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Modeling and permanent-magnet shape 

optimization of an axial-flux machine 

A.A. Pop, F. Gillon, M. M. Radulescu 

 
Abstract – This paper proposes a modeling method for axial-

flux permanent-magnet machine (AFPMM) based on a finite 

elements analysis, and achieves a shape optimization of AFPMM 

poles. To solve the questions regarding the modeling of AFPMM 

with surface-mounted PMs, an axial 3-D to radial 2-D finite- 

element transformation is proposed. A special analytical method 

for back-emf computation is also provided. The results related to 

2-D finite-element analysis are presented and compared with the 

experimental ones, validating the proposed approach. 

The amount of space-harmonic content in AFPMM is a 

primary concern to the machine designer due to its impact on the 

AFPMM performances. These harmonics are directly related to 

the flux-density and mmf distributions in the airgap, which are 

mainly determined by the PM excitation. Therefore, the slotless 

machine is analyzed. The influence of design parameters on the 

total harmonic distortion (THD) and the methodology to reduce 

space harmonics by selecting the appropriate PM shape and size 

are also addressed in this paper. The space-harmonic analysis is 

carried out according to the variety of design parameters of the 

finite element models.   

 

Index Terms-- axial-flux permanent-magnet machine, finite-

element modeling and analysis, total harmonic distortion, design 

optimization 

I. INTRODUCTION 

     Axial-flux permanent magnet machines (AFPMMs) have 

higher torque, better power density and lower noise as 

compared to traditional radial-flux permanent magnet 

machines, and thus have gained popularity in recent years 

[1,2]. 

AFPMMs consist of a rotor-disc carrying magnets that 

produce the axial flux [3], and a stator-disc containing the 

phase windings. There are possible many variations in this 

basic design [4], including single-sided [5], double-sided [6], 

toroidal [7], and multi-disc designs [8].  

 The AFPMM considered in this paper is a two-stators, and 

one-rotor topology. The rotor is sandwiched between the two 

stators. The studied prototype machine is a three-phase 

AFPMM with one-rotor-two-stators topology and 4 pole-

pairs. The rated power is 0.3 kW and the rated rotational 

speed is 1500 rpm. The magnets are of high-energy NdFeB-

type, and are glued on the solid-iron disc-rotor. The material 

of the stator core is a fully-processed electrical steel sheet 

M600-50A. The stator has a particular construction because it 

is formed by 25 slots. 

The torque developed by AFPMM is often affected by 

harmonics of various origins, such as 

 space harmonics of the MMF, which are due to the non-

sinusoidal distribution of the armature phase windings;  

 space harmonics caused by the presence of stator slots; 

 time harmonics related to the power electronic supply, 

and affecting the stator-armature current.  

Space harmonics in AFPMMs are the main concern of the 

present paper. Starting from a simplified model but enough 

accurate and fast, the authors present a technique allowing to 

modify automatically the space harmonics. Finally, the shape 

optimization technique, as a way to solve this problem, is 

described and applied on the AFPMM.      

II. MODELING OF AFPMMs 
 
 

In modeling of AFPMMs, the fastness and accuracy of the 

computations are very important aspects. Using finite-element 

(FE) field analysis, we can take into account the 3-D structure 

of the machine, but performing the computations is often too 

hard and time-consuming. In order to evaluate quickly the 

performance of the AFPMM, the 2-D FE analysis, which is 

performed on the average radius of the machine, is a time-

saving option, especially if the model will be further 

optimized. The main idea of the design method is to subdivide 

the AFPMM into independent computation planes, and to use 

the average radius of the machine as a design plane. This 

approach is sufficiently accurate to predict the motor 

performance, and for validation the finite element results will 

be compared with the experimental ones. 

The airgap flux density is an important design parameter, 

having notable effect on the machine performances. 

Therefore, in order to optimize the machine, the airgap flux 

density must be determined correctly [9]. 

The airgap flux-density modeling method is based on 

Fourier-series development. This technique enables to identify 

the cross-coupling between different spatial and temporal 

field components, and thus provides a very useful insight into 

the relationship between different design variables and 

machine performances. For the first analysis, the effect of 

stator slots on the magnetic field is taking into account.  

A. Axial 3-D to radial 2-D finite element transformation  

From the modeling point of view, an axial flux machine has 

a 3D geometry but using the 2-D FEA, which is performed on 

the average radius of the machine, is a time saving solution 

and it is also providing sufficiently accurate computation 

results. 

The method of transforming the 3-D geometry of an 

AFPMM into the corresponding 2-D model is illustrated in 

Fig.1.  

The 3D rotational movement of the machine ( D3 ) Fig. 1. 

(a) is transformed into 2D linear motion ( DL2 ), Fig. 1. (c). 

The 3D to 2D conversion formula is: 

averageRDDL 32                                           (1) 
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The transformation presented in (1) is performed as follows 

(Fig.1.): we take a straight parallel cut to the axis of the 

AFPMM by an average radius; because of machine symmetry 

only half of model needs to be analyzed (the symmetry is 

fixed by a straight cut along the rotor). The extracted pole 

with the average computation radius ( averageR ) can be 

visualized in Fig. 1. (b).  

The 2-D representative design plane is set on the average 

radius of the AFPMM [10]. The 3D extracted pole is than 

transformed into 2D linear pole (c). The discoid shape is built 

with a constant magnet width / pole-pitch ratio for all 

diameters of the machine, and thus the angular width for the 

magnets remain constant. The width of the slots is constant 

throughout the radial length of the machine, but for different 

diameters the angular widths of slots and teeth are variable.  

The structure from Fig. 1 (c) can be analyzed with a 2D 

model, easier to use and much faster in computation time.  

 

            (a)                                 (b)                             (c) 
 

Fig. 1. (a) Design of the AFPMM under study; (b) 3-D FE-model                             

for one magnetic pole; (c) 3-D model reduced to 2-D representative plane. 

 

2D-model simulations can be performed in static but taking 

into consideration the rotation, the currents time variation and 

the coupling with external circuits, another transformation can 

be applied to create a rotating movement. 

In order to use the finite-element rotation module, the 

model needs to be analyzed in such a way that the linear 

machine obtained in Fig. 2 needs to be placed at a large 

curvature radius from the origin. The curvature radius is 

chosen in such way that the rotating structure will be almost 

equivalent to the linear model and the rotor will be able to 

move without interacting with the stator.  

 

 
                                

Fig. 2. Linear 2-D motion to rotating 2-D motion transformation. 

The aim of this section is to obtain a 2D model which will be 

utilized to generate correctly, rapidly and efficiently the flux 

density and electromotive force waveforms of the AFPMM. 

Then in order to modify the space harmonics the shape of 

permanent magnet will be furthermore optimize.  

 

III. MODELING RESULTS 

A. Effect of nonsymmetrical pole 

The effect of stator slotting on the no-load magnetic flux 

distribution is now investigated. The airgap flux density 

always drops at stator slot openings, and this effect has a 

significant influence on the values of the flux and back-emf. 

