7) 

5.2 Conventional Sliding Mode Control 

In this section, the conventional sliding mode control (CSMC) technique is considered. A brief 

revision on the model-based CSMC is given first followed by the proposed PID-CSMC. After 

that, the stability analysis for the proposed controller as well as the mitigation for the chattering 

problem are discussed. Finally, the experimental results and the performance evaluation are 

presented. 

5.2.1 Standard Model-based CSMC 

The basic principle of CSMC depends on a properly designed function, termed as the sliding 

variable which once becomes zero, it defines the sliding surface [56]. Achieving a satisfactory 

closed loop performance relies on the appropriate design of the sliding variable. Insensitivity to 

                                                 
14 For AMB systems, the position reference is set to zero. 



103 

 

bounded uncertainties matched by the control is the most interesting property of the CSMC 

which is activated once the state trajectories arrives at the sliding surface. Therefore, a controller 

is required to steer the state trajectories to the properly designed sliding surface and keep them 

thereafter. Designing a CSMC involves two steps [63], [64], [69]. The first step is to select an 

appropriate sliding variable σ(t) (which once becomes zero defines the sliding surface) such that 

the desired system performance is achieved when the system motion arrives at the sliding 

surface. The commonly used PD-like sliding surface is defined in terms of the tracking error 

and its time derivative as follows [64]:   

      1 2PD ct q t q t     (5.8) 

where λc is a positive constant. The adopted structure for the sliding surface here is the 

conventional approach. Beside it is a systematic process (see 3.2.2), the main advantage of this 

choice is because it is simple and straightforward in implementation and tuning. Furthermore, 

the resultant closed-loop system has a reduced-order (by one) compared to the original open-

loop system. From control perspective, reducing the order of the controlled system is desirable 

[64]. In our case, the resultant system is of first-order instead of the original second-order system 

and hence the output can be regulated asymptotically to the origin without overshooting.  

The second step is to select a control law which makes the designed sliding surface 

attractive to the state trajectories. Insensitivity to bounded uncertainties matched by the control 

is the most interesting property of the CSMC which is activated once the state trajectories arrives 

at the sliding surface. Therefore, a controller is required to steer the state trajectories to the 

properly designed sliding surface and keep them thereafter even in the presence of uncertainties. 

It can be shown that the reachability condition is guaranteed by using the following CSMC law 

[157] 

         1
1 2 sgnCSMC n n c m PDu t b a q t q t c t         (5.9) 

where cm is a positive constant as long as maxmc  .  

5.2.2 Proposed PID-CSMC Controller 

It is observed that the standard CSMC is a model-based controller and as a consequence the 

performance of the closed loop system relies on the quality of the employed mathematical 

model. The performance could be improved by increasing the gain cm to compensate for the 
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discrepancies between the mathematical model and the actual plant. However, the stability of 

the system might be lost because of the chattering problem. Therefore, the hybridization concept 

is adopted to exploit the benefits of both PID and CSMC techniques to develop a controller that 

is more robust and less sensitive to the changes in the dynamic model [158]. The proposed 

model-free control scheme PID-CSMC can be defined as follows 

      PID CSMC n swu t u t u t     (5.10) 

        1 1 2 2 3 1
0

t

nu t k q t k q t k q d       (5.11) 

       4 sgnsw PD c PDu t k t t      (5.12) 

where un (t) and usw (t) are the nominal controller and the switching controller respectively; k1, 

k2, k3, k4, and ρc are positive constants. The PID controller is devoted for stabilizing and 

regulating the nominal system while the function of the CSMC is to effectively handle model 

uncertainties and external disturbances in the system. 

One can notice that both the standard CSMC and the proposed PID-CSMC use the same 

sliding variable and a similar switching component. However, the linear controller used to 

derive the state trajectories to the sliding surface in both controllers is not the same. In standard 

CSMC, the linear controller is called the equivalent controller which is based on the nominal 

model (model-based) [157]. This means that the knowledge of the model parameters an and bn 

is inventible, but in (5.10)-(5.12) the controller is error-driven (model-free) and the precise 

information of model parameters is not necessary. However, on the other hand, an intuitive 

observation regarding the tuning of both controllers would be raised. In (5.9), it is required to 

tune λc and cm only while for the proposed controller, it is required to tune k1 to k4 besides λc and 

ρc. Therefore, it seems that the proposed solution is more complicated at first sight which is not 

true for AMB systems. The performance of the standard CSMC depends on the accuracy of the 

available model parameters. If the model is not precise, model uncertainties as well as the 

external disturbances are combined in the lumped uncertainty of the system as shown earlier in 

(5.3). Standard CSMC has one way to handle this issue by increasing cm until dominating the 

lumped uncertainty.  Theoretically, this solution is successful as shown in [157]. However, the 

practical implementation of this controller, in the absence of the accurate knowledge of the 
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system model, is not feasible because of the chattering problem specially for mechanical 

systems. Even in the presence of accurate model parameters, the application of standard CSMC 

to AMB systems in reality would lead to an offset error for the non-rotating condition. Tracking 

error will never approach to zero because the discontinuous switching component cannot be 

implemented in reality but an approximate continuous function to avoid the chattering problem 

as will be explained later [64]. One can say that standard CSMC could be more appropriate for 

electric drives where a nominal model can be easily obtained or for controlling switching power 

converters where the chattering problem is not an issue. In any case, a simple linear controller 

like PID is available for stabilizing the system (k1, k2, and k3 were already tuned). Therefore, 

instead of developing a new controller, the hybridization concept is applied to combine a CSMC 

component to the already tuned PID controller for the sake of improving the performance. Thus, 

if k4 is set to zero, it is needed to tune λc and ρc only like the standard CSMC. Moreover, more 

labor and time can be saved by skipping the identification process step.  

5.2.3 Chattering Suppression 

The implementation of the proposed PID-CSMC control strategy given in (5.10)−(5.12) is not 

practically feasible because of the discontinuous control action introduced by the sign(.) 

function which yields the so-called chattering problem. To avoid this problem, it is usually 

advised to replace the discontinuous function with an approximate continuous one [64]. This 

solution is suggested to alleviate the chattering problem by smoothing the discontinuous 

function in a thin boundary layer in the vicinity of the sliding surface   .PD t 0  In this work 

the sign(.) is replaced by a sigmoid function as follows 

   
 

 
sgn PD

PD
PD

t
t

t








  (5.13) 

where ϵ is a small positive constant which controls the thickness of the boundary layer. 

Therefore, the discontinuous control component in (5.12) can be re-written as   
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  (5.14) 
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and then gradually increased until the chattering becomes problematic. Although tuning process 

can be done experimentally by trial and error, the control parameters were initially selected in 

simulation using the simplified model described by (5.1) and built in the environment of 

MATLAB/Simulink®. The control parameters were finely tuned to achieve the best disturbance 

attenuation. After extensive experimentation, the control parameters are given as15 

k1 = 3000, k2 = 7, k3 = 15000, k4 = 3, λc = 100, ρc = 0.1, ϵ = 0.01. 

As observed in Chapter 2, the PM-AMB system when regulated via PID control encountered 

two resonant frequencies at 1400 RPM and 2600 RPM. Therefore, the behavior of the system 

regulated by the PID-CSMC should be evaluated at the same conditions. The experimental 

results for the closed-loop PM-AMB system regulated with the proposed PID-CSMC control 

against PID control are presented in Figure 5.2 and Figure 5.3. One can notice that the rotor 

orbit is slightly improved at 1400 RPM but more effectively improved at 2600 RPM. This 

improvement is also reflected on reducing the control currents as shown in Figure 5.2 (b) and 

Figure 5.3 (b). 

For a further evaluation to the characteristics of the proposed controller, the performance 

measures defined in Chapter 2 were calculated for speeds from 0 up to 3000 RPM. They are 

plotted in Figure 5.4 to Figure 5.12. In general, it is remarkable that the RMS and maximum 

vibration level (MVL) values of the tracking error are attenuated for both axes except for 1600 

RPM and 2800 RPM where the performance is deteriorated for the horizontal direction as 

illustrated in Figure 5.4 to Figure 5.7. Furthermore, one can notice that the performance of the 

horizontal direction is different from the vertical one. The reason behind this unequal behavior 

goes back to adopting the same decentralized controller for both axis, for the sake of simplicity. 

Since the feasibility of enhancing the performance of the PID controller via incorporating a 

CSMC controller is demonstrated, the disturbance attenuation performance can be further 

improved by selecting the most appropriate control parameters for each axis. Despite the slight 

deterioration at two operating conditions, it was noticed that when the system was regulated 

with the PID-CSMC, the stability was never lost during the whole operating range unlike the 

                                                 
15 To ensure a fair comparison between the PID controller and the proposed algorithm, the control parameters k1 to 
k4 were selected to attain an equivalent proportional, derivative and integral actions to the PID. In other words, the 
CSMC component is introduced as an add-on to enhance the performance of a well-tuned PID controller via 
exploiting the invariance property of SMC [56]. 
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unenhanced PID controller. This means the robustness of the feedback controller to the 

disturbances is improved when the nonlinear component is introduced.  Moreover, this 

improvement is also accompanied with a minimization in the control efforts and hence the total 

ohmic losses as shown in Figure 5.8 to Figure 5.12. 

 

 

(a) Rotor orbit (b) Control currents 

Figure 5.2 Experimental results at 1400 RPM speed for PID-CSMC controlled system. 

(a) Rotor orbit  (b) Control currents 

Figure 5.3 Experimental results at 2600 RPM speed for PID-CSMC controlled system 
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Figure 5.4 RMS value for tracking error in the horizontal direction with PID-CSMC control 

 

Figure 5.5 RMS value for tracking error in the vertical direction with PID-CSMC control 
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Figure 5.6 Maximum values for tracking error in the horizontal direction with PID-CSMC control 

 

Figure 5.7 Maximum values for tracking error in the vertical direction with PID-CSMC control 
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Figure 5.8 RMS value for control currents in the horizontal direction with PID-CSMC control 

 

Figure 5.9  RMS value for control currents in the vertical direction with PID-CSMC control 
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Figure 5.10  Peak values for control currents in the horizontal direction with PID-CSMC control 

 

Figure 5.11  Peak values for control currents in in the vertical direction with PID-CSMC control 
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5.3 Integral Sliding Mode Control 

In general, CSMC has a strong robustness against model uncertainties and external disturbances. 

However, this property is not activated until the state trajectories enter into the so-called sliding 

mode. During the reaching mode (or phase) and before the occurrence of sliding mode, the 

robustness cannot be ensured. In other words, the invariance property of the CSMC is not 

effective throughout the entire process [63]. The mitigation to this drawback in CSMC is to use 

a high gain feedback controller to handle the uncertainties during the reaching phase. As a result, 

there were efforts to develop a SMC which can handle matched disturbances starting from the 

first time instant. Integral sliding mode control (ISMC) was proposed as a solution to the lack 

of robustness of the CSMC during the reaching mode. Unlike CSMC which reduces the order 

of the controlled plant, the order of the closed loop system with ISMC is equal to the order of 

the original system. Subsequently, the robustness of the ISMC is guaranteed throughout an 

entire response by eliminating the reaching phase [63]. Some research has considered the 

application of ISMC to control magnetic suspension systems such as [25], [128], [142], [145]. 

Before presenting the proposed control scheme, a glance on the standard ISMC is given 

first. The design of this kind of SMC depends on the assumption that there exists a nominal 

system and a linear or a nonlinear feedback controller which is properly designed for it. After 

that, a discontinuous control term based on the integral sliding mode is added to enhance the 

 

 

Figure 5.12  Total ohmic losses in a radial PM-AMB with PID-CSMC control 
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robustness of the system against model uncertainties and external disturbances starting from the 

initial time instant.  

5.3.1 Standard Model-based ISMC 

Consider again the dynamic model given in (5.6), and also assume that the lumped uncertainty 

τ(t) obeys the inequality condition (5.4). The standard ISMC is composed of two control 

components as follows 

      0 1ISMCu t u t u t    (5.15) 

where u0 denotes the nominal controller which can stabilize the system if δ (t) = 0, and it could 

be linear or a nonlinear control law; while u1 represents the discontinuous component that is 

designed to reject the matched lumped uncertainty δ (t). Now define a sliding variable composed 

of two terms as follows 

      0i zt t t      (5.16) 

where σ0 can be designed as a linear combination of system states as in (5.8) 

      0 1 1 2t q t q t     (5.17) 

while σz introduces the integral action to the sliding variable and will be designed later. Using 

(5.6) and (5.15)−(5.17), the time derivative of the sliding variable σi can be written as 

              1 1 2 0 1i n n n n zt A q t q t B u t B u t B t t           (5.18) 

and to satisfy the philosophy of ISMC, the control component u1 is designed such that 

  1equ t   (5.19) 

which can be realized through the following discontinuous control law 

  1 sgn iu k    (5.20) 

where kρ is a positive control gain. To satisfy the reachability condition, the auxiliary variable 

σz can be designed as follows [56], [63] 

               1 1 2 0 0 1 2, 0 0 , 0z n n zt A q t q t B u t q q            (5.21) 
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of the proposed control scheme can be easily proved in a similar manner to the treatment given 

in Appendix C. 

