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A system is the interconnection of components all working for a defined

goal [H1].  As errors are part of life, the possibility of their appearance in a system

must be seriously taken into account.

Nevertheless fault tolerant systems are not so easy to achieve. A fault

tolerant system must detect faults in its components and also must have the ability

either to correct it by switching to a backup unit when the main one fails or by

reconfiguring the system for example.

Nowadays the tendency in electrical engineering is to develop applications

as safe as possible [C1]. The concept of fault tolerant device became a purpose for

many researchers.  With the help of electrical power devices that evolved in the last

years a combination between electric drives and machines pushed the limits of fault

tolerance [E1]. Hence, any new results can become of important interest for all

researchers working in the field of fault tolerance.

In the field of electrical machines, the fault tolerant variants require not

only structure modifications, but also special winding connections and intelligent

electronic devices.  To compensate the higher costs demand of more complex power

converter the use of a relatively simple machine is required [L1].

1.1 The fault tolerance concept in the field of electrical systems

Normally an electrical system can work if all its components are

operational. In case of fault occurrence the system’s operational capacity is

diminished consistently.

There are few important issues that need consideration when designing a

fault tolerant electrical system:

- locating the fault: process of observing the component that was

faulted;

- diagnosis of the error: process of observing the cause of the defect;

- isolation of the fault: is the process of handling the fault in order to

stop its propagation to other components of the system;

- compensating the fault: process of controlling the healthy remaining

operational assemblies in order to take over the function of the faulted

one [H1].
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1.2 Fault tolerance of electrical machines

Nowadays there are several applications that require faultless operation.

Many of these applications include electrical machines. To have an overall fault

tolerance of the system, the electrical machines included in them have to have

continuous operation despite faults [R14]. Usually the first step in the design fault

tolerant machines is increasing the number of poles and phases. Hence, the lack of

one faulted phase is less sensible in the torque development. Its main drawbacks are

both iron and winding increased losses, complex structures and high tech electronic

drives.

During the machine’s operations, in case of fault occurrence, its

compensation is needed to obtain torque or speed development close to the rated ones.

Nowadays there are several solutions already applied and used in the area

of fault tolerance of the electrical machines.

1.2.1 Technical solutions for designing fault tolerant

electrical machines

The increase of fault tolerance of electrical machines requires several

changes in the machine’s structure. Designing and manufacturing a fault tolerant

electrical machine is rather difficult even with today’s technology and requires a lot of

experience of the designer.

Several technical solutions can be applied to obtain an electrical machine

that will have continuous operation even in faulty regime.

Modifications of the machine’s geometry proved to be the most difficult

one and require the number of poles increase, pole’s shapes changing and building the

machine in a modular structure.

A second step in designing fault tolerant machines consists of modifying

their windings. Splitting the phases into independent coils is the most widely used

method for fault tolerant machines. It is necessary to compensate the lack of a faulted

phase or coil to have as less changes as possible in the developed torque

characteristic.

The power converter of the machine must be designed to be also fault

tolerant. Using programmed intelligence the converter has to be able to reconfigure its
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control and feeding of the machine function of the severity of the faults in order to

continue the operation of the machine.

1.2.2 Construction improvements in fault tolerant

electrical machine’s designs

Due to the large variety of electrical machines there are many possibilities

to modify the construction to achieve fault tolerance. Due to these changes the overall

performances of the machine will decrease [T3]. Hence the losses need special

attention when designing a fault tolerant machine [A1], [R1]. By changing the stator

pole’s shape (see fig. 1.1.) the winding losses can be consistently reduced.

Initial pole shapes                                            Modified pole shapes

Fig. 1.1. Modifications of the stator’s design to reduce winding losses [A1]

Different structures of fault tolerant multiphase machines can be designed

by increasing the number of both stator and rotor poles [R1]. Reduced torque ripples

resulted and also the fault tolerance of the electrical machine was consistently

increased in a multiphase switched reluctance machine (shown in fig. 1.2.), controlled

using “two phase on” technique.

Fig. 1.2. Switched reluctance machine with increased number of poles [R1]



Design and Study of a Modular Switched Reluctance Machine

9

Other designers studied structures with low number of stator and rotor

poles, but with complex winding scheme, which implies phase to coil division and

complex and expensive intelligent power converter to command the machine [B6].

Permanent magnet machines have higher reliability due to the coupled

operation of the permanent magnets with the electrical windings of the machine. The

permanent magnets are an endless inside source of energy for the machine.

Studies reveal also fault tolerant approaches that are rarely used. Inserting

by a human operator of non magnetic flux shields (fig. 1.3) that modify the flux paths

in case faults to obtain a symmetrical field distribution, is a method with consistent

losses and difficult manipulation.

Fig. 1.3. Using flux shields in faulty operation of a permanent magnet machine [J1]

These shields are inserted between the stator and the rotor, creating high

permeability areas. Practically the air-gap is highly increased and the power of the

machine in faulty condition is reduced considerably [J1]. The main disadvantages of

this structure are the need of human operator to insert the shields and the increased

losses in faulty condition [C6].

Usually an electrical machine is coupled to a mechanical system to

transform the rotation/linear motion. There are several studies that underline the fault

tolerance increase of both the mechanical system and the electrical machine to have

an overall high reliability operational unit [D1], [D2].
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1.2.3 Windings improvements to increase fault tolerance

of electrical machines

As already mentioned, modification of the windings can improve the fault

tolerance of an electrical machine. Changing of the winding scheme can be performed

by applying diverse connections between the machine’s coils. To increase more the

fault tolerance of a machine the independent supply control of each phase is the

consecrated approach.

Concentrated windings in permanent magnet machines will increase

considerably the torque density and also will lower the torque ripples. A machine with

30 stator slot and 28 permanent magnet rotor poles was studied in [M1] (see fig. 1.4).

The control of this machine with high number of phases demands a complex

converter.

Fig. 1.4. Structure of outer rotor permanent magnet multiphase machine [M1]

Using concentrated windings instead of distributed ones in permanent

magnet machines, is to be the optimal solution for fault tolerance increase, gathered

with the simplicity of the winding process, less end winding losses so higher

efficiency [V1].

Fig. 1.5. Method of the winding distribution for permanent magnet synchronous machines [V1]
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The main modifications regard connections of the windings and designing

stators with increased number of poles. The phase number must be correlated to the

number of magnetic poles of the rotor. Concentrated windings have the benefits of a

shorter end windings, hence lower copper losses [Y1]. Doubling the phase number

can be accomplished without increasing the slot number (see fig. 1.5). Hence, in one

slot two coils of the same phase can be inserted, one on the top and one on the bottom

of the slot [B1], [T1].
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Fig. 1.6. Torque characteristics for permanent magnet synchronous machine in different faulty

conditions

Increasing the number of phases can be also accomplished by increasing

the number of stator poles of the machine. A nine phase permanent magnet machine

was studied in [S2]. Due to increased number of phases, the machine can easily

handle open or short circuit winding faults and by this the machine continuing its

operation in faulty condition developing a considerable amount of torque (see fig. 1.6)

[C4], [C5].

Fig. 1.7. Switched reluctance machine with phases divided into separate coils

- the non operational coil is marked by white arrows
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An interesting idea was to split each phase into coils (or sub-phases) as

shown in fig. 1.7 for a 3 phased switched reluctance machine. Two or more coils

operating synchronously will compound one phase. Each coil is controlled

independently by an H bridge of the electronic power converter. When fault occurs on

one coil of the phase, the others will continue to operate and can even compensate the

lack of the faulted one [B6].

1.2.4 Developing fault tolerant electronic converters

To operate electrical machines despite faults is mandatory to attache a

control system able to isolate the fault [M2].

The main idea is to develop a system able to observe any unwanted

changes in the electrical machine’s behavior. These changes can be either faults or

wrong operation tasks.

There are two main categories of approaches to increase the control

converter’s fault tolerant ability: one is to design a structure of converter that is fault

tolerant and the second is to use an adequate control strategy to avoid the fault’s

influence as much as possible.

Fig. 1.8. Electronic converter with an auxiliary command branch

To increase fault tolerance of a classical converter used for ac permanent

magnet machines, inserting auxiliary branches proved to be the best solution, as

shown in fig. 1.8. Each auxiliary branch during normal operation is in “stand by”

mode, ready to operate in case of fault occurrence [L2], [K2]. This allows designing a

fault tolerant and not to expensive converter that fits best for continuous operation

task [M4].
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For machines feed by unipolar or bipolar current signals the most used

control system is the H bridge one. The H-bridge consists of four transistors driving

one phase. Four diodes ensure the reverse current flow for the OFF state of the

transistors.

The firing angles are computed function of the rotor position and the error

between the actual coil current and the imposed one. To increase the fault tolerance

more, each bridge can have its own drive to compute the firing angles.

Fig. 1.9. Electronic converter in H-bridge connection of a six phase SR machine

A circuit of a six phase switched reluctance machine having each phase

divided into two coils (ex. phase A is composed of A1 and A2) is given. Each coil is

supplied by its own H-bridge assuring this way a high reliability of the system [M3],

[M5].

Further on in the field of AC converters, there are other methods of

developing fault tolerant solutions. In the case of the open winding fault the current’s

amplitude is increased and its phase is changed. The wave forms of the phase and

homopolar currents respectively of the torque before and after the fault’s occurrence

are given in fig.1.10 [K1], [S1].

Special attention has to be paid to the thermal aspect in this case as the

machine’s phase currents are increased. The winding has to be designed to handle in

rising temperatures due to higher currents. Studies proved that the solution for the

thermal issue is the increasing wiring class isolation [A2].
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Fig. 1.10. The current and torque characteristics before and after the fault occurred

To improve more the fault tolerance of an electrical machine, it is proved

that separating the command signals or even the voltage source for each converter

branch is a good solution.

1.3 Switched reluctance motor in fault tolerant approach

Switched reluctance machines (SRM) are day by day more used in

industrial environment due to their simple and cheap construction, phase

independence and good reliability. It is fault tolerance already in its classical

construction due to the complete separation of phases. Therefore any improvement of

its fault tolerance is of real interest for all engineers involved in this field. A complete

control system of a SRM is given in fig. 1.11.

`

d/dt

Speed
Controller

Hysteresis
Current

Controller

Power
Converter+

i*e

Current feedback ☼

ωref

ωr

θr

SRM

Position feedback

Signal
Distribution

Fig. 1.11. Control system of a SRM

For achieving a high reliability of the system, all its 3 components should

be fault tolerant: the control system, the power converter respectively the electrical

machine [S3].

The control system must be able to detect the faults of the machine,

windings, bearings, etc. and to act in a manner to compensate their negative effects
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[R9], [B2]. The fault tolerant converters to be applied are similar with the one in

fig. 1.9.

Several methods can be applied for increasing the fault tolerance of a SR

machine.

The most widely used method also in this case is the parallel connection of

each pole’s winding (by this, each phase will consist of two independent coils) (see

fig.1.12). This method was firstly mentioned in 1989 and was proved to be an

efficient one [T2]. The drawback of the method is the need of more complex power

converter, which must have as many inverter legs as many independent coils the

machine has [S12].

Fig. 1.12. Phase to channel division method

A triplex structure of SRM is studied in [R1]. Practically the machine has

four phases, each divided into three coils. This way, each phase involves windings

from 6 stator poles; hence the machine will have 24 poles. In such design, the

machine’s fault tolerance is highly increased [R11]. The one open coil fault is nearly

unobservable in the developed torque characteristic (fig. 1.13).

Fig. 1.13. The torque and current characteristics of a four phase triplex SRM having 1 opened coil
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An other idea is to make active the rotor by placing a closed coil around

the poles as shown in fig. 1.14.

Fig. 1.14. SR machine rotor with winding to increase fault tolerance [H1]

This winding is similar to the squirrel cage of the induction machines. The

torque generated by the interaction of the stator and rotor flux will be able to partially

compensate the torque unbalance caused by the faulted windings.

An other issue that asks for special attention is the ability to start the

machine from the “dead zone”. Is considered “dead zone” of the machine the poles of

the stator with faulted windings. If the machine needs to start from this point, special

current distribution in required. This means that, other operational phases must be

energized to move the rotor out of the “dead zone”, and quickly switch to normal

operation sequence to obtain the desired rotation [G3].

Trying to choose the best solution for a fault tolerant machine a lot of

considerations must be taken into account. Each machine and each modification to the

main structure has advantages and disadvantages [F1].

1.4 Proposal for a modular construction of a switched reluctance machine

Resuming the already presented concepts an image can be emphasized

about the requests to obtain a fault tolerant SR machine. Modification of phase

numbers, geometry and high-tech electronics are basis to obtain high reliability

systems. All these together fulfill one demand: reducing as much as possible the

torque decrease due to the occurred faults.



Design and Study of a Modular Switched Reluctance Machine

17

The motivation to achieve new designs for fault tolerant switched

reluctance machines is the desire to add knowledge to the existing status of studies in

this field. More, as nowadays high reliability is required in every safe critical

application, the present study will hand out a real solution suitable for such demands.

As presented, the SRM has its own level of fault tolerance by its simple

design and its separate phase windings. In addition, increasing this level of tolerance

is handled by a new approach in means of special modular stator design.

The new modular SR machine’s goals are:

- increased fault tolerance;

- lowered losses using short flux paths;

- magnetic separation of each coil/phase;

- possibility of quick repair in the case of faults, without the need of

declutching the rotor from the gearbox;

- low  building price;

- possibility of fault compensation by handling increased currents in

faulty condition;

- simplicity in construction, manufacturing and operation.

The idea for the modular SRM emerges from the Sawyer machine,

presented in fig. 1.16. and studied in [V5]. This machine is compound of two

command coils on two mover modules and a permanent magnet between them to

facilitate the machine’s control [S14].

Fig. 1.16. A modular linear machine

The modular SRM’s stator is composed of eight individual modules, hence

the stator has 16 poles (2 for each module). The rotor has 14 poles, being a classical

passive design (see fig. 1.17.b)
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a)                                    b)

Fig. 1.17. Flux paths in the modular switched reluctance motor and its 3D design

The machine has four phases, each divided into two coils. Each coil is

wound on the yoke of a module (see fig. 1.17.b). The modules of a single phase are

placed in the stator diametrically opposed (see the flux lines obtained by means of

numerical field computation in fig. 1.17.a). This way during normal operation of the

machine the forces are correctly balanced.

The modular construction allows an easy manufacturing and fast

replacement of the damaged modules in case of a winding failure. The design of the

modules implies many restrictions. First of all they must be sized in a way to fit into a

closed circle, and to ensure that the modules are shifted correctly one relatively to the

others. Also the winding must fit in the slot of the module.

As the modular machine will be a fault tolerant one, in the case of any

defects (one, two, tree or even four faulted coils), the remaining operational ones must

take over the duty and develop torque and speed as the process requires. It is easy to

understand that if any fault appears the machine will not be able to develop the same

torque, nor speed, as the power is decreased due to the lack of the faulted coil(s). To

overcome the loss, the currents in the remaining coils can be increased. This way, the

healthy pair of the faulted coil can compensate the fault’s damage. To be able to

increase the current in the machine, the winding has to be designed in manner to drive

an increased current without the danger of burning out, causing full fault of the

machine.
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An other restriction regards the electromagnetic separation between two

adjacent modules. This can be achieved by placing spacers of nonmagnetic material

between (see fig. 1.18).

Module
spacer

End
shield

Frontal
spacer

Hole for
fixing rod

Shaft

Rotor

Stator module

Fig. 1.18. The modular SRM’s construction

Each module is built of laminated sheets pressed together by nonmagnetic

metal fixing rods. These rods also keep the modules in their place and fix the two end

shields.

In case of a winding fault only the rods of the faulted module has to be

detached. Hence the module can be easily pulled out and replaced. This way there is

no need of decoupling of the machine from its load, a major advantage in industrial

environment.

1.5 Conclusions

This chapter shortly introduces the basics of the actual status of the fault

tolerance of electrical machines. Through time, studies proved that there are several

modifications that can be applied to electrical machines to follow the concept of fault

tolerance. Each modification is characterized by advantages and drawbacks by means

of operation, technological complexity and financial involvement.

The main attention is heading to the SRM as this will be the studied

machine in the present thesis. Different approaches to obtain continuous operational

SR machines despite faults are presented.
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All the solutions represent the actual knowledge in the fields of fault

tolerance. To continue the research in the field of fault tolerant SR machines, a new

construction is presented in this chapter. This solution consists of a special

construction for the machine’s stator, composed of individual modules, each with its

own individual coil. This study represents a step forward in the research of modular

and high reliability machines.

The main advantages of the new structure are the increased fault tolerant

abilities, the simplicity of the construction and the possibility of quick repairing of the

machine in case of faults.

The modular SR machine can be exploited in the fields of aerospace

systems and military applications where high reliability is mandatory.

The thesis is compound of 6 chapters as follows:

- Chapter 1 is highlighting the actual state of the study in the field of

fault tolerance and proposing a new structure of a modular stator SRM.

- Chapter 2 consists of the analytical calculations for sizing the machine

and an optimization procedure to obtain a structure with increased

performances.

- Chapter 3 presents all the programs used to analyze the proposed

machine in study via different simulation approaches.

- In Chapter 4 the results of the simulations performed using the

programs presented in Chapter 3 are detailed.

- In Chapter 5 the design of the machine and the simulation’s results are

validated via measurements performed on the machine’s laboratory

model.

- Chapter 6 concludes the study of the thesis and underlines the potential

of such modular machines in high reliability systems.





Chapter 2

Design of the Modular Switched Reluctance
Machine
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The design of a classical switched reluctance machine is presented in

many papers, books and Ph.D. thesis. To develop modular structures of SRMs special

design algorithm must be applied, taking into account several restrictions.

The chapter’s goal is to present an analytical algorithm suitable for

sizing any such a modular switched reluctance machine, despite number of modules

or phases.

In the first part of this chapter the geometrical sizing of the rotor and the

stator, flux densities calculations via the equivalent magnetic circuit, computation of

losses and of developed torque (by analytical and curve fitting method), respectively

the thermal analysis will be presented.

The thermal verification of the machine is based on the direct current

machine’s thermal analysis, due to the similarity between the modular structure of the

stator and the dc machine’s construction with salient poles.