For this reason, it is important to accurately analyze the airgap 

flux density. The rotor-PM arrangement is shown in Fig.3. It 

can be seen that there are 16 magnets glued on the rotor body. 

There are two separated PMs for each pole. Due to this PM 

arrangement, the flux density distribution has an unusual 

waveform. The first PM has a rectangular geometry and the 

second PM has an arch form. The PMs of one pole are shown 

in Fig.4. This rotor-PM arrangement needs a special approach 

in order to analyze correctly the AFPMM airgap flux density. 

 

Fig.3 (a) The rotor with permanent magnets (b) One of the two stators and the 

rotor with its PM arrangement. 

The 2-D representation of one pole of the AFPMM, and the 

no-load magnetic flux distribution in the airgap are shown in 

Fig.4. A and A’ represent the winding of the phase A, and       

B denotes the PM-created flux density in the airgap. The 

superposition of the flux density with the AFPMM geometry 

allows pointing out the effect of the slots on the flux-density 

waveform.  

 
Fig.  4. No-load magnetic flux distribution for one PM-rotor pole. 

 

The angular variation of the airgap flux density due to the 

rectangular and arch-shaped rotor-PMs for one pole is shown 

in Fig.5.  The first curve of the flux density in the airgap is 

due to the shape of rectangular magnet and the second 

curvature is due to the arc shape magnet. The stator slotting 

effect has a large impact on the flux density shape. We can 

see a flux density decreasing in the areas where the flux 

density crosses the slots. There the flux density amplitude is 

oscillating due to the slotting effect. In the FE model the flux 

captured by the coils of one phase is computed with the 

subtraction between the vector potential in the slot with the go 

conductor (A) and the return conductor (A’) multiplied by the 

length. The captured magnetic flux is presented in Fig. 6. 

 

 

            (a)                             (b)                             (c) 

Fig.  1. (a) Structure of the AFPMM under study; (b) 3-D FE-model for one 

magnetic pole; (c) 3-D model reduced to 2-D representative plane. 
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Using Faraday's law, emf is the time derivative of flux 

presented in Fig. 7. These computations allow us to see the 

interconnection between the airgap magnetic flux-density 

(Fig. 5), flux distribution (Fig. 6) and electromotive force 

(Fig. 7).  

 
Fig.  5. Airgap magnetic flux-density due to rotor-PMs. 

 

 
Fig.  6. Flux distribution in the stator core. 

 

 

Fig.  7. FE-computed back-emf waveform. 

 

B. Back-emf computation  

In order to minimize de cogging torque the AFPMM is 

composed of 25 teeth. The 2D finite element simulation has 

been performed for 3 teeth/pole.  

An important simulation result is related to the back-emf 

waveform (Fig.7). It is to be pointed out that the pole-pitch 

is
8

2 
, whereas the coil pitch is 3

25

2



. The phase shift 

between these two angles defines the phase shift that’s need to 

be add between each electromotive forces Fig. 8. The phase 

difference between the coil pitch and magnetic pole is 1.8 

degrees.  The signal obtained is shifted by 1.8 degrees for all 8 

poles of the machine. The coils with a phase shift of 1.8 

degree are allowing making an estimation of the phase back-

emf (Fig. 9). Finally, composed signals are collected and 

divided by the number of coils. The obtained back-emf signal 

is presented in Fig. 10.  

 
Fig.  8. Analytically-obtained back-emf waveform. 

 
Fig.  9. Analytically-obtained open-circuit (no-load) back-emf. 
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Fig.  10.  Analytically-computed open-circuit (no-load) back-emf signal. 

 

 If we take a closer look at the Fig. 9 and Fig. 10 we can see 

that the flux oscillations disappear, and the new signal 

obtained is close to an ideal sinusoidal waveform.  

In this section, a special analytical method for back-emf 

computation was provided. In order to validate the results 

obtained by 2-D finite element analysis, the computations will 

be compared with experimental tests.  

C. Testing the prototype 

A comparison between FE-computed flux-related values 

and the experimental ones is provided. Hence, no-load tests 

were performed under open-circuit (generator-mode) 

conditions using the DC machine drive as a prime mover. The 

no-load test was done to evaluate the back-emf values.  

The back-emf measurements were carried out for a nominal 

speed of 1500 rpm. The voltage measurements are made with 

the high-precision voltage oscilloscope probe. The test results 

captured on the oscilloscope are presented in Fig.11. The 

colored signals represent the induced voltage for the three 

stator phases. The open-circuit back-emfs for forward and 

reverse rotation are presented in Fig.12 and Fig.13, 

respectively. It can be observed that the back-emf waveforms 

have the amplitude equal to 4.4 V. Depending on the rotation 
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sense the shape of those waveforms have different shapes; this 

is attributable to the rotor-PM arrangement.  

In order to compare the computed and experimental results, 

the corresponding back-emf waveforms are superposed in   

Fig.14, which shows a good agreement.   

 

 
 

Fig. 11. Experimental open-circuit (no-load ) back-emf waveform 
 

 
Fig. 12. Experimental open-circuit (no-load) back-emf                                                 

for clockwise rotation. 

 

 
Fig. 13. Experimental open-circuit (no-load ) back-emf                                              

for counter-clockwise rotation. 
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Fig. 14.  Comparative experimental and FE-computed back-emfs                                    
under open-circuit (no-load) condition. 

IV. SPACE HARMONICS IMPROVEMENT                                 

BY DESIGN OPTIMIZATION 

The harmonics of electromotive force are due to the 

windings and the shape of the permanent magnets. In order to 

have a lower distribution of space harmonics in flux density 

the shape of permanent magnet needs to be optimized. To 

analyze the flux density harmonics the effect of stator slots is 

not taken into account. Finding the exponential harmonics in 

the flux density waveform, it will be possible to decrease 

them by optimizing the rotor-PM shape. Optimizing the PM 

size allow us to obtain a flux-density waveform with reduced 

space harmonics distribution. 

A. Slotless AFPMM analysis  

The pulsations of torque in permanent magnet machines 

are the result of the interaction of electromotive force 

harmonics and current harmonics [11]: 
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E represents the electromotive force and I the phase 

current. 

In the first instance of our work we will take into account 

the two important torque components like flux density and 

electromotive force. Our study will focused on analysis of 

those two components in order to modify the space harmonics 

distribution. Modifying the space harmonics distribution of 

flux density and EMF will have an important impact in 

improving the electromagnetic torque as it’s possible to see in 

(2).   

Supposing an ideal stator-winding, the back-emf results as 
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  is the flux density in the airgap, L and R are, respectively, 

the length of the machine and the radius of the rotor.  

So, one may write: 
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          (4)      

Neglecting the effect of the winding, the harmonics of the 

EMF are those of the flux density nLR , reducing these 

harmonics will permit to reduce the harmonics of the EMF. 

The objective will be to find a proper way to optimize the flux 

density harmonics. 

The influence of rotor magnets design parameters on the 

magnetic flux distribution and its total harmonic distortion 

(THD) in surface-type AFPMM is very important to our work.  