The practical implementation of the proposed ISMC control strategy given in (5.23) is 

not feasible because of the discontinuous control action introduced by the sign(.) function. As 

explained in subsection 5.2.3, the sign(.) is replaced by a sigmoid function, so the discontinuous 

control component in (5.25) can be re-written as   
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  (5.26) 

where ϵ is a small positive constant which controls the thickness of the boundary layer. Again, 

although the invariance property is lost inside the boundary, the performance of the system with 

the smoothed ISMC is close to the performance of the system with a discontinuous ISMC [56]. 

Therefore, a tradeoff between the performance and the smoothness of the control effort is 

required. 

5.3.3 Experimental Results 

Selecting control parameters can be done based on simulation or experimental testing of the 

system. However, since the PM-AMB is an inherently open loop unstable system, tuning the 

parameters experimentally could be a time consuming business. Therefore, it is expected that 

using simulation tools for tuning the controller saves time and energy if some information 

regarding the system is available. The approach followed in adjusting the control gains is similar 

to the one applied to the PID-CSMC in subsection 5.2.4. The parameters γ0 and γ1 were tuned 

interactively and at each setting the control gain ρi was gradually increased. The process of 

tuning the nonlinear component was repeated until a satisfactory performance was attained. In 

general, the performance of the controlled system in terms of vibration attenuation could be 

improved by boosting up the gain c1. However, unfortunately, selecting a high proportional gain 

is limited by the actuator saturation. Moreover, the selection of the derivative gain c2 depends 

on the choice of the proportional gain c1 [8]. Therefore, the gain c2 has to be increased if the 

gain c1 is set to a high value which cannot be practically achieved in order to avoid measurement 

noise amplification. On the other hand, unlike linear high-gain controllers, SMC could 

implement high (theoretically infinite) gain with finite control actions [63]. However, the 

commonly used CSMC scheme suffers from the lack of robustness during the reaching mode. 
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Therefore, a model-free ISMC scheme is adopted here to obtain an improved performance in 

the presence of model uncertainties and external disturbances throughout the entire response. It 

should be noted that picking a high value for ρ and/or a very small value for ϵ could induce 

significant chattering in the system. Therefore, a trade-off between performance and chattering 

is necessary. Furthermore, attention should be paid during tuning c3 and γ0, otherwise the system 

becomes oscillatory and eventually stability might be lost. After initially tuning the control 

scheme in simulation, the controller is compiled and downloaded on the DSP board. The control 

parameters were then finely tuned to achieve the best disturbance attenuation. After extensive 

experimentation, the control parameters are given as16 

c1 = 3270, c2 = 8.5, c3 = 2000, c4 = 1.5, 𝛾0 = 2000, 𝛾1 = 20, ρi = 0.7, ϵ = 0.03. 

The 1400 RPM and 2600 RPM experiment results for the rotor orbits measured at the terminal 

supported by the radial PM-AMB controlled via PID-ISMC and the corresponding control 

currents are given in Figure 5.14 and Figure 5.15 respectively. It is remarkable the dramatic 

improvements achieved at both cases by introducing an integral action to the sliding variable. 

The associated control currents are also effectively reduced. For evaluating the performance 

throughout the entire operating range, the performance measures for the PID-ISMC are provided 

in Figure 5.16 to Figure 5.24. It is observed that the size of the rotor orbits is almost constant 

throughout the operational speed except at 2000 RPM the rotor displacement increases in the 

vertical direction. This increase in the vertical vibration level might be because of the 

coincidence of the operating speed with a natural frequency of the controlled system. 

furthermore, the MVL with PID reaches up to 140 μm at 2600 RPM while the MVL with the 

PID-ISMC is 84 μm at 2000 RPM which means a 40% reduction. The control currents for both 

horizontal and vertical axes are also almost constant during the entire operating range. 

Therefore, in general, the proposed control scheme not only attenuate the vibration level 

efficiently but also achieve a significant reduction in the control currents throughout the entire 

operational range. Moreover, it is remarkable that the average power consumption due to ohmic 

losses with PID control is 0.3 watts but when the proposed controller is employed these losses 

reduces to 0.168 watts in average which represents a 44% savings in the consumed power. 

 

                                                 
16 For a fair comparison, the parameters of the linear component c1, c2, and c4 were tuned to give the same 
proportional- derivative effect of the PID controller. 
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(a) Rotor orbit (b) Control currents 

Figure 5.14 Experimental results at 1400 RPM speed for PID-ISMC controlled system. 

(a) Rotor orbit  (b) Control currents 

Figure 5.15 Experimental results at 2600 RPM speed for PID-ISMC controlled system 
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Figure 5.16 RMS value for tracking error in the horizontal direction with PID-ISMC control 

 

Figure 5.17 RMS value for tracking error in the vertical direction with PID-ISMC control 
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Figure 5.18 Maximum values for tracking error in the horizontal direction with PID-ISMC control 

 

Figure 5.19 Maximum values for tracking error in the vertical direction with PID-ISMC control 
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Figure 5.20 RMS value for control currents in the horizontal direction with PID-ISMC control 

 

Figure 5.21  RMS value for control currents in the vertical direction with PID-ISMC control 
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Figure 5.22  Peak values for control currents in the horizontal direction with PID-ISMC control 

 

Figure 5.23  Peak values for control currents in in the vertical direction with PID-ISMC control 
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5.4 Concluding Remarks 

This chapter presents the development of two model-free SMC algorithms based on the 

principles of 1-SMC theory. The first controller PID-CSMC employs a PD-like sliding variable 

while the second one PID-ISMC uses a PID-like sliding variable. The stability of both 

controllers are demonstrated with the help of Lyapunov functions. Experimental results are 

given to validate the effectiveness of both control schemes in stabilizing and regulating the 

spinning rotor throughout the entire operating range. Moreover, the control efforts are 

effectively minimized especially when the PID-ISMC is applied. It is remarkable that 

incorporating an integral action to the sliding variable improves the operating performance 

significantly. The PID-ISMC algorithm shows a good compromise between achieving rotor 

vibration attenuation and control current minimization.  

 

 
  

 

 

Figure 5.24  Total ohmic losses in a radial PM-AMB with PID-ISMC control 
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Chapter 6  
Second Order Sliding Mode Control of Active 
Magnetic Bearings 

6.1 Introduction 

Sliding mode control has gained a significant interest since the late 1970 because of the claimed 

invariance to parametric uncertainties and complete rejection of matched disturbances. Besides 

the high fidelity performance, SMC are well-known for the simplicity in implementation and 

the reduction of the compensated system order. The main idea of classical SMC is to design a 

sliding surface that fulfills the required behavior once the state trajectories reach it. To achieve 

the control task, a controller with a sufficiently high gain is necessary to dominate the lumped 

uncertainties in the system. Furthermore, the controller acts to steer the state trajectories to the 

sliding manifold and keep them thereafter by switching between high amplitude opposite gains 

with theoretically infinite frequency. It is the discontinuous control action that gives the 

interesting features to this controller. Nevertheless, the practical implementation of an ideal 

SMC is not feasible because of the so-called chattering problem [56], [64], [75]. Chattering 

refers to the high frequency oscillations about the sliding manifold usually arise due to the finite 

switching frequency of real-life switching devices. Exciting resonant modes of the unmodeled 

parasitic dynamics such as neglected fast actuator and sensor dynamics through the high 

switching frequency is another possibility of causing the chattering in the system. This drawback 

is definitely not acceptable in many applications especially mechanical systems because of the 

expected wear and tear of actuator or the possible loss of system stability. It was reported in [75] 

that SMC could have been the most significant discovery in modern control theory but for the 

chattering problem. Therefore, many efforts have been made to alleviate this problem [63], [64], 

[75], [79], [159], [160]. The most straightforward and commonly used is the boundary layer 

approach [64]. This technique relies on replacing the discontinuous control action with an 

approximate continuous one. As a result, the error trajectories instead of vanishing to zero are 

confined to a boundary layer in the vicinity of the sliding surface. Moreover, the complete 

invariance property is lost and hence a compromise between robustness and chattering is 

inevitable [56].  
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As an alternative approach, higher order sliding modes (HOSM) have been developed for 

handling the chattering problem while maintaining the main advantages of the classical SMC 

with respect to robustness, order reduction, simplicity and ease of implementation [81]–[83]. 

Furthermore, the practical implementation of HOSM results in a higher accuracy compared to 

the classical SMC in the presence of switching delays and measurement noise [84]. The 

competence of HOSM has been demonstrated in many applications [86], [161]–[175]. A 

considerable interest was given to developing robust controllers for electric drives. Properly 

tuned proportional-integral (PI) controllers are widely used for regulating torque and speed 

loops in practice. However, satisfying the required control performance is based on the precise 

knowledge of motor parameters which are not exactly known or vary during operation in 

practice. Therefore, many robust control schemes based on 1-SMC were proposed, e.g. [63]. 

However, the real-time application of this first generation of SMC usually leads to the chattering 

problem which can be solved but probably on the price of degrading the performance. The desire 

to preserve the advantages of 1-SMC while avoiding the chattering problem was the motivation 

behind the development of HOSM. The application of super twisting algorithm to the control of 

electric drives was thoroughly addressed, e.g. dc motors [167], induction motors [172], 

induction generators [171], [173], and stepper motors [174]. Sub-optimal algorithm was also 

proposed to develop a robust controller for dc drives [165]. Some 2-SMC algorithms were 

proposed for the application of PEM fuel cells; namely twisting algorithm [161], sub-optimal 

algorithm [166], and super twisting algorithm [170], [175]. Many efforts were also devoted for 

addressing the application of HOSM to some mechanical systems. The motivation stemmed 

from the sensitivity of these systems to the chattering phenomena in the case of 1-SMC.  A 

survey on the application of a class of 2-SMC algorithms to some mechanical systems were 

given in [86]. This chapter presents the application of some popular 2-SMC techniques to 

stabilize and regulate the operation of AMB systems. More specifically, we investigate the 

application of the twisting, sub-optimal, quasi-continuous, with prescribed convergence law, 

and finally super twisting algorithms. 

6.2 Problem Formulation 

The model for one controlled axis in terms of the tracking error q can be formulated in state 

space as follows 
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  (6.1) 

where q q1 , and q q2 ; u(t) is the control input; and d(t) represents the external disturbances 

to the system. The state space model (6.1) can be re-written in a compact form as 

 q f g u w   (6.2) 
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Again, the control objective is the stabilization and regulation of the rotor around the equilibrium 

point in the presence of parametric uncertainties as well as external disturbances such that 

.q 0  However, because the external disturbance is time varying, it could be infeasible to 

achieve a disturbance rejection using a feedback controller [61]. Instead, the control problem 

addressed is attempting to achieve a disturbance attenuation such that 

   ,q t t T    (6.3) 

where is a small positive number. In this chapter, the proposed controllers based on 2-SMC 

concepts for AMB system are presented to solve this problem. Similar to the proposed 1-SMC 

controllers illustrated in the last chapter, the proposed 2-SMC are composed of two components. 

The first component is a linear controller while the second component exploits the 2-SMC 

concepts which can be considered as an add-on to the linear controller. PID was selected to 

represent the linear controller and is common to all the proposed controllers. The general 

configuration of the proposed second sliding mode control schemes is shown in Figure 6.1. 

6.3 Twisting-based Controller  

The proposed 2-SMC based on the twisting algorithm concept is presented in this section. 

6.3.1 Proposed Algorithm 

Consider the sliding variable defined as follows 

 t tq q2 1   (6.4) 
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where ul is the linear controller comprising the PID control action.  

Suppose the following inequalities 

 , ,t t T t T t T0   (6.9) 

hold for some , , ,t T T T 0 . The parameters of the PID controller are chosen according to 

the Routh–Hurwitz stability criterion, as shown in the previous chapter. If the parameters of the 

twisting algorithm are selected according to the following inequalities [81] 

 

T t

T
t

T

T
t

t

t T T T t T

4

  (6.10) 

then the establishment of a 2-SM is guaranteed. 