In the second part of this chapter, an optimization program will be

presented based on the Hooke-Jeeves algorithm. This program will be used to

optimize the machine for a given objective function.

This chapter presents the design algorithm for the modular SR machine

as a general approach and in Appendix 1.1 a complete numerical example is detailed,

together with technical drawings of each assembly of the machine.
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2.1 The Fault Tolerant Modular Switched Reluctance Machine

Increasing the fault tolerance of an electrical machine requires changes

in its existing structures, as already it was presented in the first chapter.

The first step should be increasing the stator poles number [R1], [S4]. A

second solution could be the parallel connection to the voltage source of the coils of

each phase (one phase consists of two or more coils). This way the fault of one coil

will not influence the operation of the remaining ones of the same phase. The

drawback of this solution is that more complex power converter is necessary. It must

have as many converter legs as many coils the machine has.

Fig. 2.1. The modular switched reluctance modular motor

The proposed modular switched reluctance machine is given in fig. 2.1.

The number of rotor poles (QR) is computed based on the number of stator modules

(NmS) and the number of the phase to coil division (ndiv):

divmSdivR nNnQ  (2.1.1)
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The stator module height is computed taking into account the number of

turns per coil and the insulation between the winding and the stator slot. The proposed

fault tolerant modular machine can develop a rated torque of 5 N·m.

The machine was designed by means of complex design algorithms

[V2], [H4], [R3]. The design program written in MathCad was developed based on

these algorithms and it was used both for the geometrical sizing and for the machine's

characteristics (torque, losses, flux densities, flux leakages, heating, etc.) computation.

2.2 The design of the main geometric parameters

The design process of the proposed modular switched reluctance

machine is difficult due to several geometrical restrictions imposed by the machine’s

structure and operation. In this section each restriction will be presented in detail.

Modifications of calculated parameters will be considered and explained in order to

build the prototype to prove that the machine’s concept and operation are valid.

As the machine’s structure is a novel one, to be able to setup its design

sheet some imposed coefficients were needed. These are detailed in Appendix, section

A.1 in table A.1.

The sizing process is started by imposing the voltage (UN), the rated

current (I), the number of phases (m), the machine’s rated power (P2N), the

mechanical air-gap (g) the air-gap flux density in aligned position (Bgmax), the rated

speed (nN) and the rated torque (TN).

The design process’s starts by the calculation of the machine’s mean

diameter, measured in the middle of the air-gap [K2]:
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(2.2.1)

where, QS and QR are the number of stator and rotor poles. The kσ and kL coefficients

are the leakage flux factors, chosen between 0.75-0.95 respectively the aspect factor,

which can be calculated from the rotor pole number:

3
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2 R

L
Q

k 


(2.2.2)

Sometime the exterior diameter and the machine active length are given

as specifications and do not need to be calculated.
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The stator’s electrical loading AS can be chosen in an interval between

54-154 A/m, the larger values corresponding to smaller dimensions [H3].

The Carter factor KCR is a value that considers the shape of the salient

poles and the flux path’s distortion due to this shape [B3]. Its value can be in this case

between 1.4 and 2.

The ratio between the mean diameter (Dg) and the aspect coefficient

gives a preliminary value of the machine’s active stack length (la). This can be later

adjusted function of the thickness of the steel sheets that are used in the building

process and the calculated developed torque.

2.2.1. Sizing the stator modules

As it was stated already the modules of the stator are independent both

from electromagnetic and feeding point of view. Between each two adjacent modules

a nonmagnetic spacer is placed. Its role is dual: on one hand to magnetically isolate

the (to minimize the leakage from one module to another), and on the other hand, to

ensure correct shifting of the modules.

Fig. 2.2. Dimensions of one module of the modular SRM

The circle described by the inner stator diameter has to be divided into

NmS arcs, a number equal to the number of modules. Hence the length of one arc is:
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The inner stator radius is calculated as half of the mean diameter added

to half of the air-gap’s width.

The equivalent air-gap, used later in the flux calculations via the

equivalent magnetic circuit is:

gkg satx  (2.2.4)

This is the product between the saturation factor in aligned position and

the mechanical air-gap. This will be used from now on in the design process, as the

design algorithm is developed for the aligned position of one module with the rotor

poles.

The spacers between the stator modules lD, are 10 to 20 times larger then

the mechanical air-gap of the machine, in order to ensure the required magnetic

separation.

In this case, the maximum value was chosen:

glD  20 (2.2.5)

The calculated LM arc includes the width of the spacer lD. Hence the pole

pitch of one module will be the half of the difference between the arc LM and lD :

2
DM

S

lL 
 (2.2.6)

The width of the poles is 0.5-0.8 of the module’s pitch [B3]. The module

has to be sized in order to fit the winding and to ensure overlapping of the stator and

rotor poles at each computation. The stator pole width was calculated as:

 SpS roundb  58.0 (2.2.7)

Having computed the pole width, a recalculation of the spacer has to be

done. By now only a preliminary size of it was calculated by (2.2.5). The spacer has

to be sized in a manner as to close the circle described by the stator inner radius. For

this firstly the rotor pole pitch arc length has to be computed using:
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(2.2.8)
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where bpR is the rotor pole width, considered equal with the stator pole width bpS. To

calculate the real dimensions of the spacer, the stator slot opening width LarcCS needs

to be computed:
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(2.2.9)

where uC is the angle described by the rotor pole pitch arc, calculated as:
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(2.2.10)

Considering that the rotor and stator slot openings are equal, and as the

distance between them is only the air-gap, it can be considered that also the angles

described by both the slot openings are equal. Hence, the width of the spacer is given

by:

arcCSpSmD LbLl  2 (2.2.11)

Finally, the yoke high must be computed. The simplest way to do this is

to establish a ratio between the stator pole width and the yoke high. Via this process,

the yoke’s saturation can be forced to relatively higher values, as it was stated

previously.

The module’s yoke high is calculated as 0.85 of the stator pole’s width

for the present design sheet.

 pSjS broundh  85.0 (2.2.12)

The module height cannot be computed yet due to the lack of the

information on the coil’s dimensions.

A preliminary computation of the stator pole height can be obtained

simply as:

 mpS Lroundh  01.1 (2.2.13)

The active stator pole surface can be now calculated as:

apSpS lbA  (2.2.14)
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Each module has two active pole areas. As each phase of the machine is

compound of two modules, the flux crossing through four ApS surfaces will contribute

at a given time to the torque generation.

By this the sizing of the stator is almost finished. A re-computation will

be required after obtaining the final sizes of the coils.

2.2.2. Sizing the machine’s rotor

The rotor’s pole pitch arc length first estimation is (2.2.8). Also the rotor

pole width was considered to be equal with the stator’s one.

Next the rotor slot width has to be calculated. It will be the rounded

difference of the whole rotor’s pole pitch arc and the pole width:

 pRarcRcR bLroundb  (2.2.15)

It is assumed that the flux paths close only through the module and its

correspondent rotor poles. Hence, the same flux will pass through the stator and rotor

yoke. Therefore the rotor yoke width can be considered equal with the stator’s one:

jSjR hh  (2.2.16)

Next, the rotor inner diameter (dax) has to be imposed function of the

machine’s power.

Fig. 2.3. Dimensions of the rotor
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The height of the rotor pole can now be calculated:
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Finally the rotor’s outer diameter is given by:

jRpRaxR hhdD  22 (2.2.18)

2.3 Sizing the coils

Computing number of turns is based on determining the magneto-motive

force as a relation between the magnetic field H and the machine’s geometrical

dimensions.

Corresponding to the imposed flux density in the air-gap’s, the magnetic

field Hg can be computed against the air permeability µ0. By the experience in the

fields of SR machines it is known that the flux density value in the stator core will be

greater then the one in the air-gap and in the rotor volumes will be lower. Having no

accurate information yet on these values, a mean flux density can be considered for

the whole magnetic circuit [V3]. Using tables [C3] the coercitive field value of

laminated iron sheets corresponding to the considered flux density can be read.

To be able to compute the required magneto-motive force, the length of

the flux paths trough the stator (ls), air-gap (lg) and rotor (lr) must be calculated:

arcCRpRr

g
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(2.3.1)

Upon Ampere’s law the magneto-motive force will be the product of the

magnetic field H and the lengths of each part of the machine:

  ggrsFe lHllH  (2.3.2)

In the next step the number of turns of the command coil will be

calculated. The result must be an integer value, hence it needs to be rounded:







 

I
roundN f (2.3.3)

Having a low power machine, the number of turns is quite high. In order

to simplify the building process of the test machine used later for laboratory

measurements, the number of turns per coil was reduced. To have the same MMF, as
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for the machine to develop the same rated torque, the current was increased

proportionally.

The next step is to determine the copper wire area to be used, as a ratio

between the rated current in the machine and the current density:

c
cond J

I
S  (2.3.4)

The current density Jc can be chosen between 2.5 and 8 A/cm2.

The diameter of the wire is calculated using:


condS

d  4 (2.3.5)

The turns of the coils are placed on several layers. Each layer contains a

number of turns depending on the coil’s width lbob, equal to the slot opening, the slot’s

inside insulation giz and the conductor’s actual diameter:













d

gl
roundN izbob

stratsp 05.1
2

_ (2.3.6)

Having the number of turns per layer, it is now simple to determine the

number of layers nstrat, dividing the total number of turns to the number of turns

corresponding to one layer.

Having the sizes of the coil, the final dimensions of a module can be

computed. The coil’s height is given by:

  dggdnroundh izstratizstratbob  2_ (2.3.7)

where giz_strat is the thickness of the impregnated paper used for insulating two

adjacent layers. The dσ coefficient takes into account the imperfections of the wire

shape inside the slot.
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Fig. 2.4. Main dimensions of the command coil

The height of the stator module can be now computed using:

jSbobm hhhh  lim (2.3.8)

The hlim term takes into account the insulation between the coil’s lower

side and the rotor poles (see fig. 2.2). It ensures that there is space between the wiring

and the rotor poles, both for cooling and for safety reasons.

The outer diameter of the machine can be now calculated as all the

required dimensions are known:

bobmgM hhgDD  22 (2.3.9)

The length of one coil’s conductor is given by:

 jSaf hlNl  2inf (2.3.10)

The coil’s resistance results:

cond
Cu S

l
R inf  (2.3.11)

2.4 Flux density computations via equivalent magnetic circuit

In the first stage of the design the flux densities in different regions of

the machine were imposed. These practically were key issues in the sizing process.

Usually there is a difference between the imposed flux densities and actual ones.
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There are two ways to check these values. One is the equivalent

magnetic circuit approach and the alternative is by using a finite element method

(FEM) model to determine the flux densities in each zone of the machine. Both of

these methods were used in this thesis. Next, the equivalent magnetic circuit based

method will be presented.

When setting up the equivalent magnetic circuit there are always some

assumptions that must be considered. These consider that the flux density in each

region of the machine has different values. Also the flux tubes are considered without

fringing, as the circuit is built up in aligned position. The stator and rotor poles are

completely aligned, so the air-gap circumferential length is equal with the pole width.

Fig. 2.5. Equivalent magnetic circuit of modular SR machine

The equivalent magnetic circuit of the modular SR machine for one

module is presented in fig. 2.5.

In order to set up an equivalent magnetic circuit that considers all the

flux paths in the machine, reluctances were introduced in all the main areas of the

machine [V5].

All the reluctances of the electromagnetic circuit are given in table 2.1.
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Item Formulas

-magnetic reluctance of the stator yoke
jsajS

bob
jugSm lh

l
R


_

-magnetic reluctance of the stator pole
sapS

m
polSm lb

h
R


_

-magnetic reluctance of the rotor pole
rapR

pR
polRm lb

h
R


_

-magnetic reluctance of the rotor yoke
jrajR

cR
jugRm lh

b
R


_

-magnetic reluctance of the air-gap
0


apS

x
g lb

g
R

-magnetic reluctance of the leakage area

around the upper side of the coil 0
_ 


abob

bob
scapSm lh

l
R

-magnetic reluctance of the leakage area

around the lower side of the coil a
cRcR

bob

scapPm

l
b

h
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h
R















0
lim
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3

1



Tab. 2.1. The magnetic reluctances of the equivalent circuit

For each region of the machine, a flux density was imposed, function of

the one in the air-gap. For each imposed flux density a value of magnetic field

corresponds [C2]. Hence, the relative permeability can be calculated for all the (B, H)

pairs of values corresponding for each region of the magnetic circuit. These values

were all computed and presented in A.1.2.

To compute the fluxes in all the regions of the magnetic circuit a system

of equations is used.
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(2.4.1)

In table 2.2 the magnetic flux in each region of the magnetic circuit are

presented.

Magnetic fluxes Percent [%]

Flux in stator yoke 100

Flux in stator pole 93.9

Flux in rotor pole 91.6

Leakage flux in the lower side of the coil (pole to pole) 2.2

Leakage flux in the upper side of the coil (in the air) 6

Tab. 2.2. Magnetic fluxes in the machine

The ratios are calculated function of to the stator yoke’s one, considering

it the main flux generated by the command coil. As it can be seen, the total leakage

flux is around 8% of the total flux. Hence the machine is well sized and the flux is

well concentrated in the machine. The magnetic separation between two adjacent

poles ensures that as less as possible flux leaks out of the module. The main flux

leakage areas taken into account in the circuit are the upper and lower sides of the

command coil.

Having the magnetic flux values in each zone of the machine computed,

the flux densities can also be calculated. These are computed function of the

geometrical dimensions of the areas that are crossed by magnetic flux.
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 (2.4.2)

The computed flux densities, are compared with the initially imposed

values in table 2.3.

Region Imposed Calculated

Stator yoke 1.4 T 1.37 T

Stator pole 1.1 T 1.09 T

Rotor yoke 1.1 T 1.09 T

Rotor pole 1.1 T 1.2 T

Air-gap 1.2 T 1.09 T

Tab. 2.3. Comparison between imposed and calculated flux densities

It can be seen as seen in table 2.3 the imposed flux densities are quite

close to the calculated ones, therefore there is no reason to recalculate the magnetic

permeability in the iron core.

2.5 Loss calculations

There are several methods to compute losses in a SR machine [R4], [R5].

The main losses in a SR machine are the hysteresis losses, the eddy current losses and

the winding losses.

Knowing the losses the efficiency of the motor can be calculated.

2.5.1 Calculation of hysteresis losses coefficients

For the hysteresis losses calculation the first step is to impose the value

of the hysteresis coefficient Ch [V4]. The hysteresis losses are computed in each

region of the machine function of Ch, the flux densities variation frequency in the

stator or in the rotor fjS, fjR and the flux density.

The stator flux density variation frequency is calculated against the

number of stator poles and the machine speed.
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Finally the hysteresis losses coefficients are:
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(2.5.2)

2.5.2 Calculation of eddy current losses coefficients

The area of each region of the module has to be considered to calculate

the eddy current specific losses. Another parameter to take into account is the ratio

between the iron conductivity (σ) and its density (ρFe).
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(2.5.3)

The eddy current specific losses in the yoke and poles of the stator

module, respectively rotor are given by:

hjRtjRjReF

hpRtpRpRFe

hpStpSpSFe
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ppp
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(2.5.4)
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2.5.3 The total losses calculation

For the computation of the iron core losses in the machine the weight of

the different parts of the machine has to be calculated.
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(2.5.5)

The iron losses in the stator module and the rotor are given by:

FejRjugRFepRpoliRFeR

FejSjugSFepSpoliSFeS

pGpGP

pGpGP




(2.5.7)

The copper losses are calculated function of the coil’s resistance and the

current trough it.

RIPj  2 (2.5.8)

The supplementary losses are estimated round 0.5% of the machine’s

output power [C2].

Nsu PP 2005.0  (2.5.9)

Finally, the total losses of the machine will be the sum of the above

calculated losses:

)(2 coilsuFeRFeST PPPPP  (2.5.10)

2.5.4 The FEM based losses calculation

A second loss computation method is based on results obtained from a

preliminary FEM model of the machine. The magnetic core of the machine is split in

several regions (stator yoke, stator poles, stator module’s upper corners, rotor poles

respectively the rotor yoke) [A4]. For each region the flux density is computed from

the FEM model for a rotor displacement of 180 electrical degrees.

The losses are computed for each region of the iron core using:
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2
max100

B
f

psvolP feFecore   (2.5.11)

where:

ρFe is the iron density [kg/m3];

vol is the volume of the corresponding block;

psFe= 3.6 W/kg is the specific core losses;

f is the frequency;

Bmax is the maximum flux density in the certain block;
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Fig. 2.6. Flux density variation in different regions of the core

The losses computed with (2.5.11) for each region of the machine are all

added to obtain the total core losses of the modular SRM. The result obtained using

this method is quite close to the one computed using the analytical model presented in

the previous section. The total core losses for one module and its adjacent rotor poles

is 19.60 W, close to the one obtained analytically (20.1 W).

2.6 Developed torque and efficiency calculation

There are different methods to compute the developed torque of the

machine [A3], [H5] and [H6].

A preliminary calculation of the developed torque is function of the

power and the speed.
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This represents the reference torque that the machine needs to develop.

The result of this calculation is used for verifying the later exactly calculated torque.

Upon on an other approach the torque can be computed function of the

MMF and the machine’s mean diameter:
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2  (2.6.2)

where Nop is the number of modules of one phase and kunal is a constant that considers

the contribution of the magnetic flux in un-aligned position.

The mechanical power developed by the machine is computed function

of the developed torque and the speed, using the inverse form of (2.6.1) (see eq.

A.32).

The total electrical power is:

TMecE PPP  (2.6.3)

where PMec is the mechanical power at the machine’s shaft. The efficiency of the

studied modular SRM is calculated with the well-known formula:

Mec

T

P

P



1

1
(2.6.4)

The resulted value must be closed to the initial specifications.

2.7 Torque determination via curve fitting method

The third approach to determine the torque developed by the machine is

based on using the curve fitting method to determine the flux vs. current variation

from aligned to unaligned position.