The flux density distribution in the AFPMM under study is 

presented in Fig. 15. The AFPMM was simulated under no-

load condition to monitor the airgap flux pattern. This signal 

is the subject of Fast Fourier Transformation. This technique 

considers the time-space distribution of electromagnetic 

variables so that it enables to identify the cross-coupling 

between different spatial and temporal field components. 

Therefore, it provides a very interesting insight into the 

correlation between different design variables and machine 

performances. The shape of the spatial waveform is defined 
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by solving in polar coordinates the magnetic potential 

quations in the air-gap.  

The airgap flux density can be expressed in Fourier series 

as:  
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 (5)       

where n=1 corresponds to the fundamental component.                                                                           

The objective is to reduce the airgap flux-density harmonics 

and thus the back-emf harmonics. 

    The frequency spectrum of flux density is displayed in 

Fig.16. The axial component of the no-load airgap flux 

density due to rotor-PMs in the middle of the airgap plane      

is emphasized. It shows that the main harmonic in the flux-

density spectrum is the first-order harmonic and then the third 

harmonic. Fifth- and seventh-order airgap flux-density 

harmonics are also significant. The study only considers the 

harmonic orders less than 50, whilst only the orders less than 

15 are presented in figure. 

 

 
Fig.  15. Flux-density distribution in the airgap of the AFPMM under study. 

 

 
Fig.  16. Frequency spectrum of the flux-density harmonics                                             

of the AFPMM under study. 

The airgap flux density distribution produced by 

rectangular and sinusoidal magnets in a surface-mounted 

AFPM machine (neglecting the slot effect) is a square and 

sinusoidal waveform consisting of all odd harmonics.  

The amount of distortion in the AFPMM back-emf, 

quantified by the total harmonic distortion (THD), is defined 

by  

2
1

13...7,5,3

2

B

B

THD
h

h



                              (6) 

From (5) and (6), we know that the harmonic component of    

hB  is inversely proportional to the harmonic order h, so the 

distortion is mainly determined by the low harmonics.  

Knowing the distribution of representative harmonics in the 

flux density, the shape of permanent magnets will be 

furthermore optimize in order to modify those harmonics. 

B. Rotor-PM shape optimization 

As with conventional synchronous machines, and for a 

variety of reasons, sinusoidal flux density waveforms are also 

desirable for many permanent magnet machine applications.               

Because of the low magnet permeability, which is comparable 

to that of air, the shape of the airgap flux density depends not 

only on the airgap length, but also on the shape and 

dimensions o f the magnet itself. 

The purpose of this section is to achieve a design 

optimization with two objectives as: 

 First, optimization objective is to minimize the 

total harmonic distortion (THD) of the airgap flux 

density.  

 The second objective is to find alternative magnet 

design that would minimize the amplitude of odd 

harmonics and maximize the fundamental. 

Accordingly, an optimization method is introduced that 

allows improving the rotor-PM shape and dimensions in order 

to minimize key harmonic components that exist in the given 

design. The analysis aimed at the rotor structure, especially at 

rotor-PM shape is presented in Fig. 17.  

 
Fig. 17. Initial rotor structure of the AFPM. 

 

The optimization is performed using GA (genetic 

algorithm) method to explore global space solutions.  

In searching for PM dimensions alternatives both magnet 

length x1 and x2 are varied in the limits of Table I, subject to 

the geometrical constraint given by Eq. (7). The shape and 

height of the rectangular and arc-shaped PM remain constant.  

The objective function is described by Eq. (7).  
 

TABLE I 
OPTIMIZATION VARIABLES 

Var

iables 

Rated 

values 

Variation 

interval  

Units Name 

x1 8 2.99<x1<16 mm First Magnet length 

x2 16 2<x2<16 mm Second Magnet length  

y 1.95 1.95  mm Space between the 

magnets 

z - - mm The left and right 
extremities of the rotor 

pole 

d 33.34 33.34 mm Length of one rotor 
pole 
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The optimization problem is formulated as: 
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Global space solution is explored using GA method. 

Optimal result is given after 3000 iterations, as provided by 

Table II. 
TABLE II 

GA OPTIMIZATION RESULT 

Population 

size 

Number 

of generation 

X1 X2 F 

30 100 15.995  4.769 0.39 

 

The THD obtained from the original AFPMM model, with 

the given geometrical PM shapes, was 0.47. It can be notice 

an improvement of THD to 0.39. 

The optimized PM-rotor geometry is presented in Fig.18. It 

can be seen that the PM dimensions have been successfully 

changed in order to minimize the flux-density THD. The GA 

convergence is shown in Fig.19. 

 

 
Fig. 18. Optimized rotor structure of AFPM. 

 

 
Fig.  19. Fitness generation. 

 

                                                  
                           (a)                                                     (b) 

Fig.  20. (a) Optimized flux density waveform; (b) Flux-density      

harmonics order. 

 

   Numerical optimization method has been applied to identify 

optimal permanent magnets design in order to reduce the total 

harmonic distortion. The optimize flux density waveform and 

the fast Fourier transformation of the signal is presented in 

Fig. 20. Furthermore, optimal permanent magnet design in 

order to minimize the odd harmonics components and 

maximize the fundamental harmonic amplitude will be further 

investigated using multi-objective methods. 

C. Multi-objective optimization 

Taking into account the geometrical constraints given by 

(5) the objective function is defined by 
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The objective is to minimize the amplitude of odd 

harmonics and to maximize the fundamental. 

The 3-D representation of Numerator as a function of PM 

length is presented in Fig. 21. 

The optimal results are displayed in Fig.21. Here the 3D 

Pareto front, for the optimization problem (two objectives) is 

pointed out. The dots marked with (blue) circles are Pareto 

solutions, while the (red) stars are the tested points. It can be 

seen that the extreme Pareto front intersection gives a relative 

solution for the two search objectives. Thus, the Numerator 

(representing the odd harmonics) is 0.12, while the 

Denominator is increased to 1.32. 

2
4

6
8

10
12

14
16

2
4

6
8

10
12

14
16
0.1

0.2

0.3

0.4

0.5

X1
X2

N
u
m
e
r
a
t
o
r

 
 

Fig.  21. The odd harmonics in function of x1 and x2. 

 

 
Fig.  22. Pareto front. 
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V. CONCLUSIONS 

 

A small double-sided AFPMM has been presented in this 

paper.  

To solve the questions regarding the modeling of axial-flux 

surface-mounted PM machines, an axial 3-D to radial 2-D 

finite-element transformation has been proposed. A special 

analytical method for back-emf computation was provided. 

An important aspect of this computation is regarding the flux 

density to back-emf waveform transformation. From an 

oscillating flux-density waveform a close to ideal sinusoidal 

back-emf waveform was obtained. The FE field analysis 

models have been developed in order to predict the AFPMM 

flux density distribution. FE-computed and measured results, 

for the open-circuit (no-load) back-emf have been compared, 

showing good agreement. The no-load tests were performed 

under open-circuit (generator-mode) conditions. 