6.3.2 Experimental Results 

The proposed controller PID-Twisting was implemented on the DSP board for experimental 

evaluation. The parameters of the controller were tuned in a similar fashion to the technique 

explained in the last chapter. The parameters of the linear part are the same as those of the 

unenhanced PID controller given in chapter two. The parameters of the twisting controller were 

adjusted experimentally to achieve the best vibration attenuation performance at the selected 

critical cases, and the obtained values are as follows 

λt = 100, ρt = 0.01, ρT = 0.07. 

The performance of the PID-Twisting controller at the critical speeds encountered when the PID 

controller was applied can be examined through Figure 6.2 and Figure 6.3. It is clear that the 

proposed add-on algorithm successfully improves the performance and minimizes the control 

efforts as well. Evaluating the performance throughout the entire operating range is possible 

through examining the performance measures plotted in Figure 6.4 to Figure 6.12. It is 

remarkable that the maximum value of ERMS for the horizontal and vertical directions are both 

below 30 μm against 72 μm and 47 μm respectively for the non-enhanced PID controller. This 

means a 58 % and 36% improvement in the RMS value of the tracking error in the horizontal 
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and vertical directions respectively. Regarding EMAX, the improvements for the horizontal and 

vertical axes respectively reach up to 51% and 49%. It is also observable that the control efforts 

and subsequently the ohmic losses are also slightly reduced. 

 

(a) Rotor orbit (b) Control currents 

Figure 6.2 Experimental results at 1400 RPM speed for the PID-Twisting controlled system. 

(a) Rotor orbit  (b) Control currents 

Figure 6.3 Experimental results at 2600 RPM speed for the PID-Twisting controlled system. 
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Figure 6.4 RMS values for tracking errors in the horizontal direction with the PID-Twisting 
control. 

 

Figure 6.5 RMS values for tracking errors in the vertical direction with the PID-Twisting control. 
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Figure 6.6 Maximum values for tracking errors in the horizontal direction with the PID-Twisting 
control. 

 

Figure 6.7 Maximum values for tracking errors in the vertical direction with the PID-Twisting 
control. 
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Figure 6.8 RMS values for control currents in the horizontal direction with the PID-Twisting 
control. 

 

Figure 6.9  RMS values for control currents in the vertical direction with the PID-Twisting control. 
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Figure 6.10  Peak values for control currents in the horizontal direction with the PID-Twisting 
control. 

 

Figure 6.11  Peak values for control currents in in the vertical direction with the PID-Twisting 
control. 
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6.4 Sub-Optimal Controller 

In this section, we present the development of two algorithms based on the concepts of the sub-

optimal 2-SMC. The performance of both controllers are then experimentally evaluated and 

compared against the non-enhanced PID controller. 

6.4.1 Proposed First Sub-Optimal Algorithm 

The design process of controller based on sub-optimal algorithm also comprises two steps. 

Consider the sliding variable chosen as follows17 

 q1   (6.11) 

It is vivid that the system (6.1) has a relative degree r = 2 with respect to the chosen output 

function (6.11). The first proposed sub-optimal controller (PID-SUB) can be defined as follows 

 
t

PID SUB p d i subu k q k q k q d1 2 1
0

  (6.12) 

                                                 
17 A PD like sliding surface was also formulated and a similar treatment of developing the twisting controller was 
also applied to develop a sub-optimal controller. However, the experimental results of this controller was inferior 
to the linear controller. Therefore, the author decided to remove this part for brevity and present the version that 
showed improved performance compared to the linear controller. 

 

 

Figure 6.12  Total ohmic losses in a radial PM-AMB with the PID-Twisting control. 
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where ηsub and ρsub are positive control variables. The discontinuous component acts directly on 

the second derivative of the sliding variable instead of the first derivative as in the 1-SMC. This 

can be illustrated by deriving the second derivative of the sliding variable as follows 

 
 

sub
sub

t
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sub sub sub

a b k q b k q b k q d d b     

 

1 2 10
  (6.14) 

and it is assumed that the bounds of the closed loop system are given as 

 , ,sub sub SUB sub SUB SUB0   (6.15) 

and , , ,sub SUB SUB SUB 0 . The sub-optimal algorithm parameters can be tuned according 

to the following sufficient conditions to guarantee a finite time convergence [85] 
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3
0 1 0

4

3

  (6.16) 

6.4.2 Proposed Second Sub-Optimal Algorithm 

Recall that M represents the value of recorded when was detected equal to zero at the last 

time. This means that the successful implementation of the sub-optimal algorithm depends on 

the accuracy of estimating this quantity. Therefore, it is expected that the performance of the 

sub-optimal algorithm will be affected in the presence of measurement noise. As a mitigation to 

this problem, we propose replacing the numerical differentiator by a high gain observer (HGO) 

for the sake of estimating the signal from [176]–[178]. Furthermore, the HGO is also used 

for replacing the differentiator in the PID controller. Besides the desire to reduce the effect of 

measurement noise, the HGO is selected because it offers a model-free solution for estimating 

the unmeasured signals. Therefore, the model-free theme of the proposed sub-optimal controller 

is preserved. 
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If the measured output signal is q1 and it is required to estimate the time-derivative q2 , then the 

HGO can be defined as [61] 

 
 

 

* * *

* *

q q q q

q q q

  

 

1
1 2 1 1

2
2 1 1

  (6.17) 

where , and1 2  are positive constants with 1, and * *andq q1 2  represent the estimated 

signals of q1 and q2 respectively. Incorporating the HGO with the sub-optimal algorithm, the 

proposed (HGO-SUB) controller can be defined as 

 * * *
t

HGO SUB p d i subu k q k q k q d1 2 1
0

  (6.18) 

where υsub is defined in (6.13) but M is estimated with the help of the HGO. 

6.4.3 Experimental Results 

Both controllers were coded and digitally implemented on the DSP platform. The tuned 

parameters of the PID-SUB controller are 

ρsub = 0.06, ηsub = 0.7 

The tuned parameters for HGO-SUB are 

ρsub = 0.13, ηsub = 0.5, α1 = 1, α2 = 3, ε = 0.001 

The tracking errors and associated control efforts for both controllers at 1400 RPM and 

2600 RPM are plotted against PID control in Figure 6.13 and Figure 6.14 respectively. One can 

observe that the PID-SUB algorithm yields a slight improvement over the PID controller for the 

first case. While the application of the second sub-optimal algorithm HGO-SUB achieves a 

slightly better rotor runout for the same case compared to the other two controllers. Regarding 

the second case, with the HGO-SUB the reduction in the runout is remarkable with respect to 

the other two controllers. Furthermore, the corresponding control currents of the HGO-SUB are 

slightly lower than those of the other sub-optimal algorithm.  

 Figure 6.15 to Figure 6.23 illustrate the performance of the controlled system with PID-

SUB and HGO-SUB schemes against PID control throughout the entire operating range. It is 

noticeable that the behavior of both sub-optimal algorithms is comparable and slightly better 
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than the PID control for the lower rotation speeds up to 2000 RPM. Beyond this rotation speed, 

the reduction in the HGO-SUB tracking error compared to the others is remarkable.  The reason 

why the performance of the first sub-optimal algorithm PID-SUB degrades at the higher rotation 

speeds probably goes back to the inability of the algorithm to estimate the signal M properly 

due to the measurement noise as well as the harmonic disturbance.  

 

 

(a) Rotor orbit (b) Control currents 

Figure 6.13 Experimental results at 1400 RPM speed for the sub-optimal controlled system. 

(a) Rotor orbit  (b) Control currents 

Figure 6.14 Experimental results at 2600 RPM speed for the sub-optimal controlled system. 
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On the other hand, the HGO-based algorithm successfully improves the tracking error at the 

region of high rotation speeds probably because the HGO has a better immunity to the 

measurement noise with respect to that simple numerical differentiator. The behavior of the 

corresponding control efforts for both algorithms is similar to the behavior of the tracking errors  

 

 

 

Figure 6.15 RMS values for tracking errors in the horizontal direction with the sub-optimal 
controllers. 

 

Figure 6.16 RMS values for tracking errors in the vertical direction with the sub-optimal controllers. 
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as shown in Figure 6.19 to Figure 6.22. The total ohmic losses consumed by both algorithms 

are plotted against the benchmark controller in Figure 6.23. It is remarkable that the HGO-SUB 

results in a less power consumption compared to the two other controllers. 

  

 

 

 

Figure 6.17 Maximum values for tracking errors in the horizontal direction with the sub-optimal 
controllers. 

 

Figure 6.18 Maximum values for tracking errors in the vertical direction with the sub-optimal 
controllers. 
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Figure 6.19 RMS values for control currents in the horizontal direction with the sub-optimal 
controllers. 

 

Figure 6.20  RMS values for control currents in the vertical direction with the sub-optimal 
controllers. 
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Figure 6.21  Peak values for control currents in the horizontal direction with the sub-optimal 
controllers. 

 

Figure 6.22  Peak values for control currents in in the vertical direction with the sub-optimal 
controllers. 
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6.5 Proposed Controller with a Prescribed Convergence Law 

6.5.1 Proposed Algorithm 

The output tracking error is chosen as the sliding variable ϑ similar to (6.11). The proposed 

control algorithm with a prescribed convergence law (PID-Prescribed) can be defined as 

 
t

PID-Presc p d i prescu k q k q k q d1 2 1
0

  (6.19) 

   sgn sgnpresc c c 
1 2   (6.20) 

Similar to the treatment presented in the last section, it can be shown that the proposed PID-

Prescribed controller is able to establish a 2-SM and the corresponding sufficient condition is 

provided in (3.42).   

6.5.2 Experimental Results 

The proposed PID-Prescribed controller was implement on the DSP board for evaluating its 

performance for AMB systems application.  The square root function was implemented by 

means of a lookup table. The parameters of this add-on were tuned to give the best disturbance 

attenuation throughout the considered rotation speeds, and their values are 

 

 

Figure 6.23  Total ohmic losses in a radial PM-AMB with the sub-optimal controllers. 
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cα = 0.08, and cβ = 0.05. 

 Figure 6.24 and Figure 6.25 show the performance of the proposed 2-SMC add-on at the 

selected cases 1400 RPM and 2600 RPM respectively. The reduction in the rotor runout is 

remarkable. Furthermore, there is a significant reduction in the corresponding control efforts.  

 

 

(a) Rotor orbit (b) Control currents 

Figure 6.24 Experimental results at 1400 RPM speed for the PID-Prescribed controlled system. 

(a) Rotor orbit  (b) Control currents 

Figure 6.25 Experimental results at 2600 RPM speed for the PID-Prescribed controlled system. 
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The performance measures for this scheme are plotted against the rotation speeds in Figure 6.26 

to Figure 6.34.  Observing Figure 6.26, it is remarkable that the ERMS value for the horizontal 

direction after 800 RPM rotation speed is always below 18 μm against 72 μm for the PID 

controller. This value represents about 75% reduction in the RMS tracking error and the 

reduction percentage in EMAX for this axis approximately equals to 60%. While, the  

 

 

 

Figure 6.26 RMS values for tracking errors in the horizontal direction with the PID-Prescribed 
control. 

 

Figure 6.27 RMS values for tracking errors in the vertical direction with the PID-Prescribed control. 
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percentage of reduction in ERMS and EMAX for the vertical direction reaches to 36 % and 40% 

respectively. Furthermore, there is a considerable reduction in the associated control currents 

and the corresponding ohamic losses as illustrated in Figure 6.30 to Figure 6.34. Moreover, 

achieving this superior performance is done by tuning only two parameters compared to for 

instance four parameters in the case of the ISMC.  

 

 

 

Figure 6.28 Maximum values for tracking errors in the horizontal direction with the PID-
Prescribed control. 

 

Figure 6.29 Maximum values for tracking errors in the vertical direction with the PID-Prescribed 
control. 
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Figure 6.30 RMS values for control currents in the horizontal direction with the PID-Prescribed 
control. 

 

Figure 6.31  RMS values for control currents in the vertical direction with the PID-Prescribed 
control. 
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Figure 6.32  Peak values for control currents in the horizontal direction with the PID-Prescribed 
control. 

 

Figure 6.33  Peak values for control currents in in the vertical direction with the PID-Prescribed 
control. 
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6.6 Proposed Quasi- Continuous based Controller 

6.6.1 Proposed Algorithm 

The output tracking error is chosen as the sliding variable ϑ similar to (6.11). The proposed 

control scheme enhanced with quasi-continuous algorithm (PID-Quasi) can be defined as 

 
t

PID Quasi p d i quasiu k q k q k q d1 2 1
0

  (6.21) 

 
 sgn

quasi
b

a
b






1 2

1 2   (6.22) 

where κa and κb are positive control variables. 