The computation model is based on using three fluxes vs. current

characteristics, obtained by means of a preliminary numerical field computation based

on FEM model of the machine [S13].
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This mathematical function is based on approximating the flux linkage

using Fourier series with limited number of terms [V2].
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Fig. 2.7. Phase flux-linkage versus phase current

The approximation of the phase flux linkage for the fault tolerant SRM is

represented by:

  )2cos()cos(, 210   i (2.7.1)

where the 0 , 1  and 2 are obtained from the fluxes in aligned al , unaligned un

and semi-aligned av positions of the rotor.
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(2.7.2)

The three coefficients for the three rotor positions are obtained via 2D

FEM analysis, described later in Chapter 3. The nonlinear characteristics of flux vs.

current can be obtained using the curve fitting procedure. A ratio of polynomials was

employed [S8]. For instance in aligned position the flux linkage al  is:

alalal
al cibia

i




2 (2.7.3)

To prove the method’s accuracy, in fig. 2.7 both the FEM and the

analytically resulted curves are superimposed. It can be observed that the curve fitting

method of the characteristics is very precise. In (2.7.3) i is the current for each point



Design and Study of a Modular Switched Reluctance Machine

43

of calculation and the coefficients of the second order function are determined by the

above mentioned curve fitting procedure.

A same function as the one given in (2.7.3) is used to determine the

characteristics for the intermediate position with new coefficients, corresponding to

intermediate position flux values. These characteristics are also plotted on in fig. 2.7.

For the unaligned flux linkage versus current characteristic, which is an

almost linear function of phase current, the estimation can be made like:

iL unun  0 (2.7.4)

where unL0 is the inductance of the coil at unaligned position of the rotor which can be

calculated or measured, and it is described by a certain value for each current. In this

case this inductance is of 14.6 mH, calculated as the ratio of the measured magnetic

flux and the phase current in unaligned position.

Defining the mathematical model to approximate the complete set of

characteristics for the flux linkage vs. current, there are two more issues to be solved.

First is to verify that the model can generate characteristics in any

position that will superimpose the FEM ones as accurate as possible. The second one

is to calculate the torque and to compare it to the one given in the specifications.

As it can be seen in fig. 2.7 all the characteristics are correctly

superimposed. Due to the above proved results, the torque can be calculated, by

integrating the area between the aligned and unaligned flux characteristics using the

well-known formula:
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(2.7.5)

It results 5.37 N·m, very close to the values calculated in the design sheet

process (5.47 N·m). This method represents a preliminary step to validate the design

of the machine.
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2.8 Thermal analysis via analytical method

The thermal model is set up for a single module of the machine. The

study is based on the direct current machine’s salient pole’s thermal model [C3]. The

model is built up upon some simplifying hypotheses such as:

- the winding has a uniform distributed temperature in its whole volume;

- the temperature fall inside the iron is practically nil;

- there is no auxiliary cooling system.

The thermal model is given in fig. 2.8.

3
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a) the boundaries between different regions of the
machine

b) the circuit

Fig. 2.8. The thermal model and thermal equivalent circuit of the machine

The thermal equivalent circuit consists of several thermal resistances:

-R3 the winding to core thermal resistance;

-R4 the pole to side spacer thermal resistance;

-R5 the pole to air-gap thermal resistance;

-R6 the pole to the ambient thermal resistance;

-R9 the winding to the ambient thermal resistance.

At the beginning of the thermal calculations several coefficients must be

imposed. These are the thickness of different insulations and the corresponding

thermal conductivity. In table 2.4 these coefficients are detailed.
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The heat transfer between the winding and the pole is thought the coil’s

insulation (βb and λb), the insulation of the winding against the pole (βm and the λm)

and the thin layer of polish (βl and the λl ).

Region
Thickness

[mm]

Thermal
conductivity

[W/mm·oC]

Polish 25.0l 35.0l

Winding to pole 5.0m 17.0m

Winding to yoke 1b 35.0b

Tab. 2.4. Thicknesses and thermal conductivity factors of the insulations

The thermal resistance of the winding to core can be calculated by:

33
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where βt3 is the sum of all the above mentioned thicknesses and λ3 is calculated like an

equivalent thermal conductivity:
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3 (2.8.2)

The thermal resistance from the pole to spacer is calculated as:

44
4 S

g
R ps





(2.8.3)

where S4 is the surface of the lateral part of the module and λ4 is its thermal

conductivity, (0.00025 W/cm·oC). Due to imperfections of the surfaces a gps=0.1 mm

gap is considered between the module and the spacer.

To calculate the heat transfer from the module’s poles to the air-gap the

thermal conductivity is calculated against the flux of air created in the air-gap

vδ=0.5·nN, the air’s thermal conductivity λ0=1.67·10-3W/cm·oC, a parameter that

considers the insulation class F (a=0.22) and a constant k=0.8:
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The area that is considered to transfer heat to the air-gap is double of one

pole’s cross section.

The heat transfer from the module to the ambient air is calculated

considering the outer area of the module not covered by winding and the air’s thermal

conductivity.

60
6

1
S

R



 (2.8.5)

The last element that must be computed is the transfer from the coil to

the surrounding environment. The thermal resistance in this case is calculated using a

more complex formulation taking into account the shape, the outer area and the

conductivity properties.
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The α9 thermal conductivity is equal with α5 as the heat transfer in both

cases is directly to the air.

The equivalent thermal resistance will be:
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The total losses taken into account in the temperature rise calculations

are:

4_
coil

suFeRFeSheatT

P
PPPP  (2.8.8)

For this computation the coil losses are divided with the number of

phases as the temperature increases only during the conducting period of each

coil/phase.

The final temperature rise of the machine is:
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tenvironmenheatTEheat TPRT  _8 (2.8.9)

The thermal calculations were performed only for the coils as these are

the most sensitive in means of temperature rise. The winding temperature reaches

58oC operating at the rated current value. Assuming that the insulation class and the

sizing process are correct, there is no danger of damaging the windings due to the

temperature rise.

2.9 Determining optimal structures via Hooke-Jeeves algorithm

To achieve an improved design of this machine and inherently to

improve the overall system’s performances a numerical optimization algorithm should

be applied. A large number of such optimization techniques exist in the literature.

Choosing the right method depends on the nature of the problem, the number of

variables, constraints or objectives [S8].

The Hooke-Jeeves method was selected to be applied. Practically it is

called pattern search method, which for each iteration initially defines a pattern of

points by moving each parameter one by one, so as to optimize the objective function

[R8]. The entire pattern of points is then shifted or moved to a new location

determined by extrapolating the line from the old base point in the n dimensional

parameter space to the new base point.

The modified Hooke-Jeeves algorithm has the following structure [T4]:

1) choose the optimization variables, the set of variables that will be

modified in the process. For each variable a starting value, a minimum and maximum

limit, respectively an increment coefficient has to be set.

2) set special limitations of other variables that can be altered during the

process.

3) define the objective function, the function to be optimized.

4) set the initial and final value of the global increment. The objective

values will be initially modified with a larger increment, which will be further

decreased in order to refine the search space.
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5) compute the geometrical dimensions and the magnetic and electrical

values, following the analytical procedure presented in the Section 2.2 and evaluate

the objective function.

6) make a research movement along to each optimized variable in

positive and negative direction, (grid search), using the initial step as it is shown for

two dimensional vector in fig. 2.9. Compute the objective function and its gradient

and use the partial derivative to find the worse and the track points.

7) make an optimized variable movement with step until the objective

function is decreasing

8) repeat the research movement and use the gradient movement to find

the better direction along the new point.

9) reduce the variation step and repeat the previous steps. The algorithm

stops when the research movement cannot find better points even with the smallest

variation step. The found value represents a local minimum and a different value can

be found by changing the initial starting point.

Fig. 2.9. The Hooke-Jeeves modified algorithm operating principle

In the case of the machine in study, a set of 5 optimization variables

were selected: Nsp, la, Dg, bpS, bpR – the phase current, number of turns, active stack

length, mean diameter, stator and rotor pole width. Inferior and superior limits are set

for each variable to keep the structure functional. The initial and limit values of the

optimization variables are the ones given in table 2.4.
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Two supplementary limits are imposed in the program to ensure an

optimal structure for all the possible cases. These are the maximum temperature of the

machine, set to 70oC, respectively the upper limit of the efficiency set to 0.9.

The overall optimization initial and final step sizes are set to 0.8 and 0.01

with an optimization ratio equal with 1.1. The optimization process uses these

parameters as increments in the calculation process. The initial, minimum and

maximum values of the variables that represent the input for the program are

presented in table 2.4.

Tab. 2.4. The optimization algorithm’s input parameters

As the machine in study has to be fault tolerant, it is important to have a

high torque density in order to increase performances during faulty condition. For the

optimization program, the objective function that is followed is represented by the

ratio of torque vs. mass. Using the Hooke-Jeeves optimization procedure with the

above mentioned constraints, practically an improved machine is obtained, having

superior torque vs. mass ratio.

In fig. 2.10 the evolution of the most important parameters are presented.

Comparing these values to those obtained using the classical design algorithm it can

be mentioned that the improved machine is able to develop the same amount of torque

at a lower machine mass. Hence, as it can be seen in fig. 2.10.f, the efficiency is also

increased due to lower iron and winding losses.

Optimization
variable

Initial
value

Minimum
value

Maximum
value

Nsp 200 10 300

la [mm] 50 30 100

Dg [mm] 140 120 180

bpS [mm] 13 10 15

bpR [mm] 13 10 15
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Fig. 2.10. The results of the optimization process
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In fig. 2.10.d it can be seen that high torque vs. mass points can be

obtained considered optimum those that respect one constrain: to obtain torque

between 5 N·m and 6 N·m.
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Fig. 2.11. The temperature variation obtained from the optimization process

It can be seen in fig. 2.10 that the maximum temperature limit considered

for the machine is not reached. Hence, the optimal structure fits the normal operation

and no supplementary cooling systems are required.

In table 2.5 the modified parameters of the improved machine are given:

Parameter
Initial

value

Optimal

value

Nsp (number of turns pe`r coil) 220 219

la (active stack length) 50 49

bpS and bpR (rotor and stator pole width) 13 10

Dg (mean diameter) 140 140

Tab. 2.5. The optimal machine parameters vs. the breviary ones

The numeric field analysis was also performed for the optimal structure

of the machine.
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2.10 Conclusions

The sizing procedure for the modular SR machine is based on the

classical structure of the SR machines. The verifications by means of flux densities in

different regions of the machine prove that the design algorithm is correct.

The losses are relatively small for this structure, hence the efficiency is

0.75 (from the analytical sizing process) and using the optimization program, it can be

increased to 0.83.

It is important to mention that by the sizing procedure presented in this

chapter it was proved that the machine can be designed to reach the desired output

power.

The analytical calculations are well-done and could be useful to design

also other modular SR machines. All the sizing equations can be included into a GUI

program to facilitate a user friendly application for designing the modular SRM.

The main contributions in the design process are the equations for sizing

the geometrical structure of the machine, the verification check points and the thermal

approach.

The Hooke-Jeeves optimization algorithm was used in order to obtain the

best ratio between the developed torque and the machine's mass. Taking advantage of

this model, it was stated out that the machine can be improved to have the same

developed torque at lower losses and higher efficiency.





Chapter 3

Simulation Programs for Studying the
Modular Switched Reluctance Machine
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After sizing the machine the next step in its study is to analyze it by means

of simulations. The results obtained via simulations can provide valuable information

on the machine’s behavior in different dynamic regimes. In addition these results can

confirm the correctness of all the analytical calculations presented in details in

Chapter 2.

Nowadays the most common way to simulate electrical machines is by

using the widely-spread MATLAB-Simulink environment, or by means of bi- or

tridimensional numeric field analysis based on the finite element methods (FEM).

There are different possibilities to apply the numeric field computations in

the electrical machine's study.

The first is based on using a dedicated software package Cedrat's

FLUX 2D and FLUX 3D. Using these software products an accurate model of the

machine can be built up. By using bidimensional (2D) field computations both the

magnetic flux distribution in the machine and its main characteristics (torque, speed,

etc.) can be precisely computed [R1].

Using the tridimensional (3D) model of the machine also the leakage flux

around the outer areas of the coils can be computed.

The second method is the so-called cosimulation. It means that two

simulation programs are coupled together in order to study the dynamic performance

of the machine in study. The main program was built up in MATLAB-Simulink, the

most widely used dynamic system simulating platform [C6]. The machines FEM

based model is embedded in the main program by using the Flux-to-Simulink link

[S10].

A simplified and less time consuming approach is to use instead of the

directly embedded field computation program pre-computed torque and flux versus

current and rotor position characteristics obtained via field computations [R6]. These

characteristics are included in the MATLAB-Simulink program by using lookup

tables. By using this procedure the simulation times is drastically reduced.
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3.1 Simulations using FEM 2D approach

Setting up a 2D FEM model of the machine in study by using the Flux 2D

program of Cedrat is an adequate tool for validating the design algorithm. The

Flux 2D model of the machine can be coupled to the MATLAB-Simulink

environment by using the Flux-To-Simulink technique. Simulink is perfectly suited

for simulating the converter of the machine and for imposing the different operating

regimes and machine conditions.

3.1.1 Building the Flux 2D model

The starting point of the machine’s Flux 2D model is the cross section of

the machine (given in fig 3.1).

Fig.3.1. The cross section and the main regions of modular SRM in study

The machine's structure can be built up using geometrical primitives

(points, lines and faces), respectively by assigning materials, circuits, mechanical

properties and boundary conditions. Also the fixed and the moving assemblies of the

machine have to be selected in this phase.

The geometrical model is based on setting the coordinates of all the points

and merging them using lines to define the edges of each part of the machine. The

closed areas are assigned to face regions.
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To have flexibility when modifying the machine’s structure the model was

built up using parameterized coordinates. All the machine’s dimensions consist of a

list of imposed parameters.

The machine's model was built based on periodicity and on symmetry of

the machine’s geometry, by using functions existing in the Flux 2D environment.

For each face region there are different regions assigned. For all of them

material and mechanical properties have to be assigned. For the stator and rotor core

the assigned material was M335-50A. The coils are of copper, and for all the rest of

regions with non-magnetic properties air or vacuum was set.

The coils have to be included in external electrical circuits, as that given in

fig. 3.2.

Fig. 3.2. The electrical circuit of the model

The rotor, the shaft and the air surrounding the rotor are set to be able to

rotate at an imposed speed. The rest of the regions (the coils, the stator modules and

the air surrounding them) are set to be fixed.

Usual Flux 2D coils components were used to model the windings of the

machine. Their main characteristics (conductor material, number of turns, etc.) were

set in accordance with the designed winding arrangement. For each coil two such

components are used: the "come" and "go" sides (faces) of the winding [R13], [R14].

For each coil of the machine a half H-bridge converter leg was attached

controlled via the Flux-To-Simulink coupling technology, detailed in depth later. The

power switches of the converter are replaced by resistors (see fig. 3.2). Their

resistance can be easily controlled from outside the circuit, from Simulink. For the

ON / OFF states of the power switches a low (0.004 Ω), respectively a high (10 MΩ)

value for the resistance is imposed [S7], [R6].

At one time two coils of the same phase are fed synchronously by the two

corresponding half H-bridges. All the half H-bridges are connected in parallel to the

same dc voltage source [S8], [M2].
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Next the mesh of the FEM model was generated (see fig. 3.3).

Fig.3.3. The mesh of the FEM 2D model

This is an essential stage in building up the model; hence both the

precision and the computation times depend on the correct generation of the mesh

[R12]. It must be dense enough for precise calculation and also optimal for not

consuming long computational times. The main attention was paid to the mesh round

the air-gap, the most important part of an electrical machine.

3.1.2 Conduction angles computation

After building up the 2D FEM model of the modular machine, there are

two important calculations that have to be performed before beginning the

simulations:

a) the calculation of the phase conduction period (the turn on and off

moments of the corresponding power switches) against the rotor

position;

b) validation of these conduction periods using magnetic flux and

magnetic torque versus rotor angular displacement characteristics of

the machine.

The conduction period can be obtained by dividing a complete rotation of

the rotor (360 mechanical degrees) to the number of rotor poles and the number of

phases:
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After the computation of the phase conducting period it has to be validated

by using the flux and torque versus rotor angular displacement characteristics. These

were plotted via the Flux 2D simulation program imposing several currents from 0 to

8 A (the increased current for fault compensation) with a step of 0.2 A and moving the

rotor from 0 to 180 electrical degrees (see figs. 3.4 and 3.5).
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Fig. 3.5. Torque vs. position characteristics

In figs. 3.4 and 3.5 lines were added to distinguish the starting and the

ending of the conducting period. It can be seen that this period is well set involving

the most significant torque generation. For an SR machine it is important to set the

firing angles correctly as only this way the machine can develop the rated torque.
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3.1.3 Coupling Flux 2D with MATLAB-Simulink

In order to analyze the fault tolerance of the proposed SRM adequate

simulation programs are required. To obtain the best solutions the electrical machine

and its power converter must be simulated by means of coupling two software

packages.

The MATLAB-Simulink environment, as it was already stated, is perfectly

suited for simulating the converter and it can impose the different operating regimes

and machine conditions. The model of the machine was built up in Flux 2D, an

excellent program to solve numeric field computation problems. By coupling these

two platforms, simulations suitable for in depth analysis can be accomplished.

The block diagram of the coupled simulation program is given in Fig. 3.6

[S10].

Fig. 3.6 The block diagram of the coupled simulation program

The FEM model of the SRM is embedded in the main Simulink program.

The analytical model of the drive system is computing at each time step

the power switches command signal (PSCS), which are practically setting the values

of the resistors from the machine's circuit model. The computations are performed

using several constant parameters (CP) as being inputs in the system, respectively the

current (I) and the angular position (θ) error signal. At every time step data are

exchanged between Simulink and Flux 2D. The FEM model is returning to the main

program four signals: the phase currents, the electromagnetic torque (T), the

mechanical speed (Ω) and the angular position of the SRM at that time step.

The main window of the simulation program is given in fig. 3.7.
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Fig. 3.7. The main window of the simulation program

The phase currents are controlled based on the rotor position by four

closed-loop hysteresis modulation technique based current controllers. Their models

are implemented in four command blocks [K3], [S9].

For each phase four signals are sent to the machine's model to control the

power switches of the converter (2 pairs of signals for each coil of the phase). All

these signals are multiplexed and they are the inputs of the Flux-To-Simulink

coupling S-function type block, which practically is the machine's embedded Flux 2D

model (as it can be seen in fig. 3.7). This block assures the connection between the

two environments by maintaining the data transmission between them.