    The possibility of reducing the harmonic content of the 

airgap flux density waveforms in surface-mounted PM 

machines has been presented. This approach was primarily 

formulated from the mathematical point of view and then 

formulated into a minimization problem. Computerized 

minimization optimization techniques were applied to 

systematically modify a composite function of odd harmonics 

contents while simultaneously maximizing the fundamental 

component. 
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    Abstract — For switched reluctance machines, a major 
problem is the torque ripple, which causes increased and 
undesirable acoustic noise and possible irregular speed. 
This paper aims at determining optimal turn-on and turn-
off angles for torque ripple reduction of a three-phase 6/8 
switched reluctance motor/generator. A commutation-
angle optimization technique is therefore implemented for 
both motoring and generating operation modes over an 
extended speed range. 

    Keywords — switched reluctance motor/generator, torque 
ripple, turn-on and turn-off angles, optimization 

I.  INTRODUCTION  

 Switched reluctance machine is capable of operating        
as motor and also as generator (SRM/G) by adjusting the 
commutation angles, and thus changing the direction of 
the conversion power flow [1, 2].  In SRM operation 
mode, the electronic power converter regulates the 
magnitude of the stator current to meet the torque and 
speed requirements of the mechanical load. In SRG 
operation, the power converter energizes the stator phases 
to support continuous conversion from mechanical energy 
to electrical energy by extracting it from the prime mover. 
Belonging to the class of doubly-salient reluctance 
machines, SRM/G together with its electronic power 
converter and controller has the advantages of simple and 
rugged brushless machine structure, no high switching 
frequency of the power converter, good reliability of the 
machine and power converter, as well as low inertia and 
fault tolerance capability. All these issues conspire to 
favour SRM/G in high-speed applications.  

In recent years, there has been an increasing interest in 
using SRM/G as integrated starter-alternator for more-
electric-aircraft or more-electric-car engines, to generate 
electric power and also to provide engine starting [3, 4]. 
This is because SRM/G has the potential of  higher 

reliability, less manufacturing cost and faster dynamic 
response than its permanent-magnet machine contender. 
However, SRM/G exhibits noticeable torque ripple and 
acoustic noise. The torque ripple is due to highly 
nonlinear and discrete nature of the torque production 
mechanism, which is significant at the commutation 
instants.  Besides, traditional closed-loop current control 
scheme for SRM/G brings large acoustic noise due to 
variable switching frequency [5]. The control key in 
SRM/G operation is to precisely synchronize the stator-
phase current pulses with the rotor position, in order to 
accomplish maximum machine efficiency with reduced 
torque ripple. 

In this context, the aim of the present work is to 
determine the optimal turn-on and turn-off angles for 
torque ripple reduction of a three-phase SRM/G in 6 stator 
poles/ 8 rotor poles configuration (Fig.1).  

 
 

Fig. 1. Exploded view of the SRM/G under study 
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Optimal commutation angles of a                    
switched reluctance motor/generator 



II. SRM/G  SIMULATION  MODEL  

To solve the problem regarding torque ripple, an 
analytical model of SRM/G is implemented in MATLAB 
/Simulink environment, comprising calculus relations for 
the stator-phase voltages, inductances, electromagnetic 
torque and torque ripple.  

A. Voltage computation 
The applied voltage on the stator phase equals the sum 

of resistive voltage drop and time-derivative of the 
linkage flux: 

dt
dirV 1

111
φ+⋅= ,                            (1) 

where 1φ  and i1 are the magnetic flux and the current of 
phase 1, respectively. 

If the mutual inductance between windings is 
neglected, the matrix form of stator-voltage equations for 
the considered three-phase SRM/G can be written as  
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where 
dt
dθ

 is the rotor angular speed (rad/s), R the 

electrical  resistance of each stator phase and 
θd

dL
 the 

inductance slope. 
B. Inductance computation. 

An important step in writing the analytical model of 
the SRM/G is to compute the magnetic flux of one phase 
function of the current and the rotor position. By taking 
into consideration a perfectly aligned position between the 
stator and the rotor teeth (Fig.2a) the maximum 
inductance expression can be easily found below [7]: 

            
g

DwlNL oRRa
M 2

2

0
⋅⋅⋅⋅= μ ,       (3) 

where N is the number of turns per phase winding, la the 
machine axial length, g is the air-gap, DoR the outer 
diameter of the rotor and Rw  the rotor pole-arc.  The 
fringing and the end effects are neglected in (3).  

For determining the value of the minimum inductance, 
Lm, corresponding to the unaligned position between 
stator and rotor teeth, the design parameters of a prototype 

SRM/G were introduced in JMAG-Designer software,       
in order to build a finite-element (FE) field-analysis  
model (Fig.2). The rotor was gradually rotated until the 
rotor teeth reached the unaligned position of Fig.2, b. 
Further, the overlapped surface between stator and rotor 
teeth was measured, and using equation (3), but with the 
measured overlapping surface, the minimum inductance 
value was determined. 

   
a) 

       
b) 

Fig.2. Magnetic flux distribution in the 6/8 SRM/G                               
for aligned position (a) and unaligned position (b) 

In Fig.3, inductance characteristics of the prototype 
three-phase SRM/G are represented for different current 
values, i.e. FE-computed inductance characteristics are 
marked by (red) squares, and experimentally-obtained (on 
prototype SRM/G)  inductance characteristics  are marked 
by (blue) triangles. The experimental determination of the 
maximum and minimum inductances of the SRM/G 
prototype has been performed by supplying one stator 
phase with different voltages, measuring the applied 
voltage, current and resistance values, and computing the 
inductance values by the following formula [10]: 

2
21

2
UL R

f Iπ
⎛ ⎞= −⎜ ⎟
⎝ ⎠

                    (4) 



 
 

Fig.3. FE-computed and experimentally-obtained inductance 
characteristics of the prototype three-phase SRM/G,                                          

for aligned position (upper) and unaligned position (lower). 
 

with the frequency of the power supply of 50 Hz and the 
value of the measured resistance of Ω= 98.2R  per 
phase. In Fig.4 is represented the ideal waveform of the 
inductance as function of rotor angular position [1].  

 
Fig.4. Idealized phase-inductance characteristic of the                                                                      

three-phase SRM/G as a function of rotor angular position 
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where NR is the number of rotor teeth, wS the stator-tooth 
width and wR the rotor-tooth width. 

To determine the onθ angle (eq.5) for the SRM 
operating mode, the instant when the inductance starts to 
increase (when the rotor tooth starts to overlap the stator 
pole) must be known. The offθ angle (eq.6) corresponds to 
the instant when the rotor tooth is perfectly aligned with 
the corresponding stator pole, i.e. when the proper stator-
phase energizing must end. 

For the SRG operation mode, the onθ angle (eq.6) 
corresponds to the instant when the excitation of the 
proper stator-phase must occur, while the offθ angle (eq.7) 
corresponds to the instant when the rotor exits the aligned 
position. 