6.6.2 Experimental Results 

The proposed quasi-continuous 2-SMC was incorporated with the PID controller and 

implemented on the DSP board. Lookup tables were used to realize the square root functions in 

a fixed-point representation. The control parameters were experimentally tuned and their values 

are  

κa = 0.06, and κb = 0.03 

 

 

Figure 6.34  Total ohmic losses in a radial PM-AMB with the PID-Prescribed control. 
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Figure 6.35 and Figure 6.36 show the performance of the proposed PID-Quasi at the selected 

cases 1400 RPM and 2600 RPM respectively. It is obvious that the behavior of the controlled 

system with the proposed add-on outperforms the non-enhanced PID controller. Furthermore, 

the associated control currents are also reduced.  

 

 

(a) Rotor orbit (b) Control currents 

Figure 6.35 Experimental results at 1400 RPM speed for PID-Quasi controlled system. 

(a) Rotor orbit  (b) Control currents 

Figure 6.36 Experimental results at 2600 RPM speed for PID-Quasi controlled system. 
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Examining the performance measures given in Figure 6.37 to Figure 6.45 for the sake of 

evaluating the behavior of the controlled system in the entire operating range. It is evident that 

the performance of the system is superior below the 2800 RPM rotation speed. However, the 

performance slightly degrades at 2800 RPM probably due to exciting a resonant frequency of 

the horizontal direction associated with the PID-Quasi closed loop system. However, the 

amplitude at this rotation speed is lower than those of the critical speeds connected with PID.  

 

 

 

Figure 6.37 RMS values for tracking errors in the horizontal direction with the PID-Quasi control. 

 

Figure 6.38 RMS values for tracking errors in the vertical direction with the PID-Quasi control. 
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In order to quantify the degree of improvement, ERMS and EMAX for both controlled axes were 

calculated. It was found that the reduction percentages in the first and the second quantity are 

about 36% and 37.4% respectively for the horizontal axis and 34.8% and 46% respectively for 

the vertical axis. The corresponding control efforts are presented in Figure 6.41 to Figure 6.44. 

One can notice that the behavior of the control efforts is similar to that of the tracking errors.  

 

Figure 6.39 Maximum values for tracking errors in the horizontal direction with the PID-Quasi 
control. 

 

Figure 6.40 Maximum values for tracking errors in the vertical direction with the PID-Quasi 
control. 
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The total ohmic loss of the PID-Quasi is depicted in Figure 6.45 and as expected it is lower than 

PID losses when the system operates below 2800 RPM.  

 

 
 
 
  

 

 

 

Figure 6.41 RMS values for control currents in the horizontal direction with the PID-Quasi 
control. 

 

Figure 6.42  RMS values for control currents in the vertical direction with the PID-Quasi control. 
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Figure 6.43  Peak values for control currents in the horizontal direction with the PID-Quasi 
control. 

 

Figure 6.44  Peak values for control currents in in the vertical direction with the PID-Quasi control. 
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6.7 Super Twisting-based Controller 

Super twisting is the most popular algorithm among all 2-SMC proposed in the literature. This 

is because besides its good convergence accuracy and robustness, the practical implementation 

of this algorithm requires the knowledge of the measured output only and no need for its time 

derivative. However, since the super twisting algorithm was originally developed for systems 

with relative degree one which is not the case for AMB systems, it is necessary to select an 

appropriate sliding variable. In this section two model-free control scheme are proposed and 

experimentally evaluated based on the concepts of the super twisting algorithm. It is worth 

mentioning that the author previously considered another model-free super twisting algorithm 

using a super twisting observer [179]. Its effectiveness was demonstrated via simulation results 

but unfortunately it has not been successfully implemented on the practical DSP board.  

6.7.1 Proposed Super Twisting-based Controller  

Let us define the sliding variable as follows 

 st stq q2 1   (6.23) 

The choice of this PD like sliding variable makes the relative degree of the system equal to one 

with respect to this new output σst. The proposed controller based on super twisting concepts 

(PID-ST) can be then formulated as  

 

 

Figure 6.45  Total ohmic losses in a radial PM-AMB with the PID-Quasi control. 
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t

PID ST p d i superu k q k q k q d1 2 1
0

  (6.24) 
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0 5
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  (6.25) 

where κr and κw are positive control variables.  

The most important feature of the super twisting algorithm is that it is a continuous 2-

SMC and subsequently immune to chattering problems. Therefore, the discontinuous control 

action explicitly appears in the second time derivative of the sliding variable which can be 

illustrated as follows 

 

stst

st st
st PID ST PID ST
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st st st
PID ST k
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st st

f g u w u
q u

f g u w u
q u 1

1

1

  (6.26) 

where  
. sgn

t

k p d i r st stu k q k q k q d   
0 5

1 2 10
, and the global bounds on st , st , and 

st are defined as 

 , ,st st ST st ST st ST0   (6.27) 

where , , ,st ST ST ST 0 . 

One possible way of tuning the parameters of the super twisting algorithm to guarantee 

a finite time convergence is by fulfilling the following sufficient conditions [81]  
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6.7.2 Proposed Modified Super Twisting-based Controller 

For the second algorithm suppose again the sliding variable is defined as follows 

 ms msq q2 1   (6.29) 
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Now consider the proposed modified super twisting (PID-MS) controller as follows 

 
t

PID MS p d i msu k q k q k q d1 2 1
0

  (6.30) 

 
   

 

. sgn sgn
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0 5

  (6.31) 

The modification is based on introducing this term sgnv
y ms ms  to the standard super 

twisting algorithm where κx, κy, and κz are positive control variables and 0 < v < 1 [180]. It can 

be shown that the discontinuous action acts on the second derivative of the sliding variable as 

follows 

 

msms

ms ms
ms PID MS PID MS

PID MS

ms ms ms
PID MS j h

j h

ms ms h

f g u w u
q u

f g u w u
q u

  (6.32) 

where    
. sgn sgn

t v
j p d i x st y st stu k q k q k q d    

0 5

1 2 10
. 

6.7.3 Experimental Results 

Both control algorithms were implemented on the DSP board and the exponential functions 

were realized by means of lookup tables. Experimentally tuned, the parameters of the first super 

twisting add-on are 

𝜆st = 100, κr = 2.5, and κw = 0.15 

while the parameters of the second add-on algorithm are 

𝜆ms = 100, κx = 2.0, κy = 0.03, and κz = 0.15, and v = 0.9 

Figure 6.46 and Figure 6.47 are provided for the sake of evaluating the performance of both 

controllers at the two selected cases 1400 RPM and 2600 RPM. One can notice that the first 

algorithm PID-ST achieves a slight improvement in the performance at both cases. It is evident 

the superior performance achieved by applying the PID-MS algorithm over the non-enhanced 

PID and the PID-ST as well. The significant reduction in the rotor runout at both cases is 
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remarkable. Furthermore, Figure 6.46(b) and Figure 6.47(b) illustrate the corresponding 

reduction in control efforts. 

 

(a) Rotor orbit (b) Control currents 

Figure 6.46 Experimental results at 1400 RPM speed for the super twisting controlled system. 

(a) Rotor orbit  (b) Control currents 

Figure 6.47 Experimental results at 2600 RPM speed for the super twisting controlled system. 
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Figure 6.48 to Figure 6.56 are provided for investigating the performance of both controllers 

compared to the non-enhanced PID controller in the entire operating range. For the PID-ST 

algorithm, the maximum ERMS and EMAX values are 51.7 μm and 81.2 μm respectively for the 

horizontal axis and for the vertical axis are 28.7 μm and 58.9 μm respectively. This means that 

the reduction percentages in the first and second quantities for the horizontal are 28% and 41.5% 

respectively while for the vertical axis are 38% and 51.5% respectively.   

 

 

 

Figure 6.48 RMS values for tracking errors in the horizontal direction with the super twisting 
controllers. 

 

Figure 6.49 RMS values for tracking errors in the vertical direction with the super twisting 
controllers. 
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Both performance measurements were calculated for the second algorithm PID-MS. It was 

found that the reduction percentages in maximum ERMS and EMAX values with respect to the PID 

values are 70.2% and 64.6% respectively for the horizontal axis, and for the vertical axis are 

43% and 32.3% respectively.  Regarding the control efforts, it is obvious that the PID-MS  

 

Figure 6.50 Maximum values for tracking errors in the horizontal direction with the super twisting 
controllers. 

 

Figure 6.51 Maximum values for tracking errors in the vertical direction with the super twisting 
controllers. 
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algorithm yields a considerable reduction compared to the two other schemes especially for the 

controlled horizontal direction. 

Finally, the consumed ohmic losses by the PID-MS are almost constant throughout the operating 

range and never exceed 0.2 W. This demonstrates that the performance of the proposed modified 

super twisting outperforms both the non-enhanced PID and the PID-ST techniques.  

 

 

 

Figure 6.52 RMS values for control currents in the horizontal direction with the super twisting 
controllers. 

 

Figure 6.53  RMS values for control currents in the vertical direction with the super twisting 
controllers. 
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Figure 6.54  Peak values for control currents in the horizontal direction with the super twisting 
controllers. 

 

Figure 6.55  Peak values for control currents in in the vertical direction with the super twisting 
controllers. 
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6.8 Concluding Remarks 

This chapter reports the proposed control schemes based on the concepts of 2-SMC. These 

schemes can be classified into five groups. The first group represents the PID-Twisting 

controller. The second group includes two control techniques based on the concepts of sub-

optimal algorithm. One technique is based on a simple numerical differentiator while the other 

one employs a HGO. The third group refers to the developed controller with a prescribed 

convergence law. The fourth group includes the quasi-continuous 2-SMC. The obvious 

advantage of both third and fourth group is that there are only two control parameters to be 

tuned. The fifth group combines two control schemes based on the concepts of super twisting 

algorithm.  One controller employs the standard super twisting algorithm while the other one is 

based on a modified version. All the proposed controllers were implemented on a DSP board 

and their performance was compared against the benchmark controller developed in Chapter 2. 

Most of the proposed techniques gave a superior performance compared to the benchmark 

controller. However, the controller with the prescribed convergence law was able to achieve an 

excellent performance with fewer control parameters.  

 
  

 

 

Figure 6.56  Total ohmic losses in a radial PM-AMB with the super twisting controllers. 
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Chapter 7  
Robust Adaptive Backstepping Control Scheme 
for AMB Systems  

The proposed algorithms presented so far depend on a fixed-gain linear controller enhanced 

with a sliding mode control component to stabilize and regulate the dynamics of AMB systems. 

In general, the effectiveness of these controllers have been demonstrated experimentally and the 

superiority to the non-enhanced linear controller has also been highlighted. The motivation to 

these algorithms was replacing the model-based linear controller with a fixed high-gain 

feedback controller to attain a model-free control scheme. In this chapter, for the sake of further 

improving the performance of the system and effectively reducing the control effort as much as 

possible, we address replacing the high gain linear controller by a nonlinear controller with 

adaptive control gains. This modification is expected to both boost the closed loop performance 

and reduce the burden on the sliding mode controller and subsequently alleviate the chattering 

problem as well. This is because the adaptive controller is devoted to handle parametric 

uncertainties of the system while the sliding mode controller is proposed to confront the non-

parametric uncertainties including external disturbances.  

7.1 Background 

7.1.1 Adaptive Control vs. Robust Control 

Adaptive control refers to a class of control algorithms which are applied to systems with known 

dynamic structures but their constant or slowly varying parameters are uncertain. The 

motivation behind applying adaptive control is generally to preserve the consistent performance 

of a controlled system even in the case of unacquaintance or unknown variations in plant 

parameters. The interest in developing controller with adaptive gains goes back to the 1950’s 

with the desire to develop autopilots for high performance aircraft. However, it was only in the 

1980’s when the adaptive control approach found a widespread recognition. The application 

areas include but are not limited to robotics, aircraft, power systems, chemical processes, and 

biomedical engineering. These successful implementations in many practical fields were due to 
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the advances in the nonlinear control theory accompanied with the availability of cheap 

computation means [64]. The continuing popularity of adaptive control can be justified by its 

effectiveness in controlling plants with unknown parameters. It should be emphasized that the 

application of this approach to nonlinear systems is limited to dynamic models which can be 

linearly parameterized (i.e. the unknown model parameters appear linearly) which is fortunately 

achievable in many practical applications. The vital part of this controller is the parameter 

estimation with parameter update law that continuously adjusts the control gains online based 

on the measured system signals. Adaptive control schemes can be broadly classified into direct 

and indirect algorithms. The distinction between direct and indirect adaptive controllers stems 

from that fact that the updated parameters are either those of the controller (direct) or those of 

the plant (indirect) [181]. Lyapunov functions can be used to derive the parameter update law 

and show the convergence of the resulting control system.  