The output values of the coupling block are: the developed mechanical

torque, the rotor position and the currents of all the coils, as they can be seen in the

mask of the coupling block given in fig. 3.8.
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Fig. 3.8. The mask of the Flux-to-Simulink coupling block

The imposed simulation task is solved step by step by means of time

stepping method. To save the simulation results the output values are all written in

.mat-type files.

The turn on and off angles of the power switches of the converter and the

current reference are all red from an external m-type file (see fig. 3.9). This file

contains the maximum current value, the conduction angle of each phase, respectively

the current's hysteresis band.
clc
%Rotor position, period and step
Theta0  = 0.0
Period = 360/14
step = Period/4
aux = 0.4
p = step/2
%phase conducting periods
Ph1On1  = 0
Ph1Off1 = step - p
Ph2On1  = step - p - aux
Ph2Off1 =  2*step - p
Ph3On1  = 2*step -p - aux
Ph3Off1 = 3*step - p
Ph4On1  = 3*step -p - aux
Ph4Off1 = 4*step - p
Ph1On2  = 4*step - p - aux
Ph1Off2 = 5*step - p
%floating resistance
Rhigh   = 100000
RDSOn   = 0.004
%imposed current and hysteretic band width
iHi     =  8
iBand   =  0.2

Fig. 3.9. The external file with input parameters for the current control system

The current control is assured by using hysteresis control blocks (see

fig. 3.10). These will send control signals corresponding to the ON and OFF state of

the power transistors of the converter.
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Fig. 3.10. The control block for a coil

In each control block the inputs are the actual currents of each of the two

coils of the phase, the rotor position, respectively the starting and ending angle of the

conduction period. The logical operators compare the actual rotor position with the

conduction angles of each phase read from an external file. They return logical 1 if the

actual rotor position is within the imposed conduction period.

Only one transistor of each converter bridge is opened/closed by the

hysteresis current controller. The second one is kept ON during the whole conducting

period in order to diminish transistor synchronization problems [R7].

The main advantage of using such coupled simulation program is its

flexibility when different machine conditions have to be studied.

Unfortunately a usual simulation task is solved in about 17-20 hours. This

is the main drawback of using the above presented time-stepping coupled simulation

program. Therefore also alternative simulation techniques were taken into account.

3.2 Simulations using 3D FEM  approach

By using the Flux 3D program three dimensional (3D) numeric field

computations of the machine in study can be performed.

As the 3D model is built up using a huge number of elements the

simulation times are very long. A coupled time-stepping simulation in this
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environment is not possible, respectively Flux 3D cannot be coupled with MATLAB-

Simulink in order to perform co-simulations. Therefore the model built up in Flux 3D

will be used only to validate the results of the analytical computations, to observe

more precisely the regions where the iron core is saturated, and to compute the

leakage fluxes of the machine.

The electric circuit of the model was built up using current sources (see

fig. 3.11.b).

a) the 3D model’s mesh b) the cut plain for leakage flux computation

Fig. 3.11. The mesh and the electric circuit of the 3D model

The 3D model was built considering the same materials as presented for

the 2D model respectively the same mechanical properties. In fig. 3.11.a a detail of

the 3D’s mesh is presented.

The leakage flux is computed by Flux 2D via integrating the flux density

on the surface of the cut plane. The color map of the flux density in a cut plane

through the module's surface is given in fig. 3.12.

Such computations were performed for all the outer sides of the module

(the upper and the two ends of the coil). The sum of the three values is the coil’s total

leakage flux.

These computations were important, since upon the shape of the modules

and the placement of the coil it was expected that leakage flux should be high. In

Chapter 2 it was analytically proved that the leakage flux is quite low, due to the two

poles of the module, which are concentrating the magnetic flux and are forcing it to

pass through the air-gap and the rotor.
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Fig. 3.12. The color map of the flux density in a cut plane

By means of Flux 3D also the flux densities in different regions of the

machine could be computed, as shown in fig. 3.12.

Fig. 3.13. Color map of flux densities in a segment of the machine
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In table 3.1 the leakage flux, the flux densities in different regions of the

machine and the developed torque are given as obtained via analytical computations

and Flux 3D simulations.

FEM Analytic

Leakage flux 7.1·10-5 Wb 6.3·10-5 Wb

Yoke flux density 1.81 T 1.55 T

Air-gap flux density 1.21 T 1.18 T

Rotor pole flux density 1.25 T 1.15 T

Stator pole flux density 1.20 T 1.17 T

Developed torque 5.69 N·m 5.47 N·m

Tab. 3.1. Comparison of the results obtained by
analytical computations and Flux 3D simulations

As it can be seen the results obtained by means of the two methods are

quite closed (in almost all the cases the maximum error between them is acceptable,

being above 10%).

The exception is the flux density in the module’s yoke, where higher

values were imposed by the design in order to help blocking the power switches of the

converter. This was not taken into account in the analytical computation (a uniform

flux density distribution was considered in all the parts of the iron core).

It can be stated that both the analytical and the FEM models were correctly

set up, hence the results can be considered as corrects.

Upon the results from table 3.1 it also can be affirmed that the design of

the machine was performed correctly since the developed torque of the machine and

the flux densities in its different parts are very close to that computed via 2D and 3D

FEM.

3.3 The Simulink program for the dynamic simulations

As it was stated already the dynamic (time-stepping) simulation of the

machine by using a co-simulation program which couples Simulink and Flux 2D

requires long simulation times. Therefore another approach was proposed for this

purpose: a Simulink program using pre-computed via 2D FEM approach torque and

flux versus current and rotor position characteristics [S5].

This approach is a compromise between the simulation times and the

accuracy if the results. The simulation times can be reduced from tens of hours to

minutes, but the results are enough accurate for the purpose of the simulations.
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3.3.1 The Simulink model

The machine’s Simulink model is based on both the SRM's equations and

on two characteristics (magnetic flux and torque variation) obtained via FEM

calculations [S11].

The way to obtain these characteristics was already detailed in section

3.1.2. For each current value and each rotor position taken into account a torque and a

magnetic flux correspond. The obtained values are written in two matrices and these

are red by Simulink using two lookup table type blocks [R10].

The 3D plots of the torque and flux versus current and rotor position

characteristics pre-computed via Flux 2D are given in figs. 3.14 and 3.15.
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Fig. 3.14. 3D plot of the magnetic flux vs. phase current and angular displacement
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The main window of the Simulink model is given in fig. 3.16.
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Fig. 3.16. The main window of the Simulink model

The model is divided into three main parts. The first one is the Speed

Controller of the machine (see it in fig. 3.17).
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Fig. 3.17. The Speed Controller block

The actual speed of the machine obtained from the mechanical model is

compared with the imposed one. The speed error signal is sent to a PI controller

which computes the reference current. A Saturation-type block limits the maximum

current to the rated value.

The reference current is multiplied with 0 or 1 logic imposed by the

Position Block, which computes the phase conducting periods function of the rotor

position (see fig. 3.16).

The difference between the imposed and the actual current is the input of

the hysteresis current controller implemented by using a Relay block, which is

computing the signals for the power switches of the converter (fig. 3.17) [S6].

The power converter was modeled by means of SimPowerSystems, an

embedded library of Simulink (see fig. 3.18) [K5].
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Fig. 3.18. The Power Converter block

Each coil is fed by a half H-bridge power circuit. The Simulink voltage

signals must be transformed into signals accepted by SimPowerSystems via Voltage

Measurement blocks. The 8 voltages are the outputs of the Power Converter block.

These signals are sent to the Modular SRM block which practically is the

model of the machine in study. Its structure is given in fig. 3.19.
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Fig. 3.19. The Modular SRM block

The SRM model is based on the well-known voltage equation:

dt

d
iRu f


 (3.3.1)

where u is the phase feeding voltage and Rf  the phase resistance.

Integrating the difference between the feeding voltage and the coil’s

voltage drop the magnetic flux in the energized coil can be obtained:

   dtiRu f (3.3.2)

In the first lookup table (containing the magnetic flux variation versus

current and rotor position) a current corresponding for the calculated flux and for the

known rotor position is obtained (see fig. 3.18). This current and the same rotor

position are the inputs of the second lookup table (with the torque variation versus

current and rotor position) which will return the corresponding torque for the given

inputs.

The model contains also the Mechanical System block, given in fig. 3.20.
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Fig.3.20. The Mechanic System block



Design and Study of a Modular Switched Reluctance Machine

72

Its input is the resistant and the developed torque and it computes the

speed and the angular displacement of the machine based on the movement equation:

  irez BTT
Jdt

d


 1
(3.3.3)

where T is the developed torque, J the rotor inertia, Trez the load torque, Bi the viscous

friction coefficient and Ω the angular velocity of the machine.

Using this method, a complete simulation program for the modular SRM is

built using only the Matlab-Simulink environment.

3.4 Conclusions

In this chapter all the simulation programs used were detailed.

The first step was the setup for 2D FEM based computations. For this task,

the involved environment was Cedrat's Flux 2D. Taking advantage of the Flux-To-

Simulink technology, Flux 2D was coupled with Matlab Simulink to perform step by

step simulations. The coupled simulation is useful in studying the effects of different

winding faults on the torque developing capacity of the SRM. The computing power

of Flux 2D thus joined the facilities of Matlab Simulink in simply describing the

different operating regimes of the machines and drives taken into study.

Knowing the accuracy of the FEM based calculations the Flux 2D model

of the machine is used also to validate the analytical design computations presented in

Chapter 2.

A second step was the setup of a 3D FEM based program created using

Flux 3D environment. The 3D model in study was useful to compute the leakage

fluxes, the flux density distribution in the machine’s volumes and the developed

torque. All these values validate those computed in the analytical design sheet.

The drawback of using Flux-To-Simulink models to study the machine is

the enormous simulation time needed (about 17-20 hours). Therefore, an other

solution had to be approached, having quite the same accuracy and decreased

computation times. The solution was setting up a Matlab Simulink program for the

machine.

Taking advantage of both the flexibility of this program and the short

computation time, the Matlab Simulink program fitted perfectly to study several

operation conditions for the proposed modular SRM.





Chapter 4

Results of simulations
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In Chapter 3 various simulation programs were presented which were used

in the modular switched reluctance machine’s analysis.

In the first part of the chapter results of simulations performed via the

coupled Simulink – Flux 2D program are given. To highlight the modular structure’s

benefits a comparison study was performed on the behavior of three different

machines:

- the proposed four-phase modular SRM

- a classical four-phase SRM

- a five-phase variant of the modular SRM in study

In addition to the above mentioned simulations comparative studies of the

back EMF generated in the un-energized coils of the modular and classical SRM were

carried out using the same FEM program.

The dynamic behaviors of the proposed four-phase modular SRM were

analyzed by means of a Simulink program, where the Simulink to Flux 2D block was

replaced by two lookup tables [I2]. Taking advantage of the relatively short

computation times and the flexibility of the Matlab-Simulink model numerous

simulation tasks were fulfilled.

Firstly the importance of the increased phase currents that can compensate

the lack of torque generation due to the faulted coils of the machine are emphasized

by means of this program.

Using the same Simulink model two dynamic regimes of the machine were

studied:

- imposing constant resistant torque and variable speed

- imposing constant speed and variable resistant torque.

In all the cases the modular SRM was simulated in six conditions: the

healthy machine and imposing five different open-circuit winding faults.

The simulated conditions were:

a) normal operation (healthy machine);

b) one coil opened;

c) two coils opened (from different phases);

d) three coils opened (from different phases);

e) four coils opened (from different phases);

f) one phase opened.
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In order to verify the modular SRM’s structure obtained using the

optimization algorithm, a FEM 2D simulation in normal condition was performed and

its results will be presented in detail.

For each simulation’s results detailed as follows two currents plots will be

presented, one for the first coil of each phase respectively one for the second coil of

each phase, this way making easy to observe which coils are conducting and which

are faulted, respectively them influence on the developed torque variation.

4.1 Simulation results obtained via the coupled Simulink – Flux 2D program

The coupled Simulink – Flux 2D program was presented in details in

section 3.1. The results obtained by using it will serve as reference when comparing

with the results obtained by means of other simulation programs. For all the

simulation tasks performed the simulation time was set to 0.03 s. All the simulations

were performed at the constant imposed speed of 600 rpm. In the mechanical setting

of the model the rotor's and the load's inertia were neglected. For all the three

machines in study the phases were split in two independent coils placed on

diametrically opposed modules (or poles in the case of the classical SRM).

The opened coils were simulated by imposing OFF state for both the

corresponding power switches from the converter. The simulations are focused on the

torque development capability of the machines in different conditions. The main value

of the torque and the torque ripple of the healthy machine are taken as reference when

compared with the results obtained for the fault conditions in study.

4.1.1 Results of the four-phase modular SRM's simulation

The simulations performed via the coupled simulation program can

highlight its performances in all operation conditions.

In fig. 4.1.a the cross section of the four-phase modular SRM is given.
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a) b)

Fig. 4.1. The cross-section (a) and field lines (b) of the four-phase modular SRM in study

The flux lines in the machine can be seen in fig. 4.1.b, and its main

dimensions are given in Appendix A.1, in table A.5.

a) Healthy machine

In this case all the machine’s coils were considered in healthy condition.

The phase currents were set at their rated value (6 A)

In fig. 4.2 the current's (in the first, respectively in the second coil of each

phase) and the developed torque's plots versus time are given.
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Fig. 4.2. Torque and current plots of the healthy machine

As it can be seen all the 8 coils of the machine are operational and

contribute to the torque generation. The mean torque in this case is 5.7 N·m. This is

very close both to the value obtained via analytical computation (5.37 N·m) and to the

specified rated torque of the machine (5.57 N·m). The torque ripples are

approximately 1.8 N·m, (about 30% of the mean torque). It must be mentioned that

the torque ripples can be reduced by means of several methods [H9].

b) Faulty conditions with opened coils

In the following figures the main results of the simulations (the currents

and the torque versus time plots) for the four opened coils conditions are shown.

When a coil is faulted still 4+3 coils of the machine are working (the 86% of the

machine’s windings). In fig. 4.3 the missing current in the single faulted coil can be

clearly observed.

The remaining coil of that phase is still contributing to the torque

generation, but of lower values.
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Fig. 4.3. Torque and current plots of the one coil open circuit condition
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Fig. 4.4. Torque and current plots of the two coils open circuit condition
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Fig. 4.5. Torque and current plots of the three coils open circuit condition
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Fig. 4.6. Torque and current plots of the four coils open circuit condition
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Due to the lower torque produced by the faulted phase the torque ripples

are greater than in the case of the healthy machine. The mean torque in this case is

4.95 N·m, 86% of the rated torque. At higher load inertia the torque should decrease

more slowly, hence the torque ripples should be less.

When two coils are opened 4+2 coils (74% of the windings) will work

instead of 4+4. As it was expected in fig. 4.4 two current pulses are missing due to the

two faulted coils. Half of the period decreased torque is developed only. In this case

the mean value of the torque is 4.23 N·m, more than 74% of the rated torque.

When one more coil is opened only 5 coils remain good, 62% of the total 8

coils. As it can be seen in the plots in fig. 4.5 the torque in this case is much lower

than that in fig. 4.2, and its mean value is 3.55 N·m, 62% of the rated torque.

When one coil of each phase in opened, practically only half of the

machine's windings are working. As it can be seen in fig 4.6 the currents in the first

set of coils are nil, since only 4+0 coils are still working. The mean torque is

2.85 N·m, about half of the rated torque.

In all the four conditions the machine is still operating if the load torque is

smaller than the developed one.

c) One phase's open circuit fault condition

The most severe fault that the machine can overdrive is when an entire

phase of the machine is opened. In this case 3+3 coils are working, therefore 75% of

the windings contribute to the torque development.

In fig 4.6 the torque and the currents plots versus time for this fault

condition of the machine can be seen.

It can be seen in the plots that the torque is nil when the faulted phase

should be energized. The machine is moved over these positions only due to its own

and the load's inertia. The mean torque is reduced only by 25% of its rated value

(4.25 N·m), but the torque ripples are quite high.

All these results prove the good fault tolerant capability of the proposed

modular SRM (see table 4.1).
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Fig. 4.7. Torque and current plots of the one phase open circuit fault condition

Condition
Mean torques [N·m] and

percentage of the rated torque

Healthy machine 5.7 (100%)

One opened coil 4.95 (86%)

Two opened coils 4.23 (74%)

Tree opened coils 3.55 (62%)

Four opened coils 2.85 (50%)

One opened phase 4.25 (75%)

Tab. 4.1. The mean torques of the four-phase modular SRM in the conditions in study
obtained via the coupled simulation program

Also in very severe conditions (with up to the half of the channels faulted)

the main task of a fault tolerant machine was fulfilled: to continue its movement. Of

course in such conditions the developed torque is less than the rated one.
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4.1.2 Results of the four-phase classical SRM's simulation

In order to highlight the fault tolerant performances of the proposed

four-phase modular SRM a comparison with an equivalent classical SRM was

performed.

For this purpose a four-phase SRM was designed and simulated upon the

same design data (power, rated torque, rated speed, number of phases and rated

current) as in the case of the four-phase modular SRM. In Appendix A.2 the detailed

data of the classical SRM is given. The main dimensions of this machine can be seen

in table A.7.

The cross section of the machine, respectively the flux lines obtained via

2D FEM simulations are given in fig. 4.8.

a) b)

Fig. 4.8. The cross-section (a) and field lines (b) of the four-phase classical SRM in study

The coupled simulation program is very similar to that used in the previous

case. Only the embedded FEM model of the machine had to be changed.