C. Electromagnetic torque computation 
The calculus expression of the electromagnetic torque 

for a three phase machine can be written as 
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In the above relation, the SRM/G magnetic circuit 
saturation effect and the mutual inductances were 
neglected. 
D. Torque ripple computation 

The torque ripple is calculated by the following 
formula [10]:  

av
rip T

TTT minmax −=                              (11) 

where maxT , minT  and avT are the maximum, minimum 
and average values of the SRM/G developed torque, 
respectively.  

The MATLAB/Simulink model for determination of  
SRM/G optimal commutation angles is presented in Fig.5. 

 

 
Fig.5. MATLAB/Simulink model of the SRM/G 



In the SRM/G simulation model, hysteresis current 
control was implemented, sampling time of 52 10  ssτ −= ⋅  
was used, and DC-source supply of 130 V was 
considered. 

The outputs of the SRM/G simulation block are the 
current, torque and torque ripple, speed and inductance. 
The position-sensor block yields the rotor position 
(computed from rotor speed) for electronic switching of 
SRM/G and energizing its right stator phase at right time 
via the three-phase half-bridge asymmetrical inverter  
with the topology and power switches signals shown in 
Fig.6.  

 
Fig.6. Three-phase half-bridge asymmetrical inverter 

III. SRM/G OPTIMAL COMMUTATION ANGLES 

In this section, SRM/G optimal commutation angles 
are determined for both motoring and generating 
operation modes.  

The reference current is set to 4 A value, and theta-on 
and theta-off angles are chosen using equations (5) – (9). 

To obtain the best switching angles 5 different rotor 
speeds/loads were used in order to get more accurate 
values of these angles. If we choose to use a smaller 
number of rotor speeds/loads (i.e. only two) other values 
for these angles are obtained, less accurate ones. 
A. SRM optimal commutation angles 

For the SRM operation mode, torque-ripple 
characteristics as a function of both theta-on and theta-off 
commutation angles are computed (Figs.7 and 8) at 
constant speed and constant mechanical load, 
respectively. For the turn-on angle, the band values are 
chosen between -1° and 2° with an increasing step of 0.2°, 

whereas for the turn-off angle, the band values are chosen 
from 17° to 24° with an increasing step of 0.5°. 

In Fig.7, the surface characteristics of SRM torque 
ripple for 5 different constant values of the rotor speed 
(700, 1000, 1300, 1600 and 2000 rpm) are represented.  

 
Fig.7. SRM torque-ripple characteristics as a function of both                      
theta-on and theta-off commutation angles, at constant speed 

 
Fig.8. SRM torque-ripple surface characteristics as a function of both 

theta-on and theta-off commutation angles, at constant load torque 

Fig.8 represents the surface characteristics of SRM 
torque ripple for 5 different mechanical loads, chosen so 
that the corresponding rotor speed is around of 700, 1000, 
1300, 1600 and 2000 rpm, respectively.  

To determine the SRM optimal commutation angles, that 
ensure the lowest torque ripple, the mean-value 
computation method was used: for each rotor speed and 
load torque value, respectively, the commutation angles 
were determined, such that the lowest torque ripple was 
obtained for each case; hence, 5 pairs of values for theta-
on and theta-off angles were obtained, as recorded in  
Table 1; from these 5 paired-values for theta-on and theta- 
off  angles,  an  average  paired-value  was  obtained  and 
considered as the best one, i.e. 04.0=onθ  and 

692.21=offθ , for constant rotor speed and 

118.0−=onθ and 7.21=offθ , for constant load torque, 
respectively (Table 3).  



TABLE 1. SRM OPTIMAL THETA-ON AND THETA-OFF ANGLES                               
FOR DIFFERENT VALUES OF ROTOR SPEED AND LOAD TORQUE  

Speed Theta 
-On 

Theta 
-Off 

Ripple 
Torque  

Load    
Torque 

Theta 
-On 

Theta 
-Off 

Ripple    
Torque 

    
700 0 22.06 34.67 

 

0.2 -0.16 19.82 35.66 
1000 0 21.14 38.46 0.15 -0.16 22.64 39.6 
1300 0 22.06 40.3 0.11 0.05 20.76 41.77 
1600 0 20.22 43.03 0.06 -0.16 22.64 43.92 
2000 0.2 22.98 42.47 0.001 -0.16 22.64 43.04 

 

B. SRG optimal commutation angles 
For the SRG operation mode, a prime mover is needed 

and the commutation angles must be shifted, so that the 
excitation stage occurs when the rotor tooth is perfectly 
aligned with the corresponding stator pole. If the prime 
mover displaces the SRG rotor from this aligned position, 
an opposite (negative) electromagnetic torque is 
developed by the machine, which thus operates as a 
generator. 

Similarly to the motoring operation case, SRG torque-
ripple characteristics are computed (using MATLAB) as a 
function of both theta-on and theta-off commutation 
angles (Figs.9 and 10) at constant speed and constant 
mechanical load, respectively. For the turn-on angle, the 
band values are chosen between 10° and 15°, whereas for 
the turn-off angle, the band values are chosen from 35° to 
40° (with an increasing step of 0.25° in both cases).  

In Fig.9, the surface characteristics of SRG torque 
ripple for 5 different constant values of the rotor speed 
(700, 1000, 1300, 1600 and 2000 rpm) are represented. 
Fig.10 represents the surface characteristics of SRG 
torque ripple for 5 different electromagnetic torques, 
chosen so that the corresponding rotor speed is around of 
700, 1000, 1300, 1600 and 2000 rpm, respectively.  

 
 

 

 
Fig.9. SRG torque-ripple characteristics as a function of both                               
theta-on and theta-off commutation angles, at constant speed 

 
Fig.10. SRG torque-ripple surface characteristics as a function of 

both theta-on and theta-off commutation angles, at constant 
electromagnetic torque 

Similarly to the SRM case, the mean-values 
computing method is used for determining the best 
commutation angles of SRG operation mode, from the 5 
pairs of values for theta-on and theta-off angles recorded 
in Table 2. The obtained average paired-values, 
considered as the best ones, were 25.12=onθ  and 

40=offθ , for constant speed and 05.13=onθ  and 

7.39=offθ , for constant electrical load, respectively 
(Table 4). 

TABLE 2. SRG OPTIMAL THETA-ON AND THETA-OFF ANGLES                               
FOR DIFFERENT VALUES OF ROTOR SPEED AND LOAD TORQUE  

Rotor 
Speed 

Theta 
-On 

Theta 
-Off 

Ripple 
Torque  

Elmag 
Torque 

Theta 
-On 

Theta 
-Off 

Ripple 
Torque 

    
700 12.75 40 21 -0.29 12 39.75 37.72 

1000 12.25 40 20.81 -0.32 12.25 39.75 33.01 
1300 12.25 40 21.03 -0.36 14.75 39.75 33 
1600 11.5 40 20.29 -0.39 13.5 39.75 27.92 
2000 13.75 40 30.34 -0.41 12.75 39.5 41.34 

         

IV. SIMULATION RESULTS 

A. Simulation results for SRM operation mode 
Table 3 presents the SRM torque ripple values for the 

optimal commutation angles determined above by the 
average-values computation method, in comparison with 
the torque ripple values obtained for theoretical 
commutation angles. It can be found, that SRM torque 
ripple values  

- are reduced (in average) by 22.07% for optimal 
commutation angles determined by the average-values 
computation method as compared to torque ripple values 
obtained for theoretical commutation angles, at constant 
rotor speed.  