It is remarkable that robust control can also be employed to handle systems with 

parametric uncertainties (as previously done in chapters 5 and 6). Natural questions might be 

raised at this point regarding the difference between adaptive control and robust control. In 

general, it is expected that the application of adaptive control to a plant with unknown constant 

or slowly varying parameters is superior to robust control.  This is because adaptive control 

improves its performance as adaptation goes on thanks to the learning behavior of the parameter 

update law, while the objective of a robust control is to preserve a consistent performance [64].  

Moreover, adaptive controllers can be applied with little or no prior information about the 

system parameters, while robust controllers usually require a priori information about the 

bounds on these parameters. On the other hand, robust control possesses unique properties not 

available for adaptive control such as handling disturbances, unmodeled dynamics, and quickly 

time varying parameters. The marriage between adaptive control and robust control is possible 

and leads to the so-called robust adaptive control. The resulting controller inherits the 

advantages of both controllers and has the ability to handle both parametric and non-parametric 

uncertainties more efficiently [64].  

7.1.2 Backstepping Technique 

In nonlinear systems, the Lyapunov function concept is a very powerful tool for studying the 

stability of these systems. An extension of this concept as a design tool for nonlinear feedback 

controllers is known as Control Lyapunov Function (CLF) [61]. However, for most nonlinear 
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systems selecting an appropriate CLF is not trivial and could be as complex as designing a 

stabilizing feedback law. Backstepping approach was proposed as a recursive methodology to 

confront this difficulty. This approach can solve systematically both constructing a feedback 

control law and the associated CLF problems simultaneously. Moreover, this approach avoids 

the drawbacks of feedback linearization technique with respect to the necessity to a precise 

dynamic model. In principle, developing a controller through backstepping is done by 

considering some of the state variables as virtual controllers and designing for them intermediate 

control laws [181]. The process starts with designing a control law for that subsystem separated 

from the input by the largest number of integrators and then stepping back new controllers that 

progressively stabilize each outer subsystem. The process terminates when the real controller of 

the system is reached and thus the name backstepping. However, when the system suffers from 

parametric uncertainties, it is more beneficial to employ adaptive backstepping which is an 

elegant technique that combine the merits of both backstepping and adaptive control laws [181], 

[182]. 

7.2 Proposed Robust Adaptive Controller 

For the sake of deriving the robust adaptive backstepping controller (RABC), let us first consider 

the state space representation for one controlled axis and ignore the external disturbance at this 

step (it will be taken into account later). The formulation with an integral action can be presented 

as follows 

 

q q

q q

q a q bu

0 1

1 2

2 1

  (7.1) 

where q1 denotes to the tracking error, while q0 and q2 represents its integral and derivative 

action respectively, a and b are positive unknown parameters of the system.  It should be pointed 

out that representing the system in a linearized form is for the sake of simplifying the control 

design process. This assumption is reasonable for PM-AMB thanks to the PMs which linearize 

the dynamics around the equilibrium point.  
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7.2.1 Design Process 

We start the design process of the backstepping controller by stabilizing the dynamics of the 

first subsystem q0 , and for that let us introduce dq1 as the desired tracking reference (embedded 

virtual controller) which can be used to derive q0  to zero. Let 

 dq q1 1 1   (7.2) 

and η1 represents an intermediate tracking error. For achieving this goal, assume the Lyapunov 

function candidate for the first subsystem is 

 V q2
0 0

1

2
  (7.3) 

and the derivative of the Lyapunov function V0 can be given as 

  dV q q 0 0 1 1   (7.4) 

A suitable choice for dq1  to stabilize the dynamics of q0 is as follows 

 dq k q1 0 0   (7.5) 

where k0 > 0 is a control gain. To this end, the first subsystem is stabilized if the intermediate 

tracking error η1 goes to zero. Now consider controlling the second subsystem dynamics where 

dq2 is the corresponding embedded virtual controller and as a result 

 dq q2 2 2   (7.6) 

where η2 is an intermediate tracking error. Let the corresponding Lyapunov candidate be defined 

as 

 V V 2
1 0 1

1

2
  (7.7) 

and its time derivative can be derived as 

  dV k q q q k q     2
1 0 0 1 0 1 2 0 1 2   (7.8) 

The virtual controller dq2  can be designed as 

 dq k q q k2 0 1 0 1 1   (7.9) 
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where k1 > 0 is another control variable. It is remarkable that this selection stabilizes the system 

as long as the tracking error η2 vanishes to zero. Therefore, the input u must be designed such 

that the intermediate tracking errors η1, and η2 certainly go to zero. Finally, the backstepping 

controller for the system can be designed via selecting the following Lyapunov function 

candidate 

 V V
b

2
2 1 2

1

2
  (7.10) 

It can be shown that the time derivative for the proposed Lyapunov function V2 can be obtained 

as follows 

 
 back

V k q k
a q u b k q b q b k q b k k q

    

    

2 2
2 0 0 1 1 1 2

2 1 1 1 0 2 1 1 1 1 2 1 0 1 1

  (7.11) 

where are a a b1  and b b1 1 . The backstepping controller can then be designed as 

   ˆˆbacku a q b k q q k q k k q k      1 1 1 0 2 1 1 2 0 1 1 1 2 2   (7.12) 

where k2 > 0 is a control variable. The next step is to design the adaptation mechanism to 

compensate for the parametric uncertainty. The update law for the unknown parameters a, and 

b can be designed as [181] 

 ˆ aa q1 2 1   (7.13) 

  ˆ
bb k q q k q k k q   1 2 0 2 1 1 2 0 1 1   (7.14) 

where κa and κb are positive learning rates. To analyze the convergence properties of the selected 

parameters update law, consider the following Lyapunov function candidate 

 
a b

V V a b2 2
3 2 1 1

1 1

2 2
  (7.15) 

where ˆa a a1 1 1  and ˆb b b1 1 1 . It can be easily shown that the time derivative for this 

Lyapunov functions is obtained as 

 V k q k k2 2 2
3 0 0 1 1 2 2   (7.16) 
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The stability of the designed adaptive backstepping controller can be proved in a similar fashion 

to the adaptive intelligent controller proposed in [26]. Since V3 0 , it is a negative semi-definite 

function, which implies that , , andq0 1 2 are bounded. Let us define the function 

   t k q k k V    2 2 2
0 0 1 1 2 2 3 , and then integrate the t  function with respect to time as 

follows 

                , , , , , , , ,
t

d V q t t t a b V q a b  3 0 1 2 1 1 3 0 1 2 1 10
0 0 0   (7.17) 

Since       , , , ,V q a b3 0 1 2 1 10 0 0 is bounded and       , , , ,V q t t t a b3 0 1 2 1 1 is non-

increasing and bounded, the following inequality can be satisfied  

  lim
t

t
d


 0   (7.18) 

Thus  t is bounded which implies that V3  is also bounded, and as a result V3  is uniformly 

continuous. By applying Barbalat’s Lemma [64], it can be shown that  lim
t

t


 0 .  From 

(7.16), we can conclude that , , andq0 1 2  are globally exponentially stable. Since q0 0  and 

1 0 , from (7.2) and (7.5), it is expected that q1 0 . Similarly, because 2 0 , observing 

(7.6) and (7.9), it implies that q2 0 . Moreover, examining (7.12)−(7.14), one can notice that 

backu 0  as well. To this end, all signals are demonstrated to be bounded and the stability of 

the adaptive backstepping controller is guaranteed. 

7.2.2 Robustification  

For the design process of the adaptive backstepping controller presented above, it was assumed 

that the unknown or slowly varying model parameters were the only source for system 

uncertainty. However, in reality, there are many types of non-parametric uncertainties such as 

neglected high-frequency dynamics, measurement noise, external disturbances, and sampling 

delay. These non-parametric uncertainties can affect the performance of the adaptive control 

system. It was shown that the convergence of the tracking error is guaranteed with adaptive 

control but this does not imply that the estimated values for â1  and b̂1  will converge to the 
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actual values of a1 and b1 respectively. Only when the signals are persistently exciting18, the 

estimated parameters can converge to the actual values and thus the adaptive controller has some 

immunity to the non-parametric uncertainties [64]. 

Non-parametric uncertainties are the main cause of a major problem called parameter 

drift [64]. It has been noted that the parameters drift slowly in the beginning for a while, and in 

the meantime, this initial drift has no influence on the tracking accuracy. However, they 

suddenly diverge sharply and this leads to the failure of the adaptive controller and finally the 

instability of the system. Besides the presence of non-parametric uncertainties, there are other 

factors that lead to parameter drift, such as setting very large adaptation gain, or in the case of 

non-persistent exciting signals. In summary, the failure of the estimated parameters to converge 

to their real values can be interpreted as the inability of the adaptation mechanism to distinguish 

the insufficient information (due to the non-persistent exciting signals) from noise. Exploiting 

this observation, the adaptation mechanism can be shut down when the tracking error is small. 

This is because a small tracking error contains mostly noise and disturbance and cannot be used 

for reliable estimation. This solution to parameter drift problem is known as the dead-zone 

technique and it is commonly used because of its effectiveness and simplicity [64]. Simply, the 

adaption laws given in (7.13) and (7.14) are respectively replaced by 

 ˆ a q if q
a

if q
2 1 1

1
10

  (7.19) 

 
 ˆ b k q q k q k k q if q

b
if q

    
 



2 0 2 1 1 2 0 1 1 1
1

10
  (7.20) 

where ∆ is the size of the dead-zone. 

In addition to the dead-zone technique used to improve immunity of the adaption 

mechanism to measurement noise and disturbances, another measure is taken to enhance the 

robustness of the proposed control scheme to handle more efficiently the non-parametric 

uncertainties. The hybridization concept is applied here to incorporate the adaptive backstepping 

controller to the super twisting controller. The total control action becomes 

                                                 
18 A persisting signal refers to a rich signal such as a sinusoidal reference while the non-persisting signal implies 
that the reference signal is either constant or zero [64]. 
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model. Therefore, it can be applied to other AMB systems without the need to repeat the 

derivation process. Having some knowledge about the dynamics of the controlled system is 

helpful to facilitate the tuning process via simulation tools. However, the proposed controller 

can also be tuned heuristically. We suggest the following steps as a guide for empirical tuning: 

1) For a multi-axis AMB system, each decentralized controller is tuned individually while 

maintaining the stability of the other axes by simple linear controllers (PID). 

2) The backstepping controller backu  is tuned first. For the sake of simplifying the tuning 

process, the learning rates (κa and κb) can be initially set to one. Thus only three 

parameters have to be tuned (k0, k1, k2) like a PID controller. 

3) Having backu tuned and the system becomes stable, the super twisting controller super  

can be then tuned. The first step is selecting an appropriate sliding surface. Then 

selecting the control gains can be simplified though adopting the following formula [56] 

 
.
.

w s

r s

K
K

1 5

1 1
  (7.24) 

and thus only one parameter has to be tuned.  

4) For fine tuning, the control gains can be then adjusted interactively until a satisfactory 
performance is attained.  

After extensive experimental searching, the control parameters were set to 

k0 = 3, k1 = 200, k2 = 12, κa = 1, κb = 1, Ks = 2, λs = 100, and Δ = 1.6. 

Figure 7.2 and Figure 7.3 illustrates the performance of the proposed controller against the PID 

controller at 1400 RPM and 2600 RPM rotation speeds respectively. It is remarkable the 

superiority of the RABC scheme in attenuating rotor vibrations with respect to the linear 

controller. Moreover, the control efforts are also effectively minimized. For a further evaluation, 

Figure 7.4 to Figure 7.12 shows a comparison between the performance measures for the RABC 

against PID controller throughout the entire operating range. One can notice the degraded 

performance at the low operating speeds especially in the range between 200 RPM and 600 

RPM. It is obvious that this degradation occurs when the disturbance is not sufficiently 

persisting and hence the adaptive estimator is unable to converge to the actual values. However, 

the performance significantly improves with increasing the rotation speed. Furthermore, the 
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control currents are minimized as shown in Figure 7.8 to Figure 7.11. It is also remarkable that 

the control efforts become almost constant starting from the1000 RPM rotation speed. This 

superior performance is also reflected on the consumed ohmic losses which are obviously much 

lower than those with the PID controller as shown in Figure 7.12. 

 

 

(a) Rotor orbit (b) Control currents 

Figure 7.2 Experimental results at 1400 RPM speed for RABC controlled system. 