The following results for the classical SRM have lower number of

current/torque pulses at the rated speed (600 rpm) for the same period of time (0.03 s)

than the modular SRM due to lower number of stator/rotor poles.
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a) Healthy machine

In fig. 4.9 the torque's and the current's plots versus time for the healthy

machine are given.
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Fig. 4.9. Torque and current plots for the classical SRM in normal condition

Comparing the torque plot from fig. 4.9 with that from fig. 4.2 (for the

modular SRM in the same healthy condition) it can be observed that the torque ripples

in the case of the classical SRM are higher. This is the first advantage of the proposed

modular SRM over its classical counterpart.

b) Faulty conditions with opened coils

In the following figures the main results (the currents and the torque versus

time plots) obtained via the coupled simulation program for the four opened coils

conditions are given.
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Fig. 4.10. Torque and current plots of the one coil open circuit condition
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Fig. 4.11. Torque and current plots of the two coils open circuit condition
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Fig. 4.12. Torque and current plots of the three coils open circuit condition
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Fig. 4.13. Torque and current plots of the four coils open circuit condition
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In the case of one opened coil fault (as seen in fig. 4.10) half of one phase

is opened. When a faulty phase is commuted the torque is falling to 2 N·m.

In this case the SRM develops a mean torque of 4.6 N·m, about 82% of the

rated value. This value is 96% of the mean torque calculated in the case of the

modular SRM.

When two coils are opened (see fig. 4.11) the torque during the time

periods corresponding to the operation of the faulted coils is falling to around 2 N·m,

having considerable ripples. In this case the classical SRM is able to develop a mean

torque of 3.71 N·m, about 67% of the rated torque.

The modular machine in the same condition is able to develop 74% of the

rated torque, with 7% more than the classical SRM.

In case of three faulted coils from different phases only a single phase will

remain complete. Also it can be observed in fig. 4.12 that the torque when only a

single coil of a phase if working is falling to around 2 N·m. The mean torque in this

case is only 2.67 N·m, about 48% of the rated one.

The modular SRM is able to develop with 13% more torque than its

classical counterpart when three coils are faulted.

In fig.4.13 it can be seen that the currents from the first coils of each phase

of the machine are nil. The mean developed torque of the machine is 1.85 N·m, being

only 33% of the rated torque. In the same condition the modular SRM develops more

torque, about 50% of the rated one.

The modular SRM is able to develop with 5%-8% higher mean torque than

its classical counterpart due to its shorter flux paths trough the iron core. Hence it has

also higher air-gap flux density.

c) One phase's open circuit fault condition

When an entire phase of the machine is faulted represents the most severe

fault that the machine can still handle.

The plots versus time of the currents and of the developed torque are given

in fig. 4.14.
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In this case, as it can be seen in fig.  4.14, the machine is able to develop a

torque of 4 N·m, 72% of the rated torque. Also in this situation the modular SRM

develops a little bit more torque.
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Fig. 4.14. Torque and current plots for the modular SRM in one phase open circuit fault condition

In table 4.2 the mean values of the torques are given for all the simulated

machine conditions.

Condition
Mean torques [N·m] and

percentage of the rated torque

Healthy machine 5.5 (100%)

One opened coil 4.6 (83%)

Two opened coils 3.75 (67%)

Tree opened coils 2.67 (48%)

Four opened coils 1.85 (33%)

One opened phase 4 (75%)

Tab. 4.2. The mean torques of the classical SRM in the conditions in study
obtained via the coupled simulation program
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Comparing these results with those from table 4.1 the better fault tolerance

of the proposed modular SRM is emphasized.

4.1.3 Simulation results of the five-phase modular SRM

It was expected that by increasing the number of phases the fualt tolerance

of the modular SRM could be increased. Therefore a five-phase variant of the

machine (shown in fig. 4.15) was also taken into study.

a) b)

Fig. 4.15. The 5 phase modular SRM machine’s structure (a) and its field distribution (b)

The machine was sized for the same design data (torque, power, speed and

phase current) as the previously presented two variants. in the same order to develop

the same torque as the 4 phased structures. The applied design algorithm was the same

as in the case of the four-phase modular SRM given in Chapter 2.

As each of the 5 phases is divided into two diametrically opposed coils the

machine’s stator is built up of 10 modules.

The main dimensions (see table A.9) and the applied design sheet are

presented in detail in Appendix A.3.

a) Healthy machine

In this case all the machine’s coils are healthy. The imposed current is the

rated one (6 A).
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In fig. 4.16 the plots of the torque and of the current versus time for the

healthy machine are given.
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Fig. 4.16. Torque and current characteristics for the 5 phase modular SRM in normal condition

It can be seen in fig. 4.16 that the phase commutation frequency is higher

than in the case of the four-phase modular SRM.

In its healthy condition the machine is able to develop 5.5 N·m. This value

will be considered as reference in the study of the faulty conditions.

b) Faulty conditions with opened coils

In the next figures the main results obtained via the coupled simulation

program for the five cases of opened coils conditions are given.

In the case of one faulted coil the lack of current can be easily observed in

fig. 4.17. During the conduction periods corresponding to the faulted coil the

developed torque is only half of the rated one.
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Fig. 4.17. Torque and current plots of the one coil open circuit condition
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Fig. 4.18. Torque and current plots of the two coils open circuit condition
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Fig. 4.19. Torque and current plots of the three coils open circuit condition
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Fig. 4.20. Torque and current plots of the four coils open circuit condition
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Fig. 4.21. Torque and current plots of the five coils open circuit condition

As it was already mentioned, in the case of the modular machines there is a

linear relationship between the ratio of the healthy coils of the total ones and the

developed torque. In this case the 90% of the coils are healthy and the mean torque is

4.9 N·m, 89% of the rated value.

In the case of two faulted coils from different phases, 5+3 coils will be

energized instead of 5+5. The results for this condition are given in fig. 4.18. The

80% of the total coils will be able to generate a mean torque of 4.34 N·m, 79% of the

rated one.

The torque ripples are the greatest when the commutation is made from a

faulted phase to a healthy one. Despite of the two opened coils the machine is able to

continue its operation by developing sufficient torque to overrun the parts of the

machine where the faulted coils are placed.

When three coils are faulty only two phases are completely healthy. The

5+2 working coils are 70% of the machine’s windings, and upon the already known

rule the mean torque in this case is 3.8 N·m (69% of the rated one), as shown in

fig. 4.19.

While only 60% of the machine’s winding remains good (5+1) the mean

value of the developed torque is about 3.3 N·m, 59% of the rated one (see fig. 4.20).
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The results for the machine condition with five faulted coils are given

fig. 4.21. In this case only half of the windings are working, all the first coils of the

phases are opened (0+5 coils are healthy). The lack of the currents can be easily

observed in the second graph of fig. 4.21. Only the second coils of each the 5 phases

will contribute to the torque generation. The mean torque in this case is 2.75 N·m, half

of the rated torque.

The machine is still able to continue its movement.

c) One phase's open circuit fault condition

The worst machine condition taken into study is the fault of an entire

phase. In this case only 80% of the windings remain operational. The results obtained

via simulations for this machine condition are given in fig. 4.22.
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Fig. 4.22. Torque and current plots for one phase open circuit condition

It can be observed in fig. 4.22 that all the fifth current pulses are missing

for both phase coils. During this period the torque falls to 0 and the torque ripples

maximum possible, being a severe stress both on the machine and the load. Despite it

the machine can still operate continuously developing a mean torque around 4.4 N·m

(approximately 80% of the rated torque).
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In table 4.3 the mean torques computed for the six machine conditions

taken into study are given.

Condition
Mean torques [N·m] and

percentage of the rated torque

Healthy machine 5.5 (100%)

One faulted coil 4.9 (90%)

Two faulted coils 4.34 (79%)

Tree faulted coils 3.8 (69%)

Four faulted coils 3.3 (59%)

Five faulted coils 2.7 (50%)

One faulted phase 4.4 (80%)

Tab. 4.3. The mean torques of the five-phase modular SRM in the conditions in study
obtained via the coupled simulation program

As it can be seen despite of faults of diverse severity the machine is able to

continue its operation.

In all the faulted cases the generated torques are a little bit greater than in

the case of the four-phased modular machine. But this fault tolerance increase is

costly; hence a more complex and expensive power converter is required. Therefore

putting in balance the advantages and drawbacks of this variant it was considered that

the increased performances are not in accordance with the higher costs.

4.1.4 Electro motive force comparison of a modular and a classical SRM

In order to evaluate more in depth the proposed modular SRM and its

classical counterpart the back EMF generated in them will be compared. The

compared machines are those presented in sections 4.1.1 and 4.1.2

The comparative study was performed by means of simulations using the

coupled program detailed in 3.1.3.

For both machines two simulations were performed:
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- the current through both coils of the same phase is of 6 A, the rated

current;

- the current in one coil is 6 A, the second one being opened.

In all cases taken into study the rotor was moved clockwise at an imposed

speed of 600 rpm. The first phase of both machines was fed with rated current and the

back EMF in the other three phases was computed.

The obtained results of the simulations (the three back EMFs in the

un-energized phases plotted versus time) are given in fig. 4.23 and 4.24.
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a) one entire phase fed b) one coil of a phase fed

Fig. 4.23. EMFs in the un-energized phases of a classical SRM
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a) one entire phase fed b) one coil of a phase fed

Fig. 4.24. EMFs in the un-energized phases of the modular SRM

As it can be seen in the figures the back EMF in the un-energized windings

are much smaller in the case of the proposed modular SRM, due to the better

magnetic separation of the modules, one of the main advantages of such machine

constructions.
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The small back EMF contribute to the decrease of the losses in the

machine.

Taking into consideration the quasi-nil magnetic coupling of the adjacent

stator modules of the machine the influence of a short-circuit faults will have

insignificant influence on the other modules. Due to this reason this thesis is dealing

only with the open circuit faults of the machine.

4.2 Study on increasing the fault tolerance of the machine by means of

rising the phase currents

The previous studies detailed in section 4.1 highlighted the modular SRM

having winding faults cannot develop the rate torque at the rated current and speed.

There are two possibilities to maintain the rated speed of the faulty machine:

- reducing the load proportional with the fault's severity and keeping the

current at its rated value

- increasing the phase current and keeping unchanged the load.

It should be mentioned that the machine was designed to be able to bear a

phase current up to 8 A.

The Matlab-Simulink simulation program used for this study was detailed

in section 3.3.1. The Flux 2D model embedded in the coupled Simulink program was

replaced by two lookup tables implementing the flux-position-current and the torque-

position-current static characteristics obtained via numerical field analysis.

The maximum phase current of the machine can be set from the current

controller of the control system. In this comparative study the machine's fault

tolerance was studied setting the maximum current at the rated value (6 A)

respectively at 8 A.

The machine's behavior was studied both at its rated speed (600 rpm) and

at 300 rpm.

For both current settings in study two simulations were performed.

In the first case during the simulation step by step more and more coils are

considered as faulted (opened).

As it was proved in section 4.1 a direct dependency exists between the

ratio of the healthy coils and the total number of coils, respectively the torque

development capability of the modular SRM. Upon this as the fault severity is
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increased the imposed resistant torque is decreased. In the table 4.4 the periods of

different fault conditions and the corresponding resistant torques are given.

Time [s] 0-0.1 0.1-0.3 0.3-0.5 0.5-0.7 0.7-1

Machine
condition

Normal 1 coil opened 2 coils opened 3 coils opened 4 coils opened

Resistant
torque [N·m]

5 4.9 4.2 3.5 2.8

Tab. 4.4. Time periods and the corresponding resistant torques for the simulated fault conditions

The variation of the resistant torque in time is plotted in fig. 4.25.
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Fig. 4.25. The resistant torque versus time during the simulation

In the second case the opened phase faulty condition of the machine is

simulated. The machine is speeded up to 600 rpm. The fault is initiated at 0.1 s. At

0.5 s the imposed speed of the machine is reduced to 300 rpm. Based on the relation

between the fault's severity and the torque development capability of the motor the

resistant torque was imposed 4.25 N·m for the whole simulation time.

In all the cases the results of the simulations were processed graphically.

The following plots versus time are given: the currents in the first, respectively the

second coils of the phases, the speed and the torque.

a) Results of simulations at 6 A maximum current

The results of simulation are given in fig. 4.26.
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Fig. 4.26. Results of simulation. Opened coil faults. 6 A maximum current, 600 rpm speed

As it was expected the speed remains quite constant at its rated value of

600 rpm. In normal condition (0-0.1 s) the torque reaches its rated value.

When the first coil is opened (0.1-0.3 s) the torque ripples are increased.

The torque ripples are the greatest when the commutation is performed from a healthy

to a faulted phase or vice-versa. As more and more coils are faulted the ripples are

also increasing.

When one coil of each phase in opened practically only the half of the

machine is working and the torque ripples are diminished, because the commutation is

performed between phases having the same condition.

As it can be also observed despite of different level of faults the speed of

the machine can be maintained at its rated value of 600 rpm.

The results of the simulations performed for a similar case when the speed

is imposed to be 300 rpm are given in fig. 4.27.

The obtained results are similar to those given in fig. 4.26. As the imposed

speed is less during the startup the torque is smoother than in the previous case. The

speed being less the influence of the inertia of the machine and of the load is

diminished; hence both the torque and speed ripples are greater than in the previous

case.

In fig. 4.28 the results of the simulation of the opened phase condition are

given. As it can be seen when the machine is running at 600 rpm it is able to develop

5.13 N·m mean torque and at 300 rpm near the same value, 5.07 N·m.
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Fig. 4.27. Results of simulation. Opened coil faults. 6 A maximum current, 300 rpm speed
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Fig. 4.28. Results of simulation. One opened phase fault. 6 A maximum current

When the fault occurs (at 0.1 s) the torque ripples are considerably

increased. Still the machine runs at 600 rpm the speed ripples are small. The torque is

falling to zero when the faulted phase should be conducting. The machine can overrun

these positions due to its own and to the load's inertia. In order to be able to continue

its movement the resistant torque must be to 5 N·m.

When the speed is reduced to 300 rpm the torque ripples are increasing.

Due to this also the speed will have more significant ripples, even falling to 200 rpm.
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Despite all the faults taken into account the modular SRM in study is able

to continue its operation and can develop acceptable torque. This proves the increased

fault tolerant ability of the designed machine.

b) Results of simulations at 8 A maximum current

Before studying the machine’s dynamic behavior at the increased phase

current it should be important to prove that it can work properly also at this current.

Two dimensional numeric field analysis was performed at 6 a and 8 A

phase currents. The main results (the color maps of the magnetic flux density in the

machine) can be seen in fig. 4.29.

a) at 6 A phase current b) at 8A phase current

Fig. 4.29. The flux density distribution in the modular SRM

As it can be seen in fig. 4.29.a despite the increased current the magnetic

core is not completely saturated. The maximum flux density (1.9 T) is in the yoke. It

must be mentioned that the machine is working at higher currents only a short time,

still it can be stopped and repaired.

Time [s] 0-0.1 0.1-0.3 0.3-0.5 0.5-0.7 0.7-1

Machine
condition

Normal 1 coil opened 2 coils opened 3 coils opened 4 coils opened

Resistant
torque [N·m]

5 5 5 5 5

Tab. 4.5. Time periods and the corresponding resistant torques for the simulated fault conditions

The other issue regarding the increase of the phase currents is regarding

the machine's heating. As it was already mentioned, the machine was sized to bear

these increased currents. In the table 4.5 the periods of different fault conditions and
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the corresponding resistant torques are given. It can be seen that the rated torque is

imposed through the complete simulation period. In figs. 4.30 and 4.31 the results of

the simulation of the opened coils conditions at 600 rpm, respectively 300 rpm

imposed speed are given. In case of lower imposed speed, 300 rpm (see fig. 4.31) the

machine having up to four open coils can work at both the rated torque and velocity.
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Fig. 4.30. Results of simulation. Opened coil faults. 8 A maximum current, 600 rpm imposed speed

As it can be seen in fig. 4.30 the machine having the rated load is able to

run at the rated speed having up to three opened coils. Having more faulted coils its

speed is getting smaller if the load is not reduced and also the torque ripples are

smaller.
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Fig. 4.31. Results of simulation. Opened coil faults. 8 A maximum current, 300 rpm imposed speed
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The torque has significant ripples, but the speed being smaller than in the

previous case its fluctuations are less. Also in the case of one phase open circuit fault

the torque ripples are high, as it can be seen in fig.4.32.
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Fig. 4.32. Results of simulation. One opened phase fault. 8 A maximum current

As the phase currents are higher than the rated values the machine will be

able to develop the rated torque even in the case of this very severe fault. The high

torque ripples are due to the commutation from an opened phase to a healthy

one.These results proved that at higher phase currents the mean torque is greater in the

case of the faulty machine. The speed has smoother fluctuations and, what is more

important, the machine can continue its operation at the rated output mechanical

power in most of the faulty cases in study.

4.3 Results of simulations at different imposed speed and load profiles

It should be of real interest to simulate the proposed modular SRM also in

conditions closed to their real industrial working regime, when the machine often is

accelerated, beaked, its speed and load is changed, etc.

Two situations will be taken into study by means of simulation.

1. imposing constant speed and variable resistant torque;

2. imposing constant torque and variable speed.

In both cases all the six already discussed conditions of the machine

(healthy machine, 1 to 4 faulted coils from different phases, and 1 complete faulted
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phase) will be studied. The simulations were performed with the current controller

enabling a maximum current of 8 A.

4.3.1 Results of simulations at constant speed and variable resistant torque

The imposed maximum speed was set to the rated value of 600 rpm. The

resistant torque is imposed to have a variation as given in fig. 4.33.
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Fig. 4.33. The imposed speed and resistant torque

Next the results of the simulations for the six machine conditions taken

into discussion will be presented.

a) Healthy machine

The results of simulation for the healthy machine are given in fig. 4.34.
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Fig. 4.34. Results of simulation for the healthy machine
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It can be seen in fig. 4.34 that in normal condition the machine follows

very close the changes of the resistant torque. The PI controller system is working

well, imposing higher or lower currents function of the increase or decrease of the

load.

b) Faulty conditions with opened coils

The results of simulation for the machine having one, two, three,

respectively four opened coil are given in fig. 4.35, 4.36, 4.37 and 4.38.
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Fig. 4. 35. Results of simulation for the machine having one opened coil
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Fig.4. 36. Results of simulation for the machine having two opened coil
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Fig. 4.37. Results of simulation for the machine having three opened coil
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Fig. 4.38. Results of simulation for the machine having four opened coil

When a coil is opened (fig. 4.35) higher torque ripples can be observed

than in the case of the healthy machine. These are due to the commutation from a

healthy phase to one having an open coil, and vice versa. At lower resistant torques

the ripples are also decreasing and the speed is much smoother.