- are reduced (in average) by 23.18% for optimal 
commutation angles determined by the average-values 



computation method as compared to torque ripple values 
obtained for theoretical commutation angles, at constant 
load torque. 

 
Fig.11. Torque behavior depending on the commutation angles at two 

different speeds. 

 
Fig.12. Torque behavior depending on the commutation angles for 

two different loads. 

TABLE 3. COMPARATIVE SIMULATION RESULTS FOR SRM 
OPERATION MODE 

Speed 
(rpm) 

Ripple 
Torque 

(%) 

Average 
Torque 
(Nm) 

Commutation 
Angles (Deg) 

Percentage 
reduction (%) 

  

700 36.22 0.2794 Computed 
values by the 
average-value  
computation 

method  

26.67 

1000 40.17 0.2726 4.27 

1300 43.49 0.262 12.30 

1600 44.28 0.2472 04.0=onθ  

692.21=offθ    
28.81 

2000 47.17 0.2247 38.28 
  

700 49.39 0.2655 Theoretical 
values 

17.0−=onθ  

94.17=offθ  

  
1000 41.96 0.2648   
1300 49.59 0.2592   
1600 62.2 0.2513   
2000 76.43 0.2371   

     
Load 

Torque 
(Nm) 

Ripple 
Torque 

(%) 

Average 
Torque 
(Nm) 

Commutation 
Angles (Deg) 

Percentage 
reduction (%) 

  

0.2 35.99 0.2786 Computed 
values by the 
average-value  
computation 

method  
118.0−=onθ  

7.21=offθ   

31.59 

0.15 40.75 0.2706 3.37 

0.11 44.03 0.2587 5.19 

0.06 44.9 0.2418 33.20 
0.001 47.85 0.2183 42.56 

  
0.2 52.61 0.2647 Theoretical 

values 
17.0−=onθ  

94.17=offθ  

  
0.15 42.17 0.2649   
0.11 46.44 0.2576   
0.06 67.22 0.2448   

0.001 83.31 0.2279   

In Fig.11 and 12 is represented the waveform of the 
electromagnetic torque for the smallest and the biggest 
load torque (Fig.12) and for the lowest and highest speed 
(Fig.11). For each case, the angles used were those 
obtained through the mean values method and the results 
were compared to the results obtained with the theoretical 
angle. The exact values of the used angles (Figs.11 and 
12), of electromagnetic torque and ripple torque can be 
found in Table 3. 
B. Simulation results for SRG operation mode 

Table 4 presents the SRG torque ripple values for the 
optimal commutation angles determined above by the 
average-value computation method, in comparison with 
the torque ripple values obtained for theoretical 
commutation  angles. It can be found, that  SRG  torque 
ripple values 

- are reduced (in average) by 46.1% for optimal 
commutation angles determined by the average-values 
computation method as compared to torque ripple values 
obtained for theoretical commutation angles, at constant 
rotor speed.  

- are reduced (in average) by 19.7% for optimal 
commutation angles determined by the average-values 
computation method as compared to torque ripple values 
obtained for theoretical commutation angles, at constant 
(negative) electromagnetic torque. 



 
Fig.13. Torque behavior depending on the commutation angles at two 

different speeds 

 

Fig.14. Torque behavior depending on the commutation angles at two 
different electromagnetic torque 

Fig.13 and Fig.14 illustrate the waveforms of the 
electromagnetic torque for the generator mode. For the 
realization of Fig.13 the speed of the generator was 
chosen to be constant for the smallest value (700rpm) and 
the biggest value (2000rpm). In Fig.14 the 
electromagnetic torque was chosen to be constant for a 
value of -0.29 Nm and -0.41 Nm. In both figures (13 and 
14) the chosen angles were the ones calculated with the 
method of mean values and the theoretical angle. The 
exact values of ripple torque and electromagnetic torque 
are shown in Table 4. As it can be noticed from Table 4, 
Fig.13 and Fig.14 the value of the electromagnetic torque 
varies with the angles, therefore not only the ripple torque 

depends on the commutation angles but also the 
electromagnetic torque. 

TABLE 4. COMPARATIVE SIMULATION RESULTS FOR SRG 
OPERATION MODE 

Speed 
(rpm) 

Ripple 
Torque 

(%) 

Average 
Torque 
(Nm) 

Commutation 
Angles (Deg) 

Percentage 
reduction (%) 

  

700 24.15 -0.258 Computed 
values by the 
average-value  
computation 

method  
25.12=onθ  

40=offθ  

48.98 

1000 20.81 -0.258 57.00 

1300 21.03 -0.259 57.06 

1600 28.39 -0.258 45.62 
2000 34.47 -0.259 22.00 

  
700 47.33 -0.238 Theoretical 

values 
05.12=onθ  

15.37=offθ  

  
1000 48.4 -0.236   
1300 48.98 -0.236   
1600 52.21 -0.2401   
2000 44.19 -0.2317  

     
Elmag 
Torque 
(Nm) 

Ripple 
Torque 

(%) 

Average 
Torque 
(Nm) 

Commutation 
Angles (Deg) 

Percentage 
reduction (%) 

  

-0.29 40.54 -0.242 Computed 
values by the 
average-value  
computation 

method  
05.13=onθ  

7.39=offθ    

10.82 

-0.32 35.69 -0.249 15.21 

-0.36 35.3 -0.255 19.94 

-0.39 29.12 -0.258 33.65 
-0.41 43.38 -0.249 16.22 

  
-0.29 45.46 -0.225 Theoretical 

values 
05.12=onθ  

15.37=offθ  

  
-0.32 42.09 -0.23   
-0.36 44.09 -0.235   
-0.39 43.89 -0.2385   
-0.41 51.78 -0.2237  

V. CONCLUSION 

The aim of this paper was the determination of optimal 
turn-on and turn-off angles for torque ripple reduction of a 
three-phase 6/8 SRM/G. An analytical model of SRM/G 
and a commutation-angle optimization technique for 
reducing the torque ripple were implemented in 
MATLAB /Simulink environment, for both motoring and 
generating operation modes over an extended speed 
range. Simulation-based performance analysis results for 
SRM/G with hysteresis current-control and commutation 
angles optimized to reduce torque ripple have been also 
provided and discussed. 
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Abstract— This paper approaches the electromagnetic design 
and finite-element analysis of an axial-flux permanent-magnet 
(AFPM) synchronous generator for small-scale wind turbines. 
The study is conducted to find a good-performance and cost-
effective electric generator topology for micro-wind power 
application. The proposed double-sided two-stators-one-rotor 
AFPM synchronous generator with non-overlapping 
concentrated slotless-stator-winding and ironless PM-rotor disk 
could be the machine of choice in grid-connected or stand-alone 
small-scale wind energy conversion systems.  