(a) Rotor orbit  (b) Control currents 

Figure 7.3 Experimental results at 2600 RPM speed for RABC controlled system 
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Figure 7.4 RMS values for tracking errors in the horizontal direction with RABC scheme 

 

Figure 7.5 RMS values for tracking errors in the vertical direction with RABC scheme 
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Figure 7.6 Maximum values for tracking errors in the horizontal direction with RABC scheme 

 

Figure 7.7 Maximum values for tracking errors in the vertical direction with RABC scheme 
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Figure 7.8 RMS values for control currents in the horizontal direction with RABC scheme 

 

Figure 7.9  RMS values for control currents in the vertical direction with RABC scheme 
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Figure 7.10  Peak values for control currents in the horizontal direction with RABC scheme 

 

Figure 7.11  Peak values for control currents in in the vertical direction with RABC scheme 
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7.4 Concluding Remarks 

Unlike the fixed high-gain linear control enhanced with a sliding mode controller as proposed 

in the last two chapters, a backstepping controller with adaptive control gains is presented in 

this chapter. Furthermore, robsutification measures were taken into account to enhance the 

performance of the proposed control scheme against system uncertainties. The so-called dead-

zone technique is used to freeze the adaptation mechanism when the signal is not sufficiently 

persisting and thus protecting the system form losing its stability. A super twisting controller is 

incorporated with the backstepping controller for the sake of efficiently handling the non-

parametric uncertainties. The RABC algorithm was implemented on the DSP board. 

Experimental results were also given to demonstrate the effectiveness of the proposed controller 

compared to the PID controller excluding the lower operating speeds (below 1000 RPM). 

 
  

 

 

Figure 7.12  Total ohmic losses in a radial PM-AMB with RABC scheme 
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Chapter 8 
Conclusion and Future work 

8.1 Summary of the Work 

In this thesis, we deal with the issue of developing efficient control schemes for active magnetic 

bearings with low power consumption. This work builds on the previous efforts that have 

proposed adopting permanent magnetic biased active magnetic bearings (PM-AMB) as a 

replacement to the current biased ones. Eliminating bias currents by employing permanent 

magnets to supply the bias flux leads to a significant reduction in coil currents and thus less 

power consumption. However, this solution does not reduce the amount of current that is used 

for control. Therefore, applying advanced control techniques could achieve a further reduction 

in the power consumption of energy-efficient AMB systems. Many model-based control 

schemes have been proposed in literature to achieve a satisfactory performance but the 

complexity of the majority of control schemes and the potential requirement to a powerful 

platform could discourage their application in practice. As a result, the motivation behind this 

work was to improve the closed-loop performance without the need to do identification and 

following the conventional procedure for developing a model-based controller. In this thesis, 

we investigated developing efficient and yet simple control schemes for regulating permanent 

magnet-biased active magnetic bearing system. 

In the following lines, we are going to briefly present the steps taken to fulfill the main 

control objectives with respect to attenuating the rotor vibrations and reducing the 

corresponding control currents as much as possible throughout a wide operating range. First, we 

studied the dynamics of the PM-AMBs to have a better understanding of the system and to build 

a simple mathematical model to guide the process of controller tuning via few 

experimental/simulation trials with the minimum labor and time. Then a decentralized PID 

controller was constructed for stabilizing the inherently open-loop unstable system. Although a 

satisfactory performance was achieved for the non-rotating condition, the performance 

deteriorated during rotation when the system was subjected to external harmonic disturbances. 

This step demonstrated the necessity to develop a more efficient control scheme for technical 

and economical purposes. The vibration level increased with rotational speed and its maximum 
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values took place when the rotating speed coincided with the resonant frequencies. Besides the 

degraded performance and the potential loss of the closed-loop stability, the repetitive intensive 

contact with the safety bearings could result in reducing their lifetime due to the wear and tear. 

Furthermore, the higher the vibration level, the higher the control efforts which means higher 

power losses. Moreover, higher peak currents would require higher current amplifier ratings. 

The degraded performance connected with the application of PID was expected and is 

compatible with the literature on control of active magnetic bearings.  

After reviewing the various control methods proposed for improving the operational 

performance of AMB systems reported in literature, sliding mode control (SMC) approach was 

adopted for solving the control problem imposed here. It is a well-known robust control 

technique for nonlinear systems. Besides the high fidelity performance, SMC is well-known for 

the simplicity in implementation and the reduction of the compensated system order. Unlike 

linear robust control techniques, no special toolboxes are required for developing the feedback 

controller. Thanks to its invariance property to uncertainties, it can theoretically achieve a 

complete rejection to matched disturbances once an ideal sliding mode takes place. In this thesis, 

we adopted the hybridization concept for the sake of enhancing the performance of the available 

PID control schemes. We exploited some principles borrowed from the nonlinear control theory 

such as first- and second-order sliding mode control, high gain observer, backstepping, and 

adaptive techniques for constructing efficient feedback add-ons.  

We first developed a model-free control scheme based on the concepts of conventional 

SMC. It is the discontinuous control action that gives the interesting features to this controller. 

Nevertheless, the practical implementation of an ideal SMC is not feasible because of the 

chattering problem. Therefore, we considered the boundary layer approach since it is the most 

straightforward and commonly used to mitigate this problem. This approach relies on replacing 

the discontinuous control action with an approximate continuous one. The experimental results 

of this controllers showed an improvement with respect to the tracking error compared to the 

benchmark controller (PID). After that, we considered another problem connected with the 

application of conventional SMC. It is the invariance property that is not effective throughout 

the entire process. Integral sliding mode control (ISMC) was proposed as a solution to the lack 

of robustness of the conventional SMC during the reaching mode. Therefore, we exploited the 

principles of ISMC and introduced an integral action to the sliding variable. The experimental 
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results obtained for the model-free ISMC scheme demonstrated a superior performance 

compared to the non-enhanced PID controller in terms of both to attenuating the rotor vibrations 

and reducing the corresponding control currents as possible throughout a wide operating range. 

Later, we addressed the application of the so-called higher order sliding mode (HOSM) 

approach which has been developed for handling the chattering problem while maintaining the 

main advantages of the conventional SMC with respect to robustness, order reduction, 

simplicity and ease of implementation. Adopting the boundary layer technique as a solution to 

the chattering problem makes the error trajectories to confine to a boundary layer in the vicinity 

of the sliding surface instead of vanishing to zero. Therefore, the complete invariance property 

is lost and hence a compromise between robustness and chattering is inevitable. Another reason 

for considering the application of HOSM is the claimed better accuracy when practically 

implemented compared to the conventional SMC in the presence of switching delays and 

measurement noise. Except the terminal SMC, the application of HOSM techniques to magnetic 

bearings has not been reported in literature. Therefore, we investigated the practical application 

of some of the most popular second order sliding mode control (2-SMC) techniques, namely 

twisting, sub-optimal, quasi-continuous, with prescribed convergence law, and finally super 

twisting algorithms. The developed control schemes based on the principles of 2-SMC were 

implemented and tested on the PM-AMB system. It was found that all the proposed schemes 

resulted in a considerable reduction in the rotor runout throughout the entire operating range 

except the sub-optimal and the super twisting based schemes. As a results, we proposed 

incorporating a high gain observer with the first scheme instead of the simple numerical 

differentiator and introducing a modification to the second technique. These modifications 

resulted in a slight improvement in the performance of the sub-optimal controller and a dramatic 

improvement in the performance of the super twisting controller.     

Finally, we addressed replacing the fixed-gain linear controller by an adaptive 

backstepping controller for the sake of achieving a further improvement in the performance of 

the system and minimization of the control effort as possible.  This modification was expected 

to both boost the closed loop performance and reduce the burden on the sliding mode controller 

and subsequently alleviate the chattering problem as well. This is because the adaptive controller 

is devoted to handle parametric uncertainties of the system while the sliding mode controller is 

proposed to confront the non-parametric uncertainties including external disturbances. The 
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assumed that the rotor is rigid and the gyroscopic effect is negligible. A further research is 

thus needed to investigate the performance of these schemes when the PM-AMB are used 

to support systems operating at higher rotational speeds and/or suffering from the 

gyroscopic effect, e.g. flywheel energy storage systems. 

b) This work presented performance evaluations for the system in steady state for non-rotating 

and rotation conditions. But, the performance of the proposed controllers was not evaluated 

for the levitation (start-up) test. The author observed during the experimental work that the 

RABC leads to a smoother start-up compared to the others. However, further investigations 

are required at this issue to evaluate, compare, and report the transient response 

performance of the proposed control schemes.  

c) It is interesting to compare the performance of the proposed model-free controllers against 

other robust control techniques, particularly the model-based ones. 

d) In this thesis, we proposed some add-ons to be incorporated with the PID controller for the 

sake of enhancing the operational performance. There are in literature some advanced PID 

controllers such as nonlinear PID [29], and fractional order PID controllers (PIλDμ) [30] but 

their application to handle harmonic disturbances associated with AMBs has not been 

reported yet (or at least is still under investigation). It is recommended to address the 

application of these techniques to AMB systems and investigating the possibility of 

satisfying the control objectives imposed here. 

e) In this work, we employed 2-SMC principles to develop the proposed add-ons. However, 

2-SMC is a special case of HOSM. Therefore, the research can be extended to investigate 

other higher order sliding mode control techniques, for instance the so-called arbitrary 

HOSM [56]. Another recommendation is to investigate the possibility of introducing 

integral action to the sliding variables of the proposed 2-SMC. It was demonstrated that 

adopting ISMC as a replacement to SMC resulted in a significant improvement in the 

performance. Therefore, it is expected that finding a way to develop integral-enhanced 

sliding variables for 2-SMC schemes would further improve the performance.  
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Conclusion en français 
8.4 Résumé des travaux 

Dans cette thèse, nous traitons la question du développement des systèmes de contrôle efficaces 

pour paliers magnétiques actifs à faible consommation d'énergie. Ce travail repose sur les efforts 

précédents qui ont proposé l'adoption de paliers magnétiques permanents biaisés actifs (PMPA) 

en remplacement de ceux courant biaisés (PMA). L'élimination des courants de polarisation en 

utilisant des aimants permanents pour fournir le flux de polarisation conduit à une réduction 

significative des courants de bobine et donc une moindre consommation d'énergie. Cependant, 

cette solution ne réduit pas la quantité de courant qui est utilisé pour le contrôle. Par conséquent, 

l'application des techniques de contrôle avancées pourrait parvenir à une réduction 

supplémentaire de la consommation d'énergie des systèmes PMA. De nombreux systèmes de 

contrôle basés sur des modèles ont été proposés dans la littérature pour obtenir une performance 

satisfaisante, mais la complexité de la majorité des systèmes de contrôle et de l'exigence 

potentielle d’une plate-forme puissante pourrait décourager leur application dans la pratique. En 

conséquence, la motivation derrière ce travail était d'améliorer les performances en boucle 

fermée, sans la nécessité de procéder à l'identification et à la suite de la procédure classique pour 

développer un contrôleur basé sur un modèle. Dans cette thèse, nous avons étudié le 

développement de systèmes de contrôle efficaces et simples pour réguler le système de PMPA. 

Dans les lignes qui suivent, nous allons présenter brièvement les mesures prises pour 

atteindre les principaux objectifs de contrôle pour atténuer les vibrations du rotor et réduire les 

courants de commande correspondant autant que possible tout au long d'une large plage de 

fonctionnement. Tout d'abord, nous avons étudié la dynamique des PMPA afin d'avoir une 

meilleure compréhension du système et de construire un modèle mathématique simple pour 

guider le processus de réglage du contrôleur via quelques essais expérimentaux/simulation avec 

le travail et le temps minimum. Ensuite, un régulateur PID décentralisé a été construit pour 

stabiliser le système instable par nature en boucle ouverte. Bien qu'une performance satisfaisante 

a été obtenue à l'état non rotatif, la performance est détériorée lors de la rotation lorsque le 

système est soumis à des perturbations harmoniques externes. Cette étape a démontré la 

nécessité de développer un système de contrôle plus efficace à des fins techniques et 

économiques. Le niveau de vibration a augmenté avec la vitesse de rotation et ses valeurs 
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maximales ont eu lieu lorsque la vitesse de rotation coïncide avec les fréquences de résonance. 

Outre la dégradation des performances et de la perte potentielle de la stabilité en boucle fermée, 

le contact intensif répétitif avec les paliers de sécurité pourrait entraîner une réduction de leur 

durée de vie en raison de l'usure. De plus, le niveau de vibration plus élevé, plus les efforts de 

commande entraînent des pertes de puissance plus élevés. En outre, l'augmentation des courants 

de pointe, il faudrait des amplificateurs de courant plus puissants. La dégradation des 

performances liée à l'application du PID était attendue et est compatible avec la littérature sur 

le contrôle des paliers magnétiques actifs. 