In the case of two faulted coils the ripples are increased even more (see

fig. 4.37). The speed of the machine also has increased fluctuations. When three coils

from different phases are faulted (see fig. 4.37) it should be observed that the machine

is still able to follow the imposed torque and speed. If there are four faulted coils only
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half of the machine is working. Even if the remained four coils are fed at maximum

8 A (as it can be seen in fig. 4.38) the speed at higher loads cannot reach the imposed

values. As the resistant torque is less the machine quickly gains back its imposed

speed. The torque ripples in this case are small due to reasons already explained.

c) One phase's open circuit fault condition

The results obtained via simulations for this condition are given in

fig. 4.39.
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Fig. 4.39. Results of simulation for the machine having one opened phase

As it can be seen in fig. 4.39 both the torque and the speed have significant

ripples. Due to increased currents in the healthy phases the machine is able to develop

the demanded torque and to maintain the nearly the desired speed. Hence the

machine’s fault tolerant ability also in this case is proved.



Design and Study of a Modular Switched Reluctance Machine

109

4.3.2 Results of simulations at constant resistant torque and variable speed

The imposed speed and resistant torque profiles are given in fig. 4.40. The

torque is kept constant at its rated value and the imposed speed varies in a range to

cover all the values from 0 rpm to the maximum of 600 rpm.
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Fig. 4.40. The imposed speed and resistant torque

a) Healthy condition

In fig. 4.41 the currents in the coils, the speed and the torque of the healthy

machine are given.
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Fig. 4.41. Results of simulation for the healthy machine

As it can be seen in the picture the imposed speed is very close followed

by the controlled machine and the torque ripples are quite small.
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b) Faulty conditions with opened coils

The results of simulations for the machine having one, two, three,

respectively four opened coil can be seen in fig. 4.42, 4.43, 4.44 and 4.45.
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Fig. 4.42. Results of simulation for the machine having one opened coil
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Fig. 4.43. Results of simulation for the machine having two opened coil

As it can be seen in these figures the machine can continue its operation

and it is able to follow the imposed speed profile having up to three opened coils in

different phases. Of course as the fault's severity is increasing the ripples of both the

torque and speed are increased.
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If all the four phases of the machine have one open circuited coil the

machine cannot pursue the imposed speed variations. The single solution in this case

is to reduce the load in addition to the increase of the phase currents.
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Fig. 4.44. Results of simulation for the machine having three opened coil
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Fig. 4.45. Results of simulation for the machine having four opened coil

c) One phase's open circuit fault condition

The results obtained by means of dynamic simulations for the one entire

phase's open circuit fault condition is given in fig. 4.46.
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The last studied condition, one phase open circuit, the currents shapes

reach the maximum permitted of 8 A in the adjacent phases to the faulted one. Due to

this, the torque characteristic has increased ripples, same as in the other study

conditions.
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Fig. 4.46. Results of simulation for the machine having one opened phase

It can be seen in fig. 4.46 that the speed has increased fluctuations but still

follows the imposed characteristic at each moment. Passing over the faulted zone is

helped by the rotor and load inertia that were set in the mechanical model of the

machine.

4.4 Validation of the optimized structure using 2D FEM analysis

In Chapter 2 in section 2.9 an optimization method based on Hooke-Jeeves

algorithm was presented to compute the optimal design for the studied modular SR

machine. The objective function was to reach high torque densities. The optimized

machine’s dimensions were presented in the same section of Chapter 2. Taking

advantage of the parameterized 2D FEM model of the modular machine, setting up a

new simulation problem with the optimized dimensions was a simple task.

Using the coupling between Flux 2D and Matlab Simulink the machine

was controlled in closed current loop as already presented for all the performed FEM

simulations. The interest was to validate the optimized structure’s operational skills.

For this, only one machine condition, the normal operation was set up. All the coils of
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each phase are now driving the machine at rated current. The developed mean torque

is 5.53 N·m quite close to 5.7 N·m developed by the original (non-optimized)

machine.

a) b)

Fig. 4.47. The optimized modular SRM

It can be seen in fig. 4.47 that the main difference between the optimized

and original structure of the modular SR machine is the stator and rotor pole width.

As the optimized structure has decreased pole widths, the torque ripples are increased.

This can be seen also in fig. 4.48. The increased torque ripples are the

main drawback of the optimized structure vs. the original one. The gains, as already

mentioned in Chapter 2, are the increased efficiency and the increased torque density

of the optimal machine.

A second drawback of the optimal machine due to thicker poles is the

increased magnetic saturation. This way, in case of fault compensation by increased

coil currents a second thermal analysis should be considered.

Considering the above mentioned amendments and as the geometrical

dimensions of both (original and optimal) machines are quite the same, respectively,

as the behavior of the two machines are the same, for the laboratory test bench the

original machine was built due to technological requirements too .
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Fig. 4.48. The optimized modular SRM’s torque and current characteristics

4.5 Conclusions

In this chapter all the simulations results are presented. The goal of the

simulations is to prove the fault tolerant capability of the proposed modular SRM.

In the first part of the study the results of coupled Simulink–Flux 2D

program are presented. Three types of SRM are taken into the comparative study: a

four-phase modular SRM, a four-phase classical SRM and a five-phase variant of the

modular SRM.

The results of the simulations proved that the proposed modular SRM is

suitable for continuous operation despite multiple open winding faults.

Mean torques [N·m] and percentage of the rated torque                      Machines

   Conditions
4 phase modular SRM 4 phase classical SRM 5 phase modular SRM

Healthy machine 5.7 (100%) 5.6 (100%) 5.5 (100%)

One opened coil 4.95 (86%) 4.6 (83%) 4.9 (90%)

Two opened coils 4.23 (74%) 3.75 (67%) 4.34 (79%)

Tree opened coils 3.55 (62%) 2.67 (48%) 3.8 (69%)

Four opened coils 2.85 (50%) 1.85 (33%) 3.3 (59%)

Five opened coils – – 2.7 (50%)

One opened phase 4.25 (75%) 4 (72%) 4.4 (80%)

Tab. 4.6. Comparison of the mean torques for the three machines at all the conditions
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In table 4.6 the mean torque and the percentage of the rated torque for all

the machine conditions in study for all the three machines are gathered.

As it can be seen in the table the classical four-phase SRM, in the same

conditions is able to develop less torque than its modular counterpart. This is because

the modular machine has shorter flux paths hence lower iron losses.

It was also proved that as the number of phases of a modular machine is

increased the torque development capacity in all the faulty conditions in study is

increased, too.

For the modular machine (both the four and the five -phased variants) the

ratio of the working coils to the total coils is direct proportional with the ratio of the

developed torque to the rated one. This way the torque development capability of the

faulted machine can be easily predicted.

A second study was also based on the coupled Simulink–Flux 2D

simulation program. The back EMF generated in the un-energized coils of the

modular SRM and its classical counterpart are compared. These simulations were

performed both for the healthy machine and that having an open coil.

It was proved that due to the modular design of the stator the phases are

very well separated magnetically and the back EMF in the un-energized coils are

much smaller than those of the classical SRM.

The coupled Simulink–Flux 2D simulation program was very useful in

studying the fault tolerance capacity of the proposed modular SRM. But due to the

long simulation times this program was not suitable for the dynamic simulations of

complex working regimes. For such purposes another simulation program was used,

where in the Simulink program the embedded Flux 2D model of the machine was

replaced by two lookup tables, as presented in details in section 3.3.1. By applying

this program the computation time was reduced from tens of hours to few minutes,

without decreasing considerably the accuracy of the simulations.

Using this program firstly the fault tolerance of the proposed modular

SRM was studied at different maximum admitted currents and ant diverse speeds.

The main results of these simulations are collected in table 4.3 and 4.4. As

it can be seen the machine having severe faults can continue its movement only at

reduced load and at smaller speed (the case of the four opened coils). In this case or

the resistant torque, or the speed must be reduced.
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Machine

                 conditions

    Imposed

speed [rpm]

Normal One faulted
coil

Two faulted
coils

Tree faulted
coils

Four faulted
coils

One faulted
phase

Speed [rpm] 600 600 600 600 300 600
600

Torque [N·m] 5 4.9 4.2 3.5 2.8 4.25

Speed [rpm] 300 300 300 300 300 300
300

Torque [N·m] 5 4.9 4.2 3.5 2.8 4.25

Tab. 4.7. Results of simulations at 6 A maximum current

Machine

                 condition

    Imposed

speed [rpm]

Normal One faulted
coil

Two faulted
coils

Tree faulted
coils

Four faulted
coils

One faulted
phase

Speed [rpm] 600 600 600 600 300 600
600

Torque [N·m] 5 5 5 5 5 5

Speed [rpm] 300 300 300 300 300 300
300

Torque [N·m] 5 5 5 5 5 5

Tab. 4.8. Results of simulations at 8 A maximum current

The result also emphasized the usefulness of increasing the phase currents

in case of winding faults. By this method the less torque generation capability of the

machine is compensated by the increased currents in the healthy remained coils. If the

current compensation is not applied (see the results in table 4.7) the machine is able to

continue its movement, but it cannot develop de rated torque. When the phase currents

are increased (see the results in table 4.8), the machine can generate the rated torque

even in five winding fault conditions taken into study.

Using the same simulation program diverse simulation tasks were imposed

in order to study the real working regimes of the modular SRM:

1. imposing constant speed and variable resistant torque;

2. imposing constant torque and variable speed.

The results of these dynamic simulations again highlighted the fault

tolerant capability of the modular SRM. At diverse working conditions it can maintain

its movement, of course having higher torque ripples.

In several safety critical applications is very important to reach continuous

working in faulted condition of the machine, even with the drawback of reduced load

and the speed of the machine.





Chapter 5

Results of the laboratory tests
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To complete the study after designing and simulating the modular

switched reluctance machine laboratory tests were performed. Comparing the results

obtained by measurements and simulations the final validation of the correctness of

the machine's design will be possible. This is the most important part of the machine's

development.

This chapter details the manufacturing of the laboratory model of the

designed modular SRM. Also the laboratory setup, which was used for testing the

machine, is also presented. To have good and reliable measurements the main parts of

the entire test bench (including the power converter, the control system, the sensors

etc.) were carefully selected.

The first measurements were performed in order to determine the static

torque developed by the machine, and to compare it with the values obtained both

analytically and via FEM simulations.

Also the magnetic flux vs. current and rotor displacement static

characteristics were plotted upon the laboratory measurements and compared with

those obtained by means of simulations.

The most important measurements were performed using an advanced test

bench built up especially for testing the laboratory model of the machine. These

measurements were carried out in dynamic regime. The closed-loop current control

system was implemented using a dSPACE platform. Also in this case the already

investigated six healthy and faulty conditions of the machine were taken into study.

All the results obtained via measurements were compared with those

obtained analytically and by means of simulation.
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5.1 Manufacturing the laboratory model of the machine

The laboratory model of the designed modular SRM was built up upon the

specifications given in the design sheet presented in Appendix A.1.

The magnetic core of the modules was manufactured of 0.5 mm thick

laminated sheets of M335-50A type. In fig. 5.1 a lamination of the module is given.

The laminations were cut out using a mold installed on a hydraulic press.

Fig. 5.1. A lamination of the module

As the machine’s active stack length is 50 mm each module is composed of

100 laminations. In order to prepare the modules for winding the laminations were

strengthened together using screws (as it can be seen in fig. 5.2), which were replaced

later by non-magnetic fixing rods.

Fig. 5.2. The laminations of the modules stack together

Next the coil of each module was wound.

For insulating the coil against the yoke a layer of polyester film paper was

placed. Insulation is applied also on the lateral sides of each coil for the same reason.

The coils were wound of enameled copper wire of 0.78 mm diameter. Each

coil has 220 turns and it is wound around the yoke of the module, as shown in fig. 5.3.
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Fig. 5.3. A module with its coil

To simplify the manufacturing of the motor the rotor is cut out of massive

iron at the dimensions specified in the design sheet. In fig. 5.4 the rotor mounted on

the non-magnetic shaft made of titanium is shown.

Fig. 5.4. The rotor

Having the stator modules and the rotor manufactured the next step was to

build up the machine's housing.

The housing is compound of two assemblies in which the stator modules

with its coils fit perfectly.

a) the outer side of the housing b) the inner side of the housing

Fig. 5.5. The modular SRM’s housing
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As the research interest was concentrated on studying the fault tolerance of

the proposed machine the housing of the modular SRM's experimental model was

simplified for easier manufacturing. Hence in this variant it is not possible the simple

replacement of the modules.

As it can be seen in fig. 5.5.b that the inner side of the housing has the

spaces required to fit the each module with its coil, the holes for the fixing rods,

respectively some cooling openings close to the windings.

Next an insulator was placed in the housing to ensure both magnetic and

electric insulation between the modules and the housing (see fig. 5.6.a). The

non magnetic fixing rods are placed in their position after which the eight modules are

placed in the stator.

a) the housing's insulation with the fixing rods b) the housing with modules place

Fig. 5.6. The modular SRM’s assemblies

The non-magnetic spacers placed between each two adjacent modules are

made by two insulator sheets fixed on the module’s lateral side. This way the distance

between the modules is exactly as it was computed in the design sheet detailed in

Chapter 2.

It is mandatory to uniformly distribute the modules in the stator in order to

achieve the same air-gap between the stator and rotor. For this purpose a cylinder with

a diameter equal to the stator’s inner one is placed inside the stator, a sit can be seen

in fig. 5.7.
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Fig. 5.7. Inside view of the modular SRM's laboratory model

After fixing the modules in their correct positions the cylinder is removed

and the rotor together with its shaft is inserted. Using the second housing assembly the

machine is encapsulated.

On the machine’s shaft a housing is placed to measure precisely the rotor's

position required for the control of the modular SRM.

In fig. 5.8 the built up laboratory model of the modular SRM is given. As

it can be seen all the ends of the wires are connected to the machine's terminal.

Fig. 5.8. The experimental model of the modular SRM

The wholes in the housing are used for natural cooling of the machine.

The built up laboratory model of the designed modular SRM was tested in

the laboratory of the Electrical Machines Department, Technical University of Cluj-

Napoca.
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5.2 Static measurement of the torque

The first test performed was for the static measurement of the torque,

based on an idea taken from the classical mechanics, the measurement of the moment

of force. This is based on the well-known formula:

gTarm gmlT  (5.2.1)

where larm is the length of the lever arm, mT is the mass suspended at the lever arm’s

end and gg is the gravitational acceleration.

In fig. 5.9 the setup of the measurement is given.

Fig. 5.9. The principle of static measurement of the torque

Two coils of the same phase are connected in series. Using a dc voltage

source (VDC) and a variable resistor (Rv) the current in the phase is set to the rated

value of 6 A.

As the phase is fed the rotor moves into a stable equilibrium position (the

poles of the energized phase are aligned with the rotor poles). Next on the end of the

lever arm weight are placed still the lever is in equilibrium.

The mechanic system was in equilibrium when the mass at the end of the

lever arm of 0.5 m length was 1.1 kg. The torque calculated by using (5.2.1) was

5.39 N·m, very close to the one computed in Appendix (see eq. A.32) (5.47 N·m).

This was the first step to prove the correct design of the machine.

5.3 Static measurement of the phase inductances

A second step to verify the machine’s performances is to compute the

magnetic flux of one phase function of the current and the rotor position.

The basis of this method is to measure the phase inductance in several

rotor positions (from aligned to unaligned rotor position) function of different phase

currents [V6].
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In fig. 5.10 the setup used for the static measurement of the inductances is

presented in detail.

Fig. 5.10. The scheme used of static measurement of the phase inductance

The modular SRM is coupled to a mechanical gearbox that keeps the rotor

precisely in the imposed positions during the measurements. The current of the single

energized phase is varied by using an autotransformer. The measured current (Im) is

set between 0 A to the rated value of 6 A (with a step of 1 A).

The voltage (U) and the power (W) are measured for each rotor position

and phase current. The phase impedance is calculated upon:

mI

U
Z  (5.3.1)

The equivalent phase resistance is:

2
m

m
ech

I

P
R  (5.3.2)

where Pm is the power measured in the supply circuit. This equivalent resistance (Rech)

is including the iron core losses equivalent resistance:

Feech RRR  (5.3.3)

R being the phase resistance.

The phase reactance and inductance are:

22 RZX  (5.3.4)


X

L  (5.3.5)

These calculations take into account both the main and the leakage

magnetic flux of a phase. Hence function of the phase inductance the total magnetic

flux can be calculated:

mIL  (5.3.6)
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The magnetic flux function of the current and rotor position were plotted

and compared with the results obtained via the FEM analysis of the machine (see

fig. 5.11).
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Fig. 5.11. Magnetic flux vs. current and rotor position plots

As it can be seen the two sets of plots are quite close. The existing

differences are mainly due to the measurement errors.

This agreement between the two sets of results is very important because

these static characteristics are the one of the most important for a SRM and there are

closely connected to the torque generation capability of the machine.

The torque was computed via the co-energy from the surface under the

magnetic flux vs. current and rotor position plots obtained via measurements

(5.2 N·m). The FEM analysis based computations resulted in a torque of 5.37 N·m.

The torque calculated in the design sheet is 5.47 N·m.

As all the three values of the torque are very close it is proved that both the

simulation programs and the design sheet of the machine are correct.

5.4 Measurements in dynamic regime

The static measurements preliminarily proofed that the laboratory model of

the modular SRM in study is able to develop de required torque.

In the next step the modular SRM was tested operating as motor in a

controlled system.
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5.4.1 The laboratory test bench setup

The test bench used for these measurements was composed of:

- the experimental model of the designed four-phase modular SRM

having on its axis a Siemens 1XP8001-1 (1024) encoder;

- a particularly designed four-phase power converter;

- a dSPACE 1104 system used to control the system;

- a PC with Matlab-Simulink and SystemDesk software, that compiled

the dSPACE program;

- a system of 4 current sensors connected to dSPACE used for data

acquisition;

- a dc source feeding the encoder (Hameg HM7044);

- a torque meter with a digital display (Leroy Somer ModMeca 3);

- a stroboscope;

- an induction machine for loading purposes fed through an

autotransformer.

The photo of the built up test bench is given in fig. 5.12.