Keywords—axial flux; permanent magnet; wind energy;  

I.  INTRODUCTION  
Despite their great potentials small-scale wind turbines 

reveal low penetration in the renewable-energy production 
market, as compared with large utility-size wind turbines, due 
to the following main reasons [1]: (i)  micro-wind turbines 
operate mostly in low-wind-speed areas, experiencing self-
starting problems, which have negative consequences on the 
energy yield; (ii) the cost per installed kW of current stand-
alone micro-wind turbines is much higher than that for large 
wind turbines; (iii) micro-wind turbines require good technical 
skills and rather complex equipment in manufacturing and 
maintenance processes, which increase their installing and 
operational costs.  

Many micro-wind turbine manufacturers use direct-driven 
generators [2], thus avoiding mechanical gear, reducing size of 
the entire system, lessening noises and lowering installation 
and maintenance costs. However, a direct-driven micro-wind 

generator has to operate at very low speeds in order to match 
the wind turbine speed, and to produce electricity within a 
reasonable frequency range; hence, the micro-wind generator 
has a rather big size, and must be designed with a large 
number of poles. 

Axial-flux permanent-magnet (AFPM) synchronous 
generators are increasingly being used in the last decade for 
direct-drive small-scale wind turbine applications [3, 4]. 
Compared with conventional radial-flux PM machines, the 
AFPM synchronous generators have the advantages of more 
compact structure due to the flat shape with short axial-length, 
larger power-to-weight ratio and torque density, more flexible 
PM-field and armature-winding design, better cooling and 
modular construction. The drawback of a low-speed direct-
driven AFPM synchronous generator is that it requires larger 
diameter, which affects the material cost of the machine [5]. 
The double-sided two-stators-one-rotor AFPM synchronous 
generator topology with non-overlapping concentrated 
slotless-stator-winding and ironless PM-rotor disk is 
considered in this paper, which is organized as follows. In 
Section II, the preliminary electromagnetic design of the 
proposed double-sided internal-rotor AFPM synchronous 
machine for use as a direct-driven generator with small-scale 
wind turbines is addressed. Section III presents the 3-D finite-
element field analysis and simulation results for the double-
sided AFPM synchronous generator design evaluation. 
Conclusion is drawn in Section IV. 

 



 

II. PRELIMINARY ELECTROMAGNETIC DESIGN OF 
THE AFPM SYNCHRONOUS GENERATOR FOR SMALL-

SCALE WIND TURBINES 

 
The considered AFPM synchronous generator has an 

inner PM-rotor with eight pole-pairs of axially-magnetized 
NdFeB-type magnets, which are accommodated in an ironless 
disk. External slotted stators may increase notably the airgap 
flux density due to the reduced clearance between rotor and 
stator. The required amount of rotor-PMs becomes smaller, 
thus lowering the global cost of the machine. On the other 
hand, the use of slotted-stator armature winding results in 
significant cogging torque and content of harmonics in the 
back-emf waveform. Such problems must be tackled 
efficiently from the electromagnetic design viewpoint.  

References [6, 7] advocate the application of slotless-
stator concentrated non-overlapping armature-winding in 
AFPM synchronous generators, since the winding process 
using prefabricated coils is cost-effective. Furthermore, the 
space needed by the end-windings and thus the copper losses 
are minimized.  

The rated power of the AFPM synchronous generator 
under study is of 2.5 kW for the rotational speed of 200 rpm. 

By applying the general sizing equation to the small 
AFPM synchronous generator under study, the outer surface 
diameter Do is obtained as 
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The total outer diameter of the machine is given by 

Cutot WDD 20 +=  ,                      (2) 

and the total axial length of the machine can be expressed as 

gLLL Srtot 22 ++=                   (3)                                                   

where the rotor axial length sums the rotor-core and rotor-PM 

contributions, i.e.   
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with Br,core  representing the flux density in the rotor-disk core;  
Bu, the attainable flux density on the surface of the rotor-PM;  
μr,PM  and  Brem, the relative permeability and the remanent flux 
density of the rotor-PM material, respectively;  kd and kf , the 
leakage flux factor and the peak-value-corrected radial-airgap 
flux-density factor of the machine, respectively; ke , the back-
emf factor, i.e. the armature-winding distribution factor; Nph, 
the number of turns in series per armature-winding phase;  f , 
the mains electrical frequency; p, the number of machine pole-
pairs;  Di , Do, the diameters of the inner and outer surfaces of 

the machine, respectively;  λ=Di / Do , the inner-to-outer 
diameter ratio; ˆ

gB , the peak value of  the magnetic flux 
density in the airgap (magnetic loading); g, the airgap axial 
length.  

The stator axial length sums the stator-core axial length  

coresS LL ,=                    (5)            
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with Bs,core, the flux density in the stator core; αp, the ratio of 
the average airgap flux density   to the peak value of the airgap 
flux density; Jslot, the stator-slot current density; kCu, the 
copper-fill factor.  

The analytical preliminary electromagnetic design has 
been used for determining the main data of rotor and stator 
components for the small three-phase AFPM synchronous 
generator, listed in Table I. 

 
 
 
 

Design data Value 
Turns per stator-winding phase 2500 

Turns per coil 312 
Wire diameter [mm2] 0.5  
Slot-fill factor (gross) 0.5 

Stator phase-winding resistance [Ω] 12  
Rotor-PM thickenss [mm] 20 

Airgap clearance [mm]  2 
Number of PM-rotor poles  16 

Outer radius [mm] 295 
Rated rotational speed [rpm] 200  

Rated output power [W] 2500 
 

 

III. 3-D FINITE-ELEMENT FIELD ANALYSIS OF THE 
AFPM SYNCHRONOUS GENERATOR FOR SMALL-

SCALE WIND TURBINES 
 

Due to rapid advances in computational methods, a 
number of 3-D finite-element (FE) field analysis software 
packages are now available, so that a given field problem may 
be solved by a judicious choice of the software tool. In this 
paper, the design evaluation of the small three-phase double-
sided inner-rotor AFPM synchronous wind-generator is 
conducted by time-stepped 3-D FE field analysis using the 
commercial software JMAG-Studio.  

The time-stepping FE field-circuit solution procedure 
entails the following steps:(i) build the geometric field model 
and the coupled circuit model of the AFPM wind-generator; 
(ii) build the sliding surface for time-stepping analysis; (iii) 

Table I Main design data of the small three-phase double-sided    
inner-rotor AFPM synchronous wind-generator 



 

select solver, boundary conditions and time increment; (iv) 
execute the program to obtain the FE field-circuit solution. 

Rotor-PM flux-density distribution from 3-D FE analysis 
of the small double-sided inner-rotor AFPM synchronous 
wind-generator is presented in Fig. 1, which proves that 
magnetic saturation in the PM-rotor disks is not of concern. 
 

