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Reliability, safety, and fault-tolerant control (FTC) for power systems are substantially 

raised in several industrial applications.  It is critical to correctly diagnosis the faults 

occurring in a drive system to avoid harmful accidents and to ensure continuity of 

operation. It is necessary to design proper control techniques to recover the faulty 

system’s performance/functionality to its nominal level. This research work divided 

into two parts a design scheme of intelligent fault-tolerant control based artificial 

intelligence techniques (AI) is described and implemented integrates common 

knowledge acquisition methods with techniques developed in the fields of model-based 

diagnosis (MBD) to reach the so-called towards intelligent fault tolerant control to 

provide reliability and maintain the stability of the system in desired performance 

automatically; This paper presents the first part of this scheme proposes stator-flux 

oriented (SFO) control with GA-tuned proportional-integral-derivative (PID) 

controller. The principle is to set the q axis component of stator current invariant during 

healthy and faulty operating mode. The overall development scheme is summarized 

and an example illustrates features of the methods performed on a 1.0kW SynRM drive. 

Results presented have shown that the FT controller scheme developed is potentially 

capable of dealing with a larger number of faults and can successfully keep a good 

dynamic performance during faulty mode.  
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1. INTRODUCTION

After 1970s, as the costs of energy increased, the interest of 

energy accumulators started to grow. Many attempts to use 

flywheels to store significant quantities of energy were 

successful in several applications, such as in connection with 

railways or vehicles or as backup power supplier for devices 

which should maintain uninterrupted operating in case of 

power failure [1, 2]. 

Among the power generators characterized by higher 

energy and power density, which attracted and still brought 

more attentions, are the flywheels. The flywheels in recent 

years, with the help of modern power electronics and high 

strength materials, high performance flywheels are further 

developed, different from the earlier times where it were 

constructed with steel, which had large dimensions and big 

masses. However, the discussion about the application of this 

technology is still ongoing concerning their costs, energy 

density and complexity [3-6]. 

Flywheels offer virtually unlimited fast charge and fast 

discharge cycles at high efficiency, and with minimum 

maintenance requirements, compared with the limited lifetime 

and lower efficiency of electrochemical batteries. The 

operating principle of a flywheel energy storage system (FESS) 

is that electrical energy is converted to kinetic energy and 

stored in the flywheel, and the kinetic energy can be converted 

back to electrical energy when required later.  

The flywheel rotor design specification is fundamental to 

the system; if the flywheel inertia is doubled, the energy it 

stores at a given speed of rotation is doubled, and if the 

flywheel speed is doubled, the amount of stored energy is 

quadrupled [7]. 

The development of a modular PE drive with adequate 

control of active and reactive power would allow the 

exploitation of this FESS concept in grid-connected 

applications over a range of rated powers [7]. 

The well-designed control system may have some fault-

tolerance capabilities, it will become more ‘‘active’’ if the 

fault information can be exploited.  During the past decades, 

several papers have been published on methods of diagnosing 

faults, methods of FT control and their applications in various 

industrial systems and systems, for example [8-34]. 

In the FT control designs, fault information such as the fault 

type and magnitude, need to be identified. As some FT 

controllers heavily relay on real-time fault detection and 

diagnostics (FDD) schemes to provide the most up-to-date 

information about the true status of the fault, FDD is especially 

important. However, most of the research studies on FDD and 

FC control are carried out as a two separate entities, or the 

FDD techniques are developed as a monitoring tool, rather 

than an integral part of the control system. For over- actuated 

system, not only the fault location, the fault type and 

magnitude also need to be accurately estimated to achieve a 

better control performance [35]. 

As the fault information, such as the fault type, is usually 

unknown, it may be limited to design a FT controller for a 

specified fault. For this reason, it is more desirable to develop 

a FT controller which can deal with different kinds of actuator 
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faults [36]. 

Derivation of the FTC approach requires applications of 

Ampere's, Ohm's, Faraday’s Laws and the Maxwell Stress 

Tensor to the multi-path magnetic circuit. The physical 

requirements of FTC include: decoupling condition, linearity 

condition, invariance condition where gains are not affected 

by the failure [37]. 