Fig. 5.12. The test bench

In the block scheme of the test bench (fig. 5.13) the connections between

the main units can be easily followed.
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Fig. 5.13. The test bench’s block scheme

As the machine has 4 phases, each composed of two separately fed coils,

in its original design it requires an eight-phase converter. But to perform the projected

laboratory tests in normal and open circuit fault conditions a more simpler, four-phase

converter was enough.

The coils of the same phase (for example 1 and 1’) are connected in series.

Each phase is controlled by a half H-bridge converter. The power converter has on

each phase a current sensor measuring the instantaneous current. The four currents

from the converter are the feedback signals for the dSPACE unit, which computes the

proper gate signals for the converter’s power switches function of the rotor position

measured by the encoder.

Another set of four current sensors measure the currents in the second coil

of each phase for the data acquisition purpose. The totally 8 current signals from the

sensors are sent to the dSPACE system to be plotted on the PC's screen.

This laboratory setup suited perfectly the tests to be performed. The open-

circuit faults were imposed by disconnecting different coils. In this case the current

sensors inside the power converter measured the currents of the first coil of each

phase, and the other four sensors measured the currents in the second coils.

Having the possibility to measure the currents, the torque and the speed of

the machine its operation in different conditions could be analyzed.

To control the system, a Matlab-Simulink program was built up by using

dedicated functions to link the inputs/outputs of the dSPACE unit with the computer.

The main window of this program is given in fig. 5.14.

As it can be observed for each converter branch the gate signals are

computed function of the rotor position and the measured instantaneous current. The
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gate signals have to be transformed to boolean type signals to be recognized by the

dSPACE system.

The toque meter coupled between the modular SRM and the load (an

induction machine) was connected to a digital display to visualize the measured mean

torque.
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Fig. 5.14. The Simulink program for the dSPACE 1104 system

The induction machine was fed at low voltages through a three-phase

autotransformer to ensure the required resistant torque for the modular machine.

5.4.2 The instantaneous torque estimation

The torque meter to be used in the above presented test bench had not an

output able to measure the instantaneous torque. Hence an estimation of the

instantaneous torque was necessary.

The estimation is based on the measurement of the instantaneous currents,

which are the inputs of a FEM model of the machine, as shown in the block diagram

from fig. 5.15.
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Fig. 5.15. The block scheme of the instantaneous torque estimator

Each acquisitioned phase current signal is an array of four instantaneous

values. Taking advantage of the Flux-To-Simulink coupling technology, this signal

vector is sent to the current sources of the machine’s FEM model.

The FEM model of the modular SRM is the same as that used for simulations,

with a single modification: the attached electrical circuit of each coil (given in

fig. 5.16.b) has a current source that impose in the coils the measured current, as it

was transferred from the Simulink program.
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Fig. 5.16. The program used for the torque estimation

By using the FEM model both the instantaneous and mean torque of the

machine can be estimated.
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5.4.3 Results of the measurements

In order to be able to compare the results all the measurements were

carried out in the same conditions as the simulations were performed. The duration of

the test was 0.03 s and the speed was set at its rated value (600 rpm). The control

system was set as to ensure the rated current in the coils of the machine.

The resistant torque of the load (the induction machine) was set in a way

as to maintain the rated speed of the machine in all the cases.

The measurements were performed in the following machine conditions:

a) healthy machine;

b) one coil opened;

c) two coils opened (from different phases);

d) three coils opened (from different phases);

e) four coils opened (from different phases);

f) one phase opened.

In each case the speed and the mean torque of the machine were measured

directly by the stroboscope and the torque meter of the test bench.

The currents in the eight coils of the machine were acquisitioned from the

current sensors of the power converter, respectively from those installed on the

machine to be tested. These signals were plotted both by the SystemDesk software.

The instantaneous torque was estimated as it was described in section

5.4.2. The results were saved and plotted in MATLAB.

The open circuit faults of the coils were achieved by simply disconnecting

the coils ensuring that the second coil of the faulted phase remains conducting.

Next the results obtained for all the measurements carried out are given.

a) Healthy machine

In this condition all the 8 coils of the machine are connected to the

converter.

The obtained results are plotted in fig. 5.17 and 5.18.
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Fig. 5.17. The acquisitioned current's plots for the healthy machine
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Fig. 5.18. The estimated torque and the measured currents for the healthy machine

The picture in fig. 5.17 is a print screen of the SystemDesk application

taken during the tests. In the left side of the picture the currents in the 8 coils are

plotted. In the right side the currents in each first, respectively second coils are

superimposed plotted.
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As it can be seen in fig. 5.18 the results of the tests are quite close to those

obtained by means of simulations given in Chapter 4 (see fig. 4.2).

For the healthy machine 5.32 N·m mean torque was measured. This value

is close to both that obtained via simulations (5.57 N·m) and analytical calculations

(5.47 N·m).

Hence the machine actually can develop the torque predicted in all the

previous studies.

b) Faulty conditions with opened coils

Four opened coils conditions of the machine were studied by means of
laboratory tests. The main results obtained during these tests are given in
fig. 5.19÷5.26.

Fig. 5.19. The acquisitioned current's plots for the one open coil condition
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Fig. 5.20. The estimated torque and the measured currents for the one coil open circuit condition

Fig. 5.21. The acquisitioned current's plots for two open coils condition
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Fig. 5.22. The estimated torque and the measured currents for the two coils open circuit condition

Fig. 5.23. The acquisitioned current's plots for the three open coils condition
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Fig. 5.24. The estimated torque and the measured currents for the three coils open circuit condition

Fig. 5.25 The acquisitioned current's plots for the four open coils condition
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Fig. 5.26. The estimated torque and the measured currents for the four coils open circuit condition

As the number of opened coils from different phases was increased the

load of the machine had to be gradually reduced to be able to keep the machine's

speed at its rated value at rated currents.

The mean torques measured during these tests are compared with those

obtained by means of simulation in table 5.2.

Mean torques [N·m]

Condition

Obtained via simulations Measured

One opened coil 4.95 4.68

Two opened coils 4.23 4.05

Tree opened coils 3.55 3.32

Four opened coils 2.85 2.65

Tab. 5.2. The mean torques of the machine for opened coils faults

In all the opened coils conditions the mean toques obtained via simulations

and measurements are very close (those measured are a little bit smaller than the other

ones). The biggest difference (0.27 N·m) is at the one opened coil condition. The error

between the two values in this case is only 5.45%.
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c) One phase's open circuit fault condition

As it was stated already the most severe fault the modular machine can

tolerate is the open circuit fault of an entire phase. The results of tests for this machine

condition are given in figs. 5.27 and 5.28.

Fig. 5.27. The acquisitioned current's plots for the one opened phase machine condition
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Fig. 5.28. The estimated torque and the measured currents for the one phase open circuit fault condition
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In both figures the lack of the current pulses corresponding to the faulty

phase can easily observed.

In this case the measured mean torque was 4 N·m.

It is important to mention that in this particular case the noise of the

machine was seriously increased.

However the machine was able to continue its movement also despite of

this severe fault.

5.5 Conclusions

In this chapter the details regarding the modular SRM’s manufacturing are

given. Also the results of the measurements performed on an advanced test bench

built up especially for testing this machine are detailed here.

First by a simplest test the static torque of machine was measured based on

the moment of force method. It was proved that the machine can develop the rated

torque.

Next the magnetic flux vs. current and rotor displacement static

characteristics were plotted upon the phase inductance computations performed using

the laboratory measurements. The plots were compared with those obtained by means

of simulations. The two sets of plots are very close. This again proved that the design

of the modular SRM was correct.

The most important measurements were performed in dynamic regime by

measuring the laboratory model of the modular SRM. The closed-loop current control

system was implemented using a dSPACE platform. Six healthy and faulty conditions

of the machine were taken into study. The conditions of the tests were identical with

those set for the simulations.

By applying an effective torque estimation method also the instantaneous

torque was possible to be plotted versus time for a better comparison of the results

obtained via simulations and measurements.

The main results of the measurements compared with the results of

dynamic simulations are gathered in table 5.3.
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Mean torques [N·m] and the relative error
between the results

Condition
Obtained via
simulations

Measured Relative
error

Healthy machine 5.7 5.35 6.1%

One opened coil 4.95 4.68 5.4%

Two opened coils 4.23 4.05 4.2%

Tree opened coils 3.55 3.32 6.4%

Four opened coils 2.85 2.65 7%

One opened phase 4.25 4 5.8%

Tab. 5.3. The mean torques and the relative errors

Comparing the results given in table 5.3 it can be easily observed that the

two sets of results are close. The greatest relative error between the two results is in

the case of the most severe faulty condition in study, the one opened phase

The mean torques for the healthy machine given in table 5.3 are also in

accordance with those computed analytically for this condition (5.47 N·m).

As the errors between the results obtained by means of simulations and

laboratory tests are significantly under 10% it can be stated that the design procedure

developed in the frame of this thesis is correct. Hence it can be applied with minor

modifications also for designing other types of modular SRMs.

Also via two methods (simulations and laboratory tests) was proved the

increased fault tolerance of the proposed modular SRM.



Chapter 6

Conclusions
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The thesis is compound of six chapters.

Firstly a state-of-the-art synthesis of the researches in the field of electrical

machine's increased reliability was performed. It was highlighted that several studies

are cited in literature dealing with the possibilities to increase the fault tolerance of the

electrical machines. The thesis comes in addition to these by proposing a changed,

modular structure of the classical switched reluctance machine.

Designing such a modular machine was the challenge of the thesis. It was

performed by searching and establishing correct formulas for sizing it. In addition the

magnetic fluxes in different regions of the machine (including also the leakage fluxes)

were computed based on an equivalent magnetic circuit. By the losses calculations

and the thermal analysis of the designed machine the correct design of the machine

was checked.

Taking advantage of a program based on Hooke-Jeeves algorithm an

optimization process was performed to find the machine variant having the highest

torque density for given certain conditions.

The design and the fault tolerance capacity of the proposed modular

machine were validated both by means of simulations and testing the laboratory

model of the machine.

For the simulations several parameterized FEM based numeric field

analysis programs were set up mainly using Cedrat's Flux 2D and Flux 3D programs.

For dynamic simulations the Matlab-Simulink environment was applied. In

these programs or the 2D FEM model of the machine was embedded by means of

Flux-To-Simulink technology, or lookup tables with the static characteristics

computed previously via field computations were using.

The study on the fault tolerance of the proposed modular SRM was

performed via simulation the machine in six healthy and faulty (up to four opened

coils and one opened phase) conditions.

For the experimental investigations a laboratory model of the machine was

built and tested.

The first measurements were the static torque determination and the

measurements of the phase inductance function of current and rotor position.

For testing the machine also in dynamic regime an advanced laboratory

setup was built up. The closed-loop current control system of the machine was
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implemented on a dSPCE system. The measurements were performed in the same

normal and faulted conditions as in the case of the simulations.

Upon the studies performed in the frame of this Ph.D. thesis several

conclusions can be drawn.

The proposed modular construction has several advantages over the

classical SRMs. The windings are easier to be manufactured and if a winding fault

occurs the defected module can be easily replaced without the need to decouple the

machine from its load. This is a very important issue in industrial environments.

The flux lines in such a machine are closed between two adjacent poles,

hence there are shorter and the iron losses in the machine are lower.

For each task the most fitted simulation tool was found. The FEM method

based numeric field computations performed by using Flux 2D and 3D software were

very useful in studying the static behavior of the modular machine. When the dynamic

regime had to be studied the Matlab-Simulink program having two lookup tables with

two static characteristics of the machine (the torque and the magnetic flux versus the

phase current and rotor position) computed via FEM was used as a compromise

between the precision of the FEM based analysis and the acceptable simulation times.

The successful manufacturing of the designed modular SRM's laboratory

model proved the correct sizing and technology design of the machine.

The test bench built up in the laboratory was adequate for the required

measurements. The DSPACE system applied was the most straightforward tool in

implementing the closed-loop current control of the machine. Due to its flexibility

diverse healthy and faulty machine conditions could be tested easily.

By the 3D field computations simulations it was proved that the leakage

fluxes are not increased severely by placing the coils on the yoke of the modules. Also

by simulations the very good magnetic separation of phases were demonstrated by the

low back EMF generated in the un-energized coils of the machine. By the applied

simulation tools the usefulness of increasing the phase currents in compensating the

torque decrease due to the faulted coils were also proved.

The fault tolerance of the machine, the most important issue considered in

the frame of this thesis, was proved both by means of dynamic simulations and

laboratory tests. The results of the analyses performed in similar conditions via the

two approaches were close, the relative error between the results obtained by means
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of the two method being less than 10%. Both sets of results showed that the machine

is capable to tolerate even severe faults as four coils opened in different phases or on

entire phase opened, i.e. it can continue its movement (of course at reduced torque and

increased torque ripples) despite of these faults.

This ability makes the modular SRM taken into study to be very useful in

safety-, mission- and business-critical applications (advanced factory automation

systems, automotive and aerospace applications, military, energy and medical

equipment, etc.) [R9].

The author’s personal contributions in the present thesis are:

1. The modular construction of the SRM itself and the modified structure

of the machine by changing the relative place of the coils and the poles

and the way of replacing the faulted modules (the proposed structure is

under patenting, application no. A00504/30.06.2009);

2. The design algorithm and program used for sizing the modular SRM;

3. The use of an optimization program based on the Hooke-Jeeves

algorithm to improve the machine's design in order to achieve the

highest torque density;

4. Using increased phase/coil currents to overcome the torque generation

decrease due to the faulted coils;

5. The simulation programs employed for studying the proposed machine

(parameterized FEM models in Flux 2D and 3D environments,

cosimulation programs by coupling the main Matlab-Simulink program

with Flux 2D, etc.)

6. The studies performed for analyzing the fault tolerance of the modular

SRM taking into account six machine conditions (healthy, up to four-

opened coils respectively one phase opened) and the comparison of the

fault tolerance of the four-phase and five-phase SRM respectively of a

classical four-phase SRM, taking also into account the possibility to

increase the phase/coils currents in faulty conditions;

7. The comparative study of the back EMF generated in the un-energized

coils/phases of the modular and classical SRM;
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8. Obtaining a relationship between the severity of the winding faults for

the modular SRM and the torque development capability of the

machine;

9. The laboratory model of the modular SRM and the intelligent test

bench used for measurements (including also the programs for the

closed loop current control system implemented on a DSPACE

system);

10. Developing a tool for instantaneous torque estimation based on a FEM

program and measured currents;

11. The comparative study on the machine's torque development

capabilities in diverse healthy and faulted conditions based on the

results obtained analytically, by means of simulations respectively by

laboratory measurements.
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µ0 The air permeability [H/m]

aal The polynomial coefficient for flux calculation in aligned position

AjR The active rotor yoke surface [mm2]

AjS The active stator yoke surface [mm2]

ApR The active rotor pole surface [mm2]

ApS The active stator pole surface [mm2]

AS The electrical loading [A/m]

bal The polynomial coefficients for flux calculation in aligned position

bcR The rotor slot width [mm]

Bgmax The air-gap flux density in aligned position [T]

BjS The flux density in the stator yoke [T]

bpR The rotor pole width [mm]

BpR The flux density in the rotor pole [T]

bpS The stator pole width [mm]

BpS The flux density in the stator pole [T]

Br The flux density in the rotor yoke [T]

cal The polynomial coefficients for flux calculation in aligned position

Ch The hysteresis coefficient

d The diameter of the conductor [mm]

dax The rotor inner diameter [mm]

Dg The mean air-gap diameter [mm]

dgr The module’s fixing wholes diameter [mm]

DM The outer diameter of the machine [mm]

DR The rotor’s outer diameter [mm]

dσ The coefficient which takes into account the imperfections of the conductor shape

fjR The flux densities variation frequency in the rotor [Hz]

fjS The flux densities variation frequency in the stator [Hz]

Fp The magneto-motive force [A]

g The air-gap width [mm]

gg The gravitational acceleration [m/s2]

giz The slot’s inside insulation [mm]

giz_strat The insulation between two adjacent layers [mm]

GjugR The weight of the rotor yoke [kg]
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GjugS The weight of the stator yoke [kg]

GpoliR The weight of the rotor poles [kg]

GpoliS The weight of the stator poles [kg]

gps The gap considered between the module and the spacer [mm]

gx The equivalent air-gap [mm]

hbob The coil’s height [mm]

Hg The air-gap’s magnetic field intensity [A/cm]

hjR The rotor yoke width [mm]

hjS The module’s yoke high [mm]

hlim The insulation between the coil’s lower side and the rotor poles [mm]

hm The height of the stator module [mm]

hpR The rotor pole height [mm]

hpS The stator pole height [mm]

I The rated current [A]

i The current in each point of calculation (curve fitting procedure) [A]

Jc The current density [A/mm2]

KCR The Carter factor

kE The EMF coefficient

kL The aspect ratio

ksat The aligned saturation factor for the core

kunal The coefficient that regards the flux in unaligned position

kσ The leakage flux factor

L0un The inductance of the coil at unaligned position [H]

la The stack length [mm]

LarcCS The stator slot opening width [mm]

LarcR The rotor pole pitch arc length [mm]

larm The length of the lever arm [m]

lbob The coil’s width [mm]

lD The spacer width between the stator modules [mm]

lg The length of the flux paths trough the air-gap [mm]

linf The length of one coil’s conductor [mm]

LM The stator arc including the side spacer [mm]

lr The length of the flux paths trough the rotor core [mm]
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ls The length of the flux paths trough the stator core [mm]

m The number of phases

mT The weight suspended at the lever arm’s end [kg]

ndiv The number of coils of one phase

Nf The number of turns per coil

NmS The number of stator modules

nN The rated speed [rpm]

Nop The number of modules compounding one phase

Nsp_strat The turns of each layer of the coil

nstrat The number of layers

P2N The rated machine power [W]

PE The mechanical power [W]

PE The electrical power [W]

pf The power factor

pFejR The eddy current specific losses for the rotor yoke [W/kg]

pFejS The eddy current specific losses for the stator yoke [W/kg]

pFepR The eddy current specific losses for the rotor poles [W/kg]

pFepS The eddy current specific losses for the stator poles [W/kg]

PFeR The losses in the rotor core [W]