Après avoir examiné les différentes méthodes de contrôle proposées pour améliorer la 

performance opérationnelle des systèmes PMA rapportés dans la littérature, le contrôle par 

approche du mode glissant (SMC) a été adoptée pour résoudre le problème de contrôle posé ici. 

Il est une technique de commande robuste bien connu pour les systèmes non linéaires. Outre les 

performances d’haute-fidélité, SMC est bien connu pour la simplicité dans la mise en œuvre et 

la réduction de l'ordre du système compensé. Contrairement aux techniques de contrôle robustes 

linéaires, aucun outil spécifique est nécessaire pour développer le contrôleur en boucle fermée. 

Grâce à sa propriété d'invariance aux incertitudes, il peut théoriquement atteindre un rejet 

complet des perturbations alors un mode de glissement idéal a lieu. Dans cette thèse, nous avons 

adopté le concept d'hybridation pour le bien de l'amélioration de la performance des systèmes 

de régulation PID disponibles. Nous avons exploité certains principes empruntés à la théorie du 

contrôle non linéaire tels que le contrôle de mode glissant de premier et de second ordre, 

observateur à grand gain, backstepping et techniques adaptatives pour la construction de boucles 

fermées efficaces.  

Nous avons d'abord mis au point un système de contrôle sans modèle basé sur les 

concepts de SMC classique. C’est l'action de commande discontinue qui donne les 

caractéristiques intéressantes à ce contrôleur. Néanmoins, la mise en œuvre pratique d'un SMC 

idéal n’est pas possible à cause du problème de chattering. Par conséquent, nous avons considéré 

l'approche de la couche limite, car il est le plus simple et couramment utilisé pour atténuer ce 

problème. Cette approche repose sur le remplacement de l'action de contrôle discontinu avec 

une approximation continue. Les résultats expérimentaux de ces contrôleurs ont montré une 

amélioration par rapport à l'erreur de suivi comparé à la commande de référence (PID). Après 

cela, nous avons considéré un autre problème lié à l'application de la SMC conventionnelle. La 
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propriété de son invariance n’est pas efficace tout au long du processus. La commande de mode 

glissant intégral (ISMC) a été proposée comme solution au manque de robustesse du SMC 

classique durant la période de convergence. Par conséquent, nous avons exploité les principes 

de ISMC et introduit une action intégrale à la variable de glissement. Les résultats 

expérimentaux obtenus pour le régime ISMC sans modèle ont démontré une performance 

supérieure par rapport au contrôleur non amélioré PID pour atténuer les vibrations du rotor et 

réduire les courants de commande correspondants autant que possible tout au long d'une large 

plage de fonctionnement. 

Plus tard, nous avons abordé l'application des modes glissants d'ordre supérieur 

(HOSM), approche qui a été développé pour traiter le problème de chattering, tout en maintenant 

les principaux avantages de la SMC conventionnelle par rapport à la robustesse, la réduction de 

l'ordre, la simplicité et la facilité de mise en œuvre. L'adoption de la technique de la couche 

limite comme une solution au problème de chattering rend les trajectoires d'erreur confinées à 

une couche limite au voisinage de la surface de glissement au lieu de disparaître à zéro. Par 

conséquent, la propriété d'invariance complète est perdue et donc un compromis entre robustesse 

et chattering est inévitable. Une autre raison de considérer l'application de HOSM est la 

meilleure précision revendiquée lors de mises en pratique par rapport à la SMC classique en 

présence de retards de commutation et de bruit de mesure. À l'exception du SMC terminal, 

l'application des techniques de HOSM à paliers magnétiques n'a pas été rapportée dans la 

littérature. Par conséquent, nous avons étudié l'application pratique de certaines des plus 

populaires commande par mode glissant d'ordre deux (2-SMC) techniques, à savoir l’algorithme 

de twisting, l’algorithme sous-optimal, l’algorithme quasi-continue, l’algorithme avec la 

convergence prévue, et enfin l’algorithme de super twisting. Les systèmes de contrôle 

développés basés sur les principes de la 2-SMC ont été mis en œuvre et testés sur le système 

MP-PMA. Il a été constaté que tous les schémas proposés ont entraîné une réduction 

considérable du décentrage du rotor sur toute la plage de fonctionnement, sauf pour le contrôle 

basé sur l’algorithme sous-optimal et le super twisting. Comme résultat, nous avons proposé 

l'incorporation d'un observateur à grand gain au précédent résultat au lieu de la différenciation 

numérique simple et en introduisant une modification à la dernière technique. Ces modifications 

ont entraîné une légère amélioration des performances du contrôleur sous-optimal et une 

amélioration spectaculaire des performances du contrôleur de super twisting.     



190 

 

Enfin, nous avons abordé le remplacement de la commande linéaire à gain élevé par un 

contrôleur adaptatif backstepping par souci de parvenir à une amélioration supplémentaire de la 

performance du système et la minimisation de l'effort de commande autant que possible. Cette 

modification a été prévu à la fois pour améliorer les performances en boucle fermée et réduire 

la charge sur le contrôleur de mode glissant et atténuer ainsi ensuite le problème de chattering. 

Ceci parce que le contrôleur adaptatif est consacré à traiter des incertitudes paramétriques du 

système pendant que le contrôleur de mode glissant fait face aux incertitudes non paramétrique 

comprenant des perturbations externes. Le contrôleur de backstepping adaptatif a été combine 

avec l’algorithme de super twisting. Les résultats expérimentaux ont démontré l'efficacité du 

système de contrôle proposé par rapport au régulateur PID à l'exclusion des vitesses de 

fonctionnement en dessous de 1000 RPM. 

8.5 Évaluation des systèmes de contrôle proposées 

Dans cette thèse, de nombreux systèmes de contrôle ont été proposées. Les mesures de 

performance ont été définis pour évaluer la performance de ces systèmes par rapport au 

contrôleur de référence (PID). Par souci d’obtenir une conclusion générale sur la performance 

de ces contrôleurs sur toute la plage de fonctionnement, nous calculons la valeur moyenne de 

ces mesures de performance. Par souci de concision, nous présentons l'évaluation de la 

performance de l'axe horizontal uniquement. Figure 8.3 montre les valeurs moyennes de la 

mesure de performance EMAX des différentes méthodes de contrôle appliqué à l'axe horizontal 

pour les vitesses de rotation entre 200 RPM et 3000 RPM. Il est évident que tous les systèmes 

proposés atténuent avec succès le niveau de vibration maximale. En général, la performance des 

systèmes de contrôle PID-ISMC, PID-Twisting, PID-Prescribed, PID-Quasi, and PID-MS est 

supérieure par rapport aux autres. On peut également remarquer que les performances de RABC 

pour une vitesse de rotation de plus de 800 RPM est également satisfaisante. Figure 8.4 présente 

les valeurs moyennes des mesures de performances IRMS des différents régimes de contrôle 

appliquées à l'axe horizontal pour les vitesses de rotation entre 200 RPM et 3000 RPM. Il est 

remarquable que la conclusion précédente sur les performances d'atténuation des vibrations des 
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SMC proposés. En examinant, par exemple, le PID-ISMC, la moyenne de ses EMAX égal 38 μm 

contre 79.7 μm dans le cas du régulateur PID non amélioré. Cela représente une réduction 

d'environ 52.3% en moyenne du niveau de vibration maximale. En outre, la moyenne de ses 

IRMS est de 0.17 A contre 0.289 A pour le contrôleur de référence. Cela signifie que l'intégration 

de cet ajout du ISMC au modèle-libre pour le régulateur PID résulte en 41.17% de réduction en 

moyenne dans les courants de commande consommé. Ces résultats suggèrent que les objectifs 

fixés pour cette thèse ont été atteints avec succès. 

8.6 Recommandation et travaux futurs  

Quelques directions possibles pour les recherches futures sont décrites ci-dessous : 

f) Dans cette thèse, nous avons proposé plusieurs systèmes de contrôle non linéaire pour 

améliorer la performance des systèmes de paliers magnétiques. Toutefois, il convient de 

souligner que ces techniques sont des solutions de rétroaction. Par conséquent, ils sont 

limités à traiter efficacement les perturbations lorsque la vitesse de rotation est en 

dessous de la bande passante du contrôleur. Par ailleurs, nous avons supposé que le rotor 

soit rigide et l'effet gyroscopique est négligeable. Une autre recherche est donc 

nécessaire pour étudier la performance de ces régimes lorsque le PMPA sont utilisés 

pour soutenir les systèmes fonctionnant à des vitesses de rotation plus élevées et /ou 

souffrant de l'effet gyroscopique, par exemple, des systèmes de stockage d'énergie à 

volant d'inertie. 

g) Ce travail a présenté des évaluations de performance pour le système à l'état d'équilibre 

pour les deux conditions, statique ou en rotation. Cependant, les performances des 

contrôleurs proposés n’ont pas été évalué pour le test de lévitation(démarrage). L'auteur 

a observé au cours du travail expérimental que le RABC conduit à un démarrage plus 

lisse par rapport aux autres. Toutefois, d'autres recherches sont nécessaires sur cette 

question pour évaluer, comparer et signaler la performance de la réponse transitoire des 

régimes de contrôle proposées.  

h) Il est intéressant de comparer les performances des contrôleurs proposés sans modèles 

contre d'autres techniques de contrôle robustes, en particulier ceux basés sur des 

modèles. 
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i) Dans cette thèse, nous avons proposé quelques ajouts pour être intégré avec le contrôleur 

PID pour le bien de l'amélioration de la performance opérationnelle. Il existe dans la 

littérature des contrôleurs PID avancés telles que le PID non-linéaire [29], et le 

contrôleur PID d'ordre fractionnaire (PIλDμ) [30] mais leur application pour gérer les 

perturbations harmoniques associées au PMA n'a pas encore été rapporté ( ou au moins 

est toujours sous étude). Il est recommandé de traiter de l'application de ces techniques 

aux systèmes de PMA et étudier la possibilité de satisfaire les objectifs de contrôle 

imposées ici. 

j) Dans ce travail, nous avons utilisé les principes de 2-SMC pour développer les ajouts 

proposés. Cependant, 2-SMC est un cas particulier de HOSM. Par conséquent, la 

recherche peut être étendue pour étudier un autre contrôle des modes glissants d'ordre 

supérieur , par exemple, le contrôle ,comme le HOSM arbitraire [56]. Une autre 

recommandation est d'étudier la possibilité d'introduire une action intégrale aux 

variables de glissement des 2-SMC proposés. Il a été démontré que l'adoption de ISMC 

en remplacement de SMC a donné lieu à une amélioration significative de la 

performance. Par conséquent, il est attendu que trouver un moyen de développer des 

variables glissantes intégrables améliorées pour le régime 2-SMC pourrait améliorer 

encore plus les performances.  
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Appendix A 
PM-AMB SYSTEM PARAMETERS 

A.1 Design parameters of the homopolar radial PM-AMB  

A.2 Parameters of the rotor-bearing test rig  

 
  

Table II  Parameters of the PM-AMB test rig 

Parameter Description Value Unit 

m Shaft mass 61.5 kg 
l Shaft length 120 cm 
D Shaft diameter 90 mm 
Jr Shaft transverse moment of inertia 4.79 kg m2 
Jz Shaft polar moment of inertia 0.086 kg m2 
ksx,ksy PM-AMB stiffness for horizontal and vertical directions, respectively 28.05, 47.8 N/mm 
kix, kiy PM-AMB current gain for both horizontal and vertical directions 609 N/A 
Gsb Nominal safety bearing clearance length 0.5 mm 
VDC Dc voltage supply 30 V 

 

Table I  Design parameters of the PM-AMB 

Parameter Description Value Unit 

Ag Airgap area below one tooth 3150 mm2 
Apm Cross section per pole of the PM segments 1400 mm2 
hpm Axial length of PM segments 77 mm 
Br Permanent magnets remnant flux density 1.1 T 
μrec PM relative recoil permeability 1.05  
N Number of coil turns around a pole 100 Turns 
G Nominal PM-AMB air-gap length 1 mm 
Rc Electromagnetic coil resistance 1.137  
Lc Electromagnetic coil inductance 0.136 H 
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Appendix B  

Why a model-free SMC approach? 