A few FT control methods and limited types of actuator 

faults are considered for flywheel generator have been 

previously proposed in the literature [38-46]. 

One way of achieving fault-tolerance is to employ fault 

diagnosis schemes on-line. The proposed overall research 

consists of the following main steps, required to build 

automatic fault diagnosis system, including (i) fault detection, 

(ii) fault identification, (iii) fault classification, (iv) fault

management and (v) change controller settings to track a

desired reference trajectory through maintaining input in the

reference model. The block diagram of the system has been

shown in Figure 1.

In the first part of research, this paper proposes a control 

system incorporating stator flux oriented control (SFO) with 

GA-tuned proportional-integral-derivative (PID) controller to 

achieve intelligent fault-tolerant control. Once the fault is 

identified, the supervision scheme will utilize the fault 

information and pre-computed models to reconfigure the SFO-

PID controller. By choosing the ‘‘correct’’ known dynamics; 

the major changes of system dynamics may be captured faster. 

By exploiting the information from a fault-diagnosis unit 

performances of FTC can be further improved. 

Figure 1. Intelligent fault tolerant control technique 

2. FLYWHEEL STORAGE SYSTEM DESCRIPTION

A flywheel battery acting as an energy buffer is a possible 

solution for dealing with the fluctuations of wind power. This 

paragraph describes the selection of different components for 

a flywheel battery and the design of the motor/generator for 

the flywheel battery. The components are chosen to reduce 

cost and increase efficiency. The selected machine technology 

for the motor/generator in the flywheel battery is the 

synchronous reluctance machine. A synchronous reluctance 

motor/generator with low cost, high efficiency, and low rotor 

weight is designed.  Such conventional flywheels operating at 

speeds up to 6000 rev/min, together with suitable power 

converters (drives), electrical motor/generators, and 

controllers, offer a number of benefits [3-6]:  

(1) The flywheel rotor can be constructed from low cost

steel disks, and may be manufactured and balanced by 

conventional techniques. 

(2) The rotor bearings are standard and commercially

available, although achieving speeds of 6000 rev/min requires 

the use of precision high speed bearings. 

(3) The storage capacity can be increased by adding

additional rotor modules (effectively increasing the mass and 

inertia), giving the potential for high capacity systems. 

The major drawback of such systems is that the standing 

losses, which are mainly due to the use of conventional 

electrical machines operating in free air, are much higher than 

electrochemical batteries, making them suitable for short term 

energy storage only [7]. 

The storage system consists of a flywheel, directly 

connected to a SynR machine, and a power electronic drive, 

which is connected to the electrical supply. The layout of 1 kW, 

48 rpm FESS is shown in Figure 2. The components and 

electrical machine aimed at flywheel energy storage systems 

on which FT control was applied are described in detail as 

following [47]. 

Figure 2. Flywheel energy storage system with power 

electronic drive 

The power electronic controller plays a vital role in this 

system. When the renewable source generates the power, 

controller sets power flow from renewable to the motor and 

the motor accelerates the flywheel. The inverter for this setup 

will have a 200V dc bus, so chosen primarily on safety 

considerations. The rated current is 60.7 A RMS so as to give 

a voltage to current ratio similar to the full-scale design. Since 

the harmonics in the rotor are of particular interest in the small-

scale machine the maximum rotational speed and the number 

of slots will not be changed. Due to these constraints the only 

way to achieve similar flux densities to the full-scale machine 

is to make both the rotor to stator air gap and the rotor diameter 

significantly smaller. The inverter is controlled digitally. The 

digital controller consists of a combination of a dSPACE® 

realtime digital signal processor (DSP) controller and a Field 

Programmable gate Array (FPGA) interface board; Due to this 

setup hysteretic current control schemes can be easily 

implemented [47]. 

The controller sense the speed of the flywheel and it stops 

the power flow when flywheel reaches its maximum speed.  