PFeS The losses in the stator core [W]

phjR The hysteresis specific losses coefficient in the rotor yoke [W/kg]

phjS The hysteresis specific losses coefficient in the stator yoke [W/kg]

phpR The hysteresis specific losses coefficient in the rotor pole [W/kg]

phpS The hysteresis specific losses coefficient in the stator pole [W/kg]

Pj The copper losses [W]

PMec The mechanical power [W]

Psu The supplementary losses [W]

PT The total losses [W]

PT_heat The total losses taken into account in the temperature rise [W]

QS The number of stator poles

R The coil’s resistance [Ω]

R3 The winding to core thermal resistance [oC/W]

R4 The pole to side spacer thermal resistance [oC/W]
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R5 The pole to air-gap thermal resistance [oC/W]

R6 The pole to the ambient thermal resistance [oC/W]

R9 The winding to the ambient thermal resistance [oC/W]

Rech The coil’s equivalent resistance

RFe The equivalent resistance taking into account the iron core losses

Rg The magnetic reluctance of the air-gap [A/Wb]

Rm_jugR The magnetic reluctance of the rotor yoke [A/Wb]

Rm_jugS The magnetic reluctance of the stator yoke [A/Wb]

Rm_polR The magnetic reluctance of the rotor pole [A/Wb]

Rm_polS The magnetic reluctance of the stator pole [A/Wb]

Rm_scapP The magnetic reluctance of the leakage area around the lower side of the coil

[A/Wb]

Rm_scapS The magnetic reluctance of the leakage area around the upper side of the coil

[A/Wb]

Scond The cross section of the conductor [mm2]

T The calculated torque (function of power and speed) [N·m]

Tcf The torque computed by curve fitting procedure[N·m]

Theat The temperature rise [oC]

TN The rated torque [N·m]

Tv The calculated torque (function of MMF and air-gap mean diameter) [N·m]

uC The angle described by the rotor pole pitch arc [deg]

UN The feed voltage [V]

vδ The speed of the flux of air created in the air-gap [m/s]

βb The thickness of the insulation between the winding and the yoke [mm]

βl The thickness of the polish  [mm]

βm The thickness of the insulation between the winding and the pole [mm]

ηN The efficiency

λ0 The parameter that considers the insulation class [W/mm·oC]

λb The thermal conductivity of the insulations between the winding and yoke

[W/mm·oC]

λl The thermal conductivity of the polish  [W/mm·oC]

λm The thermal conductivity of the insulations between the winding and the pole

[W/mm·oC]
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ρFe The iron density [kg/m3]

σ The iron conductivity [S/m]

τS The pole pitch of one module  [mm]

Ψ0,1,2 The calculated flux coefficients (curve fitting procedure) [Wb]

Ψal The flux in aligned position [Wb]

Ψav The flux in semi-aligned position [Wb]

Ψj The magnetic flux in the stator yoke [Wb]

Ψpr The magnetic flux in the rotor poles [Wb]

Ψps1 The magnetic flux in the one pole of the module [Wb]

Ψps2 The magnetic flux in the second pole of the module [Wb]

Ψun The flux in unaligned position [Wb]

Ψσ The leakage flux in the upper side of the coil [Wb]

Ψσs The leakage flux in the lower side of the coil [Wb]
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A.1 The design process of the four-phase modular SRM

Following the details presented in Chapter 2, this appendix reveals the

complete sizing process for the modular four-phase SR machine.

The design process starts by imposing all the coefficients, parameters and

factors that later will be used in the calculations:

Feed voltage UN=300 V

Imposed current I=6 A

Output power P2N=350 W

Rated speed nN=600 rpm

Efficiency ηN=0.8

Power factor pf=0.5

Number of stator poles QS=16

Number of stator modules NmS=8

Number of coils of one phase ndiv=2

Number of rotor poles QR=14

Number of coils per phase Nop=2

The module’s fixing wholes diameter dgr=8 mm

The air-gap flux density Bgmax=1.2 T

The air-gap width g=0.5 mm

The Carter factor KCR=1.9

The EMF coefficient kE=sqrt(2)

The current density Jc=8 A/mm2

The aligned saturation factor ksat=1.4

The leakage flux factor kσ=0.9

The electrical loading As=104 A/m

Tab. A.1. Imposed coefficients, parameters and factors used in the calculations
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A.1.1 Sizing the machine

A. Sizing the machine’s stator

-the aspect ratio:

kL

2

1

3
QR

2


kL 0.27 (A.1)

-the mean aor-gap diameter:

Dg

3
P2N QS k

QR 
2

 N kL
nN

60
 Bgmax 1

1

KCR









 As


Dg 143.682 mm (A.2)

The mean air-gap diameter is imposed to 140mm.

-the stack length:

la kL Dg la 37.858 mm (A.3)

The active stack length is imposed to 50mm.

-the inner stator diameter has to be divided into NmS arcs, a number equal to the

number of modules:

Lm

2
Dg

2

g

2












Nrms


Lm 55.174 mm (A.4)

-the preliminary calculation for the side spacers:

ld 20 g ld 10 mm (A.5)

-the pole pitch of one module:

s
Lm ld

2
 s 22.587 mm (A.6)

-the stator pole width:

bpS round 0.58
s

mm










mm bpS 13 mm (A.7)

-the rotor pole width:

bpR bpS bpR 13 mm (A.8)
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-the rotor pole pitch arc length:

2
2

180

360

22 pRR

g

arcPR

bQ

gD

L 











 LarcPR 18.304 mm (A.9)

-the angle described by the rotor pole pitch arc (degrees):

uc

180 LarcPR


Dg

2

g

2













uc 15.036 (A.10)

-the stator slot opening width:































180

22 C
g

arcCS

u
gD

roundL


LarcCS 18 mm (A.11)

-the final width of the spacer:

lD Lm 2 bpS LarcCS lD 11mm (A.12)

-the stator yoke height:

 pSjS broundh  85.0 hjS 11 mm (A.13)

-the stator pole area:

apSpS lbA  Ap 650 mm
2

 (A.14)

B. Sizing the machine’s rotor

-the rotor pole pitch:

180

360

22 R

g

arcR

Q

gD

L












 LarcR 31 mm (A.15)

-the rotor pole height:

 pRarcRcR bLroundb  bcR 18 mm (A.16)

-the rotor slot width:











242
ax

jR
xg

pR

d
h

gD
roundh hpR 26 mm (A.17)



Design and Study of a Modular Switched Reluctance Machine

161

-the rotor outer diameter:

gDD gR  2 DR 139 mm (A.18)

C. Sizing the machine’s coils

-the magneto-motive force function of the magnetic circuit’s length:

  ggrsFe lHllH   1.456 10
3

 A (A.19)

-the number of turns per coil:

Nf round

I







 Nf 243 (A.20)

The number of turns is imposed to 220.

-the conductor area:

c
cond J

I
S  Scond 0.75 mm

2
 (A.21)

The conductor cross section was chosen from the catalog to 0.7088mm2.

-the conductor diameter:


condS

d  4 d 0.95 mm (A.22)

-the number of turns per layer:













d

gl
roundN izbob

stratsp 05.1
2

_
Nsp_strat 16 (A.23)

-the number layers:

nstrat round
Nf

Nsp_strat









 nstrat 14 (A.24)

-the height of the module’s coil:

  dggdnroundh izstratizstratbob  2_
hbob 19 mm (A.25)

-the final height of the module:

jSbobm hhhh  lim
hm 35 mm (A.26)

-the machine’s outer diameter:

bobmgM hhgDD  22 DM 248.5 mm (A.27)
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-the length of one coil’s conductor:

 bobjSaf hhlNl  22inf
linf 43.56 m (A.28)

-the resistance of one coil:

cond
Cu S

l
R inf  R 1.106  (A.29)

A.1.2 Flux density computations via equivalent magnetic circuit

-imposing the flux densities and the corresponding magnetic filed values, the relative

permeability for each region of the magnetic circuit was calculated:

BjS 1.4T

BpS 1.1T

BpR 1.1T

Br 1.1T

HjS 25.0
A

cm


HpS 6.47
A

cm


HpR 6.47
A

cm


Hr 6.47
A

cm


jS 5.6 10
4


H

m


pS 1.7 10
3


H

m


pR 1.7 10
3


H

m


r 1.7 10
3


H

m


-the magnetic reluctances of all the regions of the magnetic circuit are:

Rm_jugS
lbob

hjS la jS
 Rm_jugS 5.844 10

4


A

Wb


Rm_polS
hm

bpS la pS
 Rm_polS 3.167 10

4


A

Wb


Rm_polR
hpR

bpR la pR
 Rm_polR 2.353 10

4


A

Wb


Rm_jugR
bcR

hjR la r
 Rm_jugR 1.925 10

4


A

Wb


Rg

gx

bpS la 0
 Rg 8.57 10

5


A

Wb


Rm_scapP
lbob

hlim  la 0
 Rm_scapP 7.162 10

7


A

Wb


Rm_scapS
1

hbob

3 bcR

hlim

bcR










la 0 









Rm_scapS 2.772 10

7


A

Wb


(A.30)

Tab. A.2. The magnetic reluctances of the equivalent circuit
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-the system equation for the equivalent magnetic circuit is solved by:

 




































0

0

0

0

0_2_2_

0__

__

0__

2

1

2

1

2

1

psspr

prsps

jps
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(A.31)

-the magnetic flux values in each region of the magnetic circuit are:

-magnetic flux in the stator yoke  j 7.547 10
4

 Wb

-magnetic flux in the one pole of the

module
ps1 7.087 10

4
 Wb

-magnetic flux in the second pole of the

module
ps2 7.087 10

4
 Wb

-leakage flux in the upper side of the coil  4.602 10
5

 Wb

-magnetic flux in the rotor poles pr 6.915 10
4

 Wb

-leakage flux in the lower side of the coil s 1.719 10
5

 Wb

Tab. A.3. The magnetic fluxes in different regions of the equivalent circuit

-the analytical method to calculate the developed torque is based on:

Tv kunal Nop Nf I 2
Dg

2
 0

la

4 gx
 Tv 5.364 N m (A.32)
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-the flux densities as function of the above calculated magnetic fields, for each region

of the machine are:

Calculated
Region Imposed

Value Formula

Stator yoke 1.4 T 1.372 T BjSc

 j

hjS la


Stator pole 1.1 T 1.09 T BpSc

ps1

bpS la


Rotor yoke 1.1 T 1.09 T BjRc

pr

hjR la


Rotor pole 1.1 T 1.165T Brc

pr

bpR la


Air-gap 1.2 T 1.09 T Bgc

ps2

bpS la


Tab. A.4. Comparison between imposed and calculated flux densities

A.1.3 Loss calculations

A. Calculation of hysteresis specific losses

-the flux densities variation frequency in the stator and in the rotor:

602

602

NR
jR

NS
jS

nQ
f

nQ
f



 fjS 160 Hz

fjR 140 Hz
(A.33)

-the hysteresis specific losses are:

636.1077.1

636.1077.1

636.1077.1

636.1077.1

pRjRhjR

rjRhpR

pSjShpS

jSjShjS

BfChp

BfChp

BfChp

BfChp








phjS 38.454

W

kg


phpS 26.397
W

kg


phpR 21.961
W

kg


phjR 28.863
W

kg


(A.34)
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B. Calculation of eddy current losses coefficients

-the eddy current specific losses are:

22

22

22

22

jRjR
Fe

jRtjR

jRr
Fe

pRtpR

jSjS
Fe

jStjS

jSpS
Fe

pStpS

fBAp

fBAp

fBAp

fBAp


















ptjS 12.653
W

kg


ptpS 12.063
W

kg


ptjS 12.653
W

kg


ptpR 9.94
W

kg


(A.35)

-the sum of the specific losses:

hjRtjRjReF

hpRtpRpRFe

hpStpSpSFe

hjStjSjSFe

ppp

ppp

ppp

ppp







 pFejS 51.108
W

kg


pFepS 38.46
W

kg


pFepR 31.901
W

kg


pFejR 36.996
W

kg


(A.36)

C. Calculation of the total losses

-the iron core weight (one module and its corresponding rotor poles):

 

 
FecRjRajugR

FepRjRpRapoliR

FearcCSjSajugS

FepSbobapoliS

bhlG

bhhlG

LhlG

bhhlG

















2

2 lim
GpoliS 0.235 kg

GjugS 0.078 kg

GpoliR 0.154 kg

GjugR 0.078 kg

(A.37)

-the total iron core losses:

FejRjugRFepRpoliRFeR

FejSjugSFepSpoliSFeS

pGpGP

pGpGP



 PFeS 13.039 W

PFeR 7.782 W (A.38)

-the winding losses:

RIPj  2
Pj 36.807 W (A.39)

-the supplementary losses:

)005.0 2Nsu PP  Psu 1.75W (A.40)
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-the total losses:

)(2 coilsuFeRFeST PPPPP  PT 120 W (A.41)

-the mechanical power:

PMec 2 
nN

60
 Tv PMec 343.936 W (A.42)

-the electrical power:

TMecE PPP  PE 463.936 W (A.43)

-the efficiency of the studied modular SRM:

Mec

T

P

P



1

1
 0.741 (A.44)

A.1.4 Data sheet for the modular SRM

A. Table of dimensions and electrical parameters of the sized modular SRM

Electrical characteristics

Feed voltage UN=300 V

Rated current I=6 A

Output power P2N=350 W

Rated speed nN=600 rpm

Efficiency ηN=0.74

Mechanical characteristics

The stack length la 50 mm

The coil’s height hbob 19 mm

The height of the stator module hm 35 mm

The module’s yoke height hjS 11 mm

The outer diameter of the machine DM 248.5 mm

The rotor pole height hpR 26 mm

The rotor yoke width hjR 11 mm

The spacer width between the stator modules lD 11 mm

The stator pole width bpS 13 mm

The rotor pole width bpR 13 mm

Tab. A.5. The modular SRM’s electrical and mechanical properties respectively geometry dimensions
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B. Technical drawings for the modular SRM

-the front view of the modular SRM:

Fig. A.1. The modular SRM main dimensions

-the detail of one module and the rotor:

Fig. A.2. The modular SRM’s detailed dimensions
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A.2 The design process of the four-phase classical SRM

The sizing process of the classical SR machine is close to equations

presented in A.1. This design will not be detailed as it is a classical machine with a

classical sizing breviary that can be found in several resources presented in the

referances [K3], [K2].

The design process starts by imposing all the coefficients, parameters and

factors that later will be used in the calculations:

Feed voltage UN=300 V

Rated current I=6 A

Output power P2N=350 W

Rated speed nN=600 rpm

Efficiency ηN=0.8

Power factor pf=0.5

Number of stator poles QS=8

Number of the coils of one phase ndiv=2

Number of rotor poles QR=6

Number of coils per phase Nop=2

The air-gap flux density Bgmax=1.3 T

The air-gap length g=0.5 mm

The Carter factor KCR=1.9

The EMF coefficient kE=sqrt(2)

The current density Jc=5 A/mm2

The aligned saturation factor ksat=1.4

The leakage flux factor kσ=0.9

The electrical loading As=104 A/m

Tab. A.6. Imposed coefficients, parameters and factors used in the calculations
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A.2.2 Data sheet for the modular SRM

A. Table of dimensions and electrical parameters of the sized classical SRM

Electrical characteristics

Feed voltage UN=300 V

Rated current I=6 A

Output power P2N=350 W

Rated speed nN=600 rpm

Efficiency ηN=0.72

Mechanical characteristics

The stack length la 65 mm

The coil’s height hbob 15 mm

Then stator pole height hpS 27.318 mm

The module’s yoke high hjS 18.653 mm

The outer diameter of the machine DM 216 mm

The rotor pole height hpR 28.847 mm

The rotor yoke width hjR 18.653 mm

The stator pole width bpS 23.317 mm

The rotor pole width bpR 23.317 mm

Tab. A.7. The classical SRM’s electrical and mechanical properties respectively geometry dimensions
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B. Technical drawings for the classical SRM

-the front view of the modular SRM:

Fig. A.3. The classical SRM’s main dimensions

-the detail of the stator and the rotor:

Fig. A.4. The classical SRM’s detailed dimensions
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A.3 The design process of the five-phase modular SRM

For sizing the five-phase modular SRM, the same equations detailed in

Chapter 2 and calculated in A.1 were used.

The design process starts by imposing all the coefficients, parameters and

factors that later will be used in the calculations:

Feed voltage UN=300 V

Rated current I=6 A

Output power P2N=350 W

Rated speed nN=600 rpm

Efficiency ηN=0.8

Power factor pf=0.5

Number of stator poles QS=20

Number of stator modules NmS=8

Number of the coils of one phase ndiv=2

Number of rotor poles QR=18

Number of coils per phase Nop=2

The module’s fixing wholes diameter dgr=8 mm

The air-gap flux density Bgmax=1.3 T

The air-gap width g=0.5 mm

The Carter factor KCR=1.9

The EMF coefficient kE=sqrt(2)

The current density Jc=8 A/mm2

The aligned saturation factor ksat=1.4

The leakage flux factor kσ=0.9

The electrical loading As=104 A/m

Tab. A.8. Imposed coefficients, parameters and factors used in the calculations
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A.3.1 Data sheet for the modular SRM

A. Table of dimensions and electrical parameters of the sized modular SRM

Electrical characteristics

Feed voltage UN=300 V

Rated current I=6 A

Output power P2N=350 W

Rated speed nN=600 rpm

Efficiency ηN=0.745

Mechanical characteristics

The stack length la 60mm

The coil’s height hbob 21mm

The height of the stator module hm 32.5mm

The module’s yoke height hjS 10mm

The outer diameter of the machine DM 257.5mm

The rotor pole height hpR 32.325mm

The rotor yoke width hjR 10mm

The spacer width between the stator modules lD 10mm

The stator pole width bpS 10.798mm

The rotor pole width bpR 10.798mm

Tab. A.9. The five-phase modular SRM’s electrical and mechanical properties respectively geometry

dimensions
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C. Technical drawings for the classical SRM

-the front view of the modular SRM:

Fig. A.5. The five phase modular SRM’s main dimensions

-the detail of one module and the rotor:

Fig. A.6. The five-phase modular SRM’s detailed dimensions
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