In this appendix, the advantages of adopting a model-free SMC approach over a model-

based one is illustrated by the means of numerical simulations. Three SMC algorithms are 

adopted here to make the idea clear. The first one is a CSMC which employs the equivalent 

control action to cancel the nominal dynamics of the system. While the second one (PD-SMC) 

uses a fixed-gain PD controller for handling the nominal system dynamics and the third one is 

based on a PD controller with adaptive gains. The adaptive PD controller is synthesized though 

the adaptive backstepping control (ABC) technique. 

Consider the following simple 2nd order system which has a similar structure to one 

controlled axis of a typical AMB system:  

 
 , sin d

x x
x a x bu d d m f

1 2

2 1 2



   
  (B.1) 

where (a > 0 and b > 0) are the parameters of the system. It is assumed that the system is 

affected by a bounded external harmonic disturbance (d).  If there exists parametric uncertainty 

to the system model, then the nominal system dynamics (an and bn) can be separated from the 

lumped uncertainty (ζ) as follows: 

 
n n

x x
x a x b u 

1 2

2 1



  
  (B.2) 

and  

 a x bu d 1      (B.3) 

The three controllers used in this comparative study are described as follows 

  sgnCSMC n
n

u a x x
b

  1 1 2 1 1

1
       (B.4) 

  sgnPD SMC p du k x k x  1 2 2 2       (B.5) 
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subjected to a harmonic disturbance of a 10 Hz frequency. Figure B.3 shows that the CSMC 

outperforms the other two SMC in rejecting harmonic disturbances. However, again, the 

control effort of CSMC is higher than those of PD-SMC and ABC.   

B.4 Fair application of switching control action  

In the previous tests, the superior performance of the CSMC is remarkable. This 

outstanding performance raises the question about the reason behind it. It is well-known that 

the invariance property of a SMC is in action and subsequently compensating the bounded 

uncertainties as long as the reachability condition is satisfied according to: 

  1   (B.8) 

where Ψ represents the upper bound on the lumped uncertainty while η > 0 is an arbitrarily 

selected parameter. Careful observation to the previous control settings, one can conclude that 

the robustness of the CSMC is mainly due to the high gain of the switching control action. In 

this section, to prove this claim, the control gains ρ2 and ρ3 in PD-SMC and ABC respectively 

are adjusted to be equal to ρ1 of CSMC. The corresponding settings of the three controllers 

become as follows: 

CSMC , and . 1 110 0 1  

PD-SMC , , , and .p dk k  2 25 3 5 0 1  

ABC , , , and .k k  1 2 3 32 3 5 0 1  
Figure B.4 presents the performance of the SMC with regard to disturbance rejection but with 

fair application of the switching control action. It is remarkable that the robustness of both PD-

SMC and ABC is now superior to the CSMC. Furthermore, the control efforts of both of them 

are still lower than those of CSMC. One can also notice that the performance of PD-SMC and 

ABC is quite similar with the new control settings.   



1 2 3
0
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B.6 Conclusions 

 In this appendix, a comparative study was conducted on three SMC algorithms. The 

motivation behind this study is to investigate the pros and cons of a model-based SMC 

approach against a model-free approach. It was noticed that the model-based approach yields 

an excellent performance either in the nominal conditions or when the system is prone to 

external disturbances thanks to the switching control action. In this approach, the lumped 

uncertainty comprising model uncertainties and external disturbances can be completely 

rejected if the reachability condition is satisfied. However, the corresponding control effort is  

quite high. This is not usually acceptable for economic reasons. Furthermore, the ideal 

realization of the switching control component is not feasible in practice. An approximate 

continuous control action is often implemented instead to avoid the chattering problem. But on 

the other hand, a tradeoff between the performance and the allowable chattering level is 

inevitable. In this study, we investigate the possibility of mitigating the burden on the switching 

control gain. Our proposed solution is to handle model uncertainties and external disturbances 

separately as much as possible. Two model-free solutions were addressed in this study to 

efficiently handle a system with parametric uncertainties while the switching control 

component is devoted to handle the external disturbances. The first one is based on a fixed-

gain PD controller while the second one employs a PD controller with adaptive-gain.  In this 

study, the efficacy of the proposed techniques was proved with numerical simulation in 

fulfilling the control objectives. Furthermore, the superiority of ABC is demonstrated over the 

others because the adaptive controller is devoted to handle parametric uncertainties of the 

system while the sliding mode controller is proposed to confront the non-parametric 

uncertainties including external disturbances. 
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Appendix C  

STABILITY ANALYSIS 

C.1 Algorithms proposed in chapter 5 (1-SMC) 

In this subsection the stability analysis for the proposed PID-CSMC is presented. The 

analysis for the PID-ISMC can be done in a similar manner. Let us first investigate the stability 

of the system with PID control assuming no external disturbances acting on the system. After 

that the stability of the system with external disturbances is presented. 

C.1.1 With no external disturbances ( d 0 ) 

Consider again (5.1), if the external disturbances are neglected for now (i.e. d(t) = 0), the 

PID-controlled system can be written as 

        1 1 1 1 2 2 3 1
0

t

q a q t b k q t k q t k q z dz
 

    
 

   (C.1) 

and its characteristic equation can be formulated as 

  3 2
2 1 3 0s bk s bk a s bk       (C.2) 

where s is the Laplace variable.  

Applying Routh–Hurwitz stability criterion [183], it is not difficult to show that the 

stability of the system can be achieved if the controller parameters are chosen to satisfy  

 2 3 1 2 2 30, 0, and 0k k bk k ak k       

Assuming the exact values are unknown, but the upper bounds ku on a /b and hu on 1/b are 

known, then the choice  

 3
2 3 1

2

0, 0, and u u
kk k k k h
k

      (C.3) 

ensures the Hurwitz stability of the system under nominal condition [61]. This means that 

stability of the PID-controlled system is guaranteed even in the presence of parametric 

uncertainties as long as the control gains are tuned according to (C.3), when no external 

disturbances acting on the system. Furthermore, this also demonstrates the advantage of 
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selecting a PID controller over the exact or approximate cancellation of the nominal dynamics 

of the controlled system as in (5.9). In the conventional approach, all the uncertainties of the 

system are lumped and handled with the switching control action where its gains have to be 

high enough to compensate for the lumped uncertainty.  The drawback of this approach is the 

higher power losses and the potential destabilization of the system due to actuator saturation. 

The simple modification proposed in this thesis is to handle the parametric uncertainties and 

external disturbances separately. A PID controller is selected as a baseline to the proposed 

control scheme since it has a good robustness to parameter variations of the system as long as 

its control gains can be selected to upper bound the parameters according to (C.3). Therefore, 

the control gain of the switching action can be set to a smaller value compared to the 

conventional approach and hence reducing the power losses (consult Appendix B for more 

details).  

C.1.2 With external disturbances ( d 0 ) 

To study the stability of the controlled system with the scheme proposed in (5.10−5.12) 

when subjected to external disturbances (harmonic disturbances in our case), we will use 

Lyapunov functions. Let the Lyapunov function candidate be: 

 21
2 PDV    (C.4) 

Taking the time derivative of the Lyapunov function along the system trajectories 

 PD PDV     (C.5) 

Recall that the sliding variable defined in (5.8) as follows: 

 PD cq q  1 2   (C.6) 

and its time derivative can be derived as (for the sake of simplicity set k4 = 0): 
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PD c PD c PD

c c PD
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  (C.7) 

where  0 1
0

t

q q z dz  . Let the following control gains are tuned to fulfill the following settings:  

 ck b a p1
1   (C.8) 
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 ck b p1
2   (C.9) 

Then time derivative of the Lyapunov function can be re-written as 

 
max

sgnPD PD c PD

PD PD PD c

V p b k q b d

p b k q b d

   

   

3 0

3 0

  (C.10) 

where dmax represents the upper bound to the external disturbances acting on the system. To 

satisfy the reachability condition as explained in (3.2.2), the control gain ρc has to be chosen 

as follows: 

  1
maxc b d     (C.11) 

then (C.10) can be re-written as: 

 PD PD PDV p b k q   3 0   (C.12) 

or 

 
, if
, if

PD PD PD

PD PD PD

p p b k q
V

b k q p b k q
   

   

2 2
3 0

2
3 0 3 0

  (C.13) 

If the control gains are tuned to guarantee the stability criterion derived in (C.3), then PDp 2  

will dominate b k q3 0  and subsequently the first condition only in (C.13) to be obeyed, i.e. 

 PD PDV p  2   (C.14) 

Since the linear term PD   dominates the quadratic term 2
PDp , the reachability condition is 

accomplished and one can obtain [69]: 

 PDV      (C.15) 

which implies that the tracking error converges asymptotically to zero according to the LaSalle 

theorem [61]. 

C.2 Algorithms proposed in chapter 6 (2-SMC) 

It is common to use the Lyapunov approach to address the stability, robustness and 

convergence rate to the equilibrium point for 1-SMC. However, a similar treatment is not 

usually applicable to HOSM until now. Instead, either geometric-based techniques such as 
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majorant curves or homogeneity are often employed to proof the convergence to the origin of 

the  phase plane. For the twisting algorithm, for instance, the sufficient conditions to 

guarantee that the trajectory twisting around the origin of the  plane in finite time was 

presented in (3.36). Detailed stability proofs for the 2-SMC algorithms presented in this thesis 

can be found in [56]. Only recently, a Lyapunov function was proposed for the sake of 

demonstrating the convergence of the super twisting controller to the origin [184]. 

It should be indicated that the conditions given for tuning the control parameters are only 

sufficient but not necessary. These conditions are very conservative since they are based on 

the worst-case estimate of the controlled plant bounds and applying them could result in very 

large control signals which are not really needed in practice. Therefore, 2-SMC algorithms are 

usually tuned heuristically [56], [85]. 

C.3 Algorithms proposed in chapter 7 

The stability analysis for this algorithm is presented in (7.2.1). 
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Appendix D  

BANDWIDTH LIMITATION OF SMC 

This appendix shows the limitation of applying a SMC technique to compensate for 

harmonic disturbances. Consider the model for one controlled axis: 

 
x x
x ax bu d

1 2

2 1



  
  (D.1) 

where d represents the harmonic disturbances acting on the system (consult Section 2.1.3). If 

the sliding variable for a SMC is chosen as: 

 x x 2 1    (D.2) 

and its first time derivative formulated as: 
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  (D.3) 

then the equivalent control action can be derived as: 

  equ ax x d
b

 1 2

1
0


       (D.4) 

Recall the electrical dynamics of the system can be described by the following 1st order system: 

 du V R u
dt L L

    (D.5) 

Where V is applied voltage, R and L are the total resistance and inductance of one controlled 

winding respectively, while u represents the control current and its maximum slew-rate should 

satisfy the following condition: 

 maxVdu
dt L

   (D.6) 

The resistance of the electromagnetic coil is neglected for simplicity. The slew-rate for the 

equivalent control action can be calculated as follows: 
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By comparing the last two equations: 

 max
eq

Vu
L

   (D.8) 

or  

  a x
b

2
2

1
 maxVm

L
w3  

  
  (D.9) 

Therefore, the angular frequency of the sinusoidal disturbance is found to be 

 max
b V

m L
w


3   (D.10) 

The bandwidth of the controlled system is limited to satisfy the above condition. This It is an 

amplitude-frequency tradeoff! 

Numerical example 
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Appendix E All Experimental Results 

   

   

   

   

   

Figure E.1 Rotor orbits for PID control 
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Figure E.2 Control currents for PID control 
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Figure E.3 Rotor orbits for PID-CSMC algorithm 
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Figure E.4 control currents for PID-CSMC algorithm 
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Figure E.5 Rotor orbits for PID-ISMC algorithm 
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Figure E.6 Control currents for PID-ISMC algorithm 
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Figure E.7 Rotor orbits for PID-Twisting algorithm 

 

 



236 

 

   

   

   

   

   

Figure E.8 Control currents for PID-Twisting algorithm 
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Figure E.9 Rotor orbits for the PID control enhanced with sub-optimal 2-SMC add-ons  
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Figure E.10 Control currents for the PID control enhanced with sub-optimal 2-SMC add-ons 
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Figure E.11 Rotor orbits for PID-Prescribed algorithm 
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Figure E.12 Control currents for PID-Prescribed algorithm 
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Figure E.13 Rotor orbits for PID-Quasi algorithm 
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Figure E.14 Control currents for PID-Quasi algorithm 

 

 



243 

 

   

   

   

   

   

Figure E.15 Rotor orbits for PID control enhanced with super twisting 2-SMC add-ons 
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Figure E.16 Control currents for PID control enhanced with super twisting 2-SMC add-ons 

 

 



245 

 

   

   

   

   

   

Figure E.17 Rotor orbits for RABC algorithm 
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Figure E.18 Control currents for RABC algorithm 