An electric machine (E-machine): The stator in the SynR 

machine is composed of 29 gauge M-15 silicon steel 

laminations. This steel is chosen for its low iron losses and 

relatively high saturation flux density. The stator windings are 

designed as copper bus bars. A standard configuration is 

preferred where the winding loops slot-to-slot from positive to 

negative side of the phase and vice-versa. However, 

fabrication of this in bus bar form is very challenging for the 

small-scale two pole machine. The machine’s rotor is 

composed of alternating layers of magnetic steel and 

nonmagnetic steel. The magnetic layers are made with carbon 

steel. The grade of carbon steel chosen is AI-4130 due to its 

electrical resistance (22.3 µ -cm Ω), and good yield strength 

(161,000 psi) [47]. As shown in Figure 3. 
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(a) Axially laminated rotor prototype [47]

(b) SynRM flux 2D structure

(c) Magnetic flux distribution (right) and magnetic flux

density (left) 

Figure 3. SynRM design & FEM characteristics 

3. MATHEMATICAL MODELING AND ANALYSIS

3.1 Mathematical model of a flywheel system 

A flywheel stores kinetic energy in a rotating mass. The 

energy is proportional to the inertia J of the body and in square 

to the rotating angular speed. 

= 2..
2

1
JE (1) 

The mathematical model of the flywheel system can be 

described as following: 

T
dt

d
J t=


. (2) 

TTT losset −= (3) 

= .fT loss (4) 

where, J indicates the rotational inertia of the flywheel, Ω 

indicates the mechanical speed of the flywheel, Tt indicates the 

total torque imposed on the flywheel, Te indicates the 

electrical torque of the SynRM, Tloss indicates the equivalent 

resistant torque and f indicates the equivalent damping ration. 

3.2 Mathematical model of synchronous reluctance 

machine 

In order to develop the equivalent electrical model of the 

machine, it is necessary to make certain assumptions. These 

classic assumptions are: 

(1) A sinusoidal distribution of the magnetomotive

forces of gap created by the stator and rotor coils. 

(2) Saturation phenomena and magnetic hysteresis are

neglected. 

(3) Iron losses in the machine are neglected.

(4) The skin effect (especially in the rotor bars) is

neglected. 

(5) The effect of temperature on the value of the resistors

is neglected. 

The stator is composed of three coils out of phase by 2p/3 

in space. The rotor cage can be modeled by two quadrature 

windings, one placed along the axis d (low air gap axis) and 

the other along the axis q. This simplified representation of the 

rotor does not allow access to the knowledge of the current 

flowing effectively in each bar but leads to a fairly faithful 

translation of the influence of the rotor bars on the behavior of 

the machine. The angle θ represents the mechanical position 

of the rotor and p the number of pairs of poles. 

3.2.1 In fixed stator reference frame 

We find a complete development of the model of the 

unsaturated machine in the stator reference. The expressions 

of fluxes through the stator and rotor coils are as follows: 
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The inductances that appear in Eq. (5) depend for the most 

part on the position of the rotor. As a first approximation, the 

expressions of the self and mutual inductances of the stator are 

as follows: 
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The expressions of the mutual inductances between the 

stator windings and the rotor windings are given by: 
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There is a relation between the coefficients L0 and M0 and 

between the coefficients L2 and M2 appearing in the expression 

of the own and mutual inductances of the stator: 
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(8) 

The general equations of voltages are obtained by writing 

the Faraday law for each winding considering the ohmic 

voltage drop. As the rotor windings equivalent to the cage are 

short-circuited, the applied voltage is zero: 
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The expression of the electromagnetic torque is obtained by 

derivation of coenergy: 
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This model, valid in the framework of the hypothesis 

defined previously, can be written more simply in a common 

reference linked to the rotor. 

3.2.2 Model of the machine in the reference (d-q) linked to the 

rotor 

To simplify the equations of the model, one places oneself 

in a reference linked to the rotor (axes d-q). The stator 

quantities are reduced to the rotor coordinate system by 

applying the Park transformation. This mathematical 

transformation is recalled below for currents. It is perfectly 

defined whatever θe. It is orthogonal and has an inverse matrix. 

The normed Park matrix is: 
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with 

   =
− t1

(12) 

All the three-phase electrical quantities are projected on the 

reference linked to the rotor by the Park transformation, we 

write then in the general case: 
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Then becomes the system of equations: 
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where, [Xdqh] denotes any vector of quantities expressed in the 

frame of reference tied to the rotor, the indices d, q and h 

respectively denote the direct components, in quadrature and 

homopolar. The multiplication of the two members of (15) by 

[P] gives us:
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Since the neutral of the machine is isolated, which naturally 

implies ih = 0, we can write: 
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3.2.3 Mechanical equations 

The electromagnetic couple is derived, according to the 

principle of virtual works, from the expression of coenergy 

and in a linear mode of operation: 
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The replacement of the current vector by its Park transform 

gives us: 
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The equation of electromagnetic torque is associated with 

the fundamental relationship of the dynamics of rotating 

systems: 

 

CrCemf
dt

d
J −=+

  (25) 

 

where, : the rotational speed of the rotor, J: the moment of 

inertia of the system, f: the coefficient of viscous friction, Cem: 

the electromagnetic couple, Cr: the resistant torque. 

The equivalent electrical model of the machine in the 

common reference of the rotor is relatively a simple model, 

obtained where the machine is represented by two coupled 

electrical circuits, one along the axis d and another along the 

axis q. In the following, we will not consider the equations 

relating to the homopolar component (machine coupled in star 

without neutral). The equations of the stator voltages at the 

terminals of the equivalent windings of axis d and axis q are 

written: 

 

sde
sq

sqssq

sqe
sd

sdssd

dt

d
iRU

dt

d
iRU







..

..

++=

−+=
 (26) 

 

The flows used in the stator windings are connected to the 

currents by the following relations: 
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In the same way, one can write the equations of the rotor 

voltages (the equivalent windings are in short-circuit): 
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The flows used in the rotor windings are written: 
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 (29) 

 

It is shown that the expression of the electromagnetic torque 

developed by the machine can be written in the following way: 

 

)...( isdsqisqsdcem  −=  (30) 

 

The resulting electromechanical model MSRV in the form 

of state equations: 
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4. FAULT TOLERANT CONTROL STRATEGY 

 

The main objective of this part is to propose fault-tolerant 

control architectures of a wind turbine conversion chain with 

a variable reluctance synchronous machine (SynRM), in the 

presence of several faults. 

 
 

Figure 4. Principle of stator-flux oriented vector control 
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The fault tolerant control (FTC) ensures an acceptable 

operating mode even in the presence of faults. This fault 

tolerance can be provided by conventional robust control 

techniques. We propose to implement a SFT Stator-Flux-

Oriented Fault-Tolerant Control strategy for fault-tolerant 

operation of SynRMs as it was explained and applied for 

stator-flux-oriented fault-tolerant control of flux-switching 

permanent-magnet motors in the research paper [47] with the 

following equations from (32) til (37). The main idea is to put 

the armature currents on the invariant axis q before and after 

the appearance of the defect. Oriented flux control as 

presented in Figure 4 is a technique which, despite the 

complex and non-linear structure of the machine, allows its 

control in a similar way to that of the DC machine. Therefore, 

three types of machine oriented flow control are possible: 

Orientation of the rotor flow; Orientation of the stator flux and 

orientation of the flux of gap. Each of these control methods 

provides decoupled flow control and torque control such as a 

separate excitation DC machine. This decoupling makes it 

possible to obtain very good responses of the drive in dynamic 

mode. 

In the context of this work, we develop the vector control 

with reference orientation (d-q) following the stator flux. This 

type of control is used "The stator-oriented flow control" to 

obtain the desired operating mode by optimally positioning the 

current vectors. 

Based on the proposed SFO-dq control, SynR motor 

currents in normal operation can be expressed as follows:  
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The transformation αβ0/abc can be written as well: 
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When an open circuit fault occurs in the phase 'a' the current 

‘ia’ is vanished so that the motor is powered by the two healthy 

phases. The homopolar component of the armature current can 

be obtained: 

ii −=0 (34) 

Then, substituting (34) in (33), deduces 
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The transformation dq/αβ can be written as well: 
















 −
=









i

i

i

i

q

d
.

cossin

sincos








(36) 

Then, substituting (36) in (35), the strategy of the tolerant 

command can be deduced: 
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Performance in normal and fault-tolerant operation is tested, 

confirming that the proposed fault-tolerant control can 

maintain the invariant torque while providing good dynamic 

performance in the event of a fault. 

During normal and fault-tolerant operation of the SynR 

machine, the co-simulated torque and current waveforms are 

obtained as shown in the Figure 8. We see that in normal 

operation, the average torque (Tav) and Torque ripple (KT) of 

the engine are 5.0142 Nm and 50%, respectively. From these 

results it can be concluded that the normal and fault-tolerant 

torque performance is virtually unchanged. 

%100minmax 
−

=
T

TT
K

av

T (38) 

One of the main limitations of an SFOC structure is its 

relatively weaker fault accommodation capability. In order to 

overcome this shortcoming and in order to obtain a robust FTC 

structure, SFOC combined with a intelligent PID controller 

tuned by a GA is introduced in the feedforward loop of the 

SFOC scheme by exploiting the power of PID for tracking 

control of SynRM rotor speed Figure 6.  

When a fault occurs (SC or OC), the system dynamics will 

change, and in order to maintin the system to its healthy state 

and it perfomance means the continuity of producing torque 

we integerate genetic algorithms work by setting the error 

value to re-correct parameters of PID and the post-fault system 

will follow the behavior specified to maintain the same or as 

close as possible performance when there are no faults. This 

in fact is the principal rationale of using PID tuned by a GA 

for FTC of the SynRM, and for FTC systems of Flywheel 

Energy Storage Systems in general (Figure 7). 

As can be observed in Figure 8, the proposed FTC scheme 

in Figure 5 can still maintain the desired torque after fault 

occurrence (open circuit in phase a), while the baseline 

controller fails to maintain the torque and finally makes the 

system become unstable. In this structure, the inteligent PID 

controller helps to leads a biased steady-state error and obtain 

the desired settling time and rise time.  

The uses of SFOC-intelligent PID controllers offer the 

advantage of accommodating any deviation of the system from 

the reference response, either these are faults or perturbations. 

Therefore, an FDD scheme is not necessary for such an FTC 

system, making the FTC system simpler and heavily relies on 

reference model design. 
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Figure 5. Control block diagram of fault-tolerant SynR motor drive 

Figure 6. Sub block control diagram of fault-tolerant SynR motor drive 

Figure 7. Sub block control diagram of PID controller tuned by a GA 

(a)                                                                (b) 

Figure 8. Simulation in healthy operation: currents, speed and torque (a) fault tolerant operation (b) 
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5. CONCLUSIONS

The main contribution of this paper is to implement of an 

intelligent FT controller on SynRM aimed at flywheel energy 

storage systems, rotating at speeds up to 6000 rev/min, and 

primarily targeted at renewable energy applications such as 

wind and wave.  

The complete FESS simulation model is the integration of 

different subsystems essential for the analysis as discussed. 

It was verified by extensive simulations with a variety of 

operational conditions that the output torque maintain constant 

and stability of dynamic performance is not lost for a wide 

range of additive faults, although the performance 

characteristics may differ. 

The obtained results show the efficiency of the proposed 

control approach for the detection, diagnosis, and the 

classification of faults in SynRM …. 

Through this research for more complicated problem FCO 

based fault tolerant control simulations indicate that the 

approach is applicable to a class of multiplicative faults and 

the properties of the control loop in this context will be 

analyzed in a future work.  

This approach can be applied without taking into account 

the type of machine or type of fault. Finally, torque ripple 

analysis proves the effectiveness of this method. 
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