 
 
 

 
Fig. 1. Rotor-PM flux density distribution in the small double-sided inner-

rotor AFPM synchronous wind-generator. 
 

The induced back-emf waveforms under no-load (open 
stator-circuit) condition are computed in Fig.2, showing a rms-
value of about 364 [V/phase]. 

 
 
 
 
 

 
 

Fig. 2. FE-computed line back-emfs of the small double-sided inner-rotor 
AFPM synchronous wind-generator under no-load condition                                 
 

The performance of the small double-sided inner-rotor 
AFPM synchronous wind-generator supplying an isolated, 
three-phase resistive load of 158 [Ω/phase]  is computed using 
the 3-D FE time-stepping analysis. Fig. 3 presents the FE-
computed dynamic electromagnetic torque. It can be seen that 
the mutual torque ripple caused by harmonic components of 
the developed electromagnetic torque is quite significant. 

 

 
 

Fig. 3. FE-computed dynamic electromagnetic torque of the small double-
sided inner-rotor AFPM synchronous wind-generator under resistive load 

condition.  
 
 
 
 



 

Fig. 4 shows the FE-computed stator-winding line-voltage 
and line-current waveforms, which are practically sinusoidal. 
It is to be noted, that the computed waveforms have taken into 
account the geometry of the stator-armature winding coils. 

 
 

 
 
 
 

 
 

Fig. 4. FE-computed stator-winding line-voltage and line-current waveforms 
for the small double-sided inner-rotor AFPM synchronous wind-generator 

under resistive load condition. 
 
 

The FE-computed results, as well as the active material 
masses from the design analysis of the small double-sided 
inner-rotor AFPM synchronous wind-generator are 
summarized in Table II.  

 

 
 

 
Design FE-analysis result Value 
Copper mass of the stator winding [kg] 25 
Mass of rotor PMs [kg] 9.93 
Iron mass of stators [kg] 25 
Total mass [kg] 60 
I rms [A] 1.85 
U rms [V] 298 
Stator-winding copper losses [W] 130 
Torque [Nm] 75 
Active materials estimated cost [Euro] 350 
Manufacturing cost factor  1.5 
Total estimated cost [Euro] 525 

IV. CONCLUSIONS 
Electromagnetic design of a small double-sided inner-

rotor AFPM synchronous wind-generator has been addressed 
and discussed in this paper. Its two-stators-one-rotor topology 
with non-overlapping concentrated slotless-stator-winding and 
ironless PM-rotor disk makes this design well suited for low-
speed micro-wind generator applications. The FE-based 
design analysis results have shown its good performances in 
output characteristics, electromagnetic torque and overall cost 
effectiveness.  
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Abstract – A comparison between two current control 
methods for grid-side inverter, i.e. PI control and forward 
predictive control, is made. The PI current control is 
implemented in d-q synchronous frame, while the forward 
predictive current control is implemented in abc stationary 
frame. The paper presents both simulation and experimental 
results, which were made at a reduced scale (2.2 kW).The 
constant-power test showed that both methods have good 
results in respect to existing grid codes.  

 
 

I.    INTRODUCTION 
 
The increase demand for electrical power, together 

with the rapid growth of DGS has produced a  new mean 
of power generation. In grid-connected DGSs, three-phase 
pulse-width-modulation (PWM) voltage-source inverters 
are now mandatory for purposes of power conversion, grid 
interfacing and control optimization [1]. 

Existing grid codes, demand new control algorithms 
which gives possibility to regulate injected active and 
reactive power. The grid operator`s main objective is to 
keep the grid balanced by controlling both active and 
reactive power flow [2].  

There are many current control strategies, which were 
debated during the years. The most significant current 
regulating techniques for voltage-source inverters are 
hysteresis control, proportional-integral (PI)control and 
predictive control [3]. While the PI control needs a good 
tuning to match system parameters, and the hysteresis 
control leads to variable switching frequencies, the 
predictive control affords opportunities for more precise 
current regulation of grid-connected inverters. 

Previous work [3] was done in order to improve 
predictive control strategy by implementing a direct digital 
predictive regulator. DGSs plant, usually  is formed by an 
output filter and a distribution transformer. In this case the 
grid impedance is smaller in comparison to the equivalent 
impedance of the DGSs. 

 
 
 

 
 
 

          However, with good tuning of the current  
controller,  the grid impedance variation can be avoided. 
Predictive current control family is divided in two main 
strategies: 
       (i) deadbeat control, which calculates the inverter`s 
output voltage so that the current through inverter is forced  
to follow its reference; dead beat control was subject of 
debates for long time, thus becoming now a traditional 
current control strategy[2],[3]; 
       (ii) forward predictive control modifies dead beat 
algorithm structure, i.e.  instead of zero-current error at the 
beginning of the next switching period, the current error is 
half the difference of the previous two current errors;         
it was proven that the forward predictive control can 
improve the dead beat control performance.  
         The new robust forward predictive current control 
strategy has been developed in [2] as an improvement of 
existing Deadbeat Predictive control strategy. In this 
context, the present paper  makes a comparative simulation 
and experimental study of the forward predictive current 
control and the commonly used PI current control for grid-
side three-phase PWM voltage-source inverters in DGSs. 
 
II.    FORWARD PREDICTIVE AND PI CURRENT 
CONTROLS OF  GRID-CONNECTE D INVERTERS 
 

A. Forward Predictive Current Control 
 

Forward predictive current control assigns to the 
current error of the actual switching period half the 
difference of previous two current errors [2]. 
Fig. 1 shows the system raw scheme. In order to obtain 
inverter`s load current expression, second Kirchhoff 
theorem is applied 
 · ·  ,            (1) 
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Fig. 2. Time schematic of sampling point and controlling point in 
forward predictive current control [5], [6]. 

 

Fig. 3. Forward Predictive current control basic diagram 

 
 
 

 

 

 
 
 
 
 
where 
 U  - inverter output voltages  
 U  - grid voltages 
 I  - inverter load current trough each phase 
 L       - transformer and filter equivalent  
 inductance 
 R      - transformer and filter equivalent resistance 

 
For digital implementation of control scheme, (1) can 

be represented in discrete-time with the sample period of 
Ts as follows: 
 

 u n u n L · T  ,          (2)       
where 
 u n   - average grid voltage on phase A,  
at sampling point n 
 i n   - measured inverter current, at sampling  
  point n 
 i n 1  - measured inverter current, 
  at sampling point n+1. 
Considering that the change of the grid voltage is 

linear, their average values u n  can be predicted based 
on the actual ones: 

 u n 1.5u n 0.5u n 1 .                       (3) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Traditional predictive current control algorithm 

performs the computational operations for the next 
switching in the previous switching cycle. 

According to [4], the computational time is 
insignificant compared to switching cycle time. Therefore, 
sampling point n was moved right behind controlling point 
“ n “ as shown in Fig. 2. 

For small control periods when sampling and 
calculation time of the processor is significant compared to 

 
 
 
 

 
 
 
 
   

 
 
 
control time, the command voltage  u n , which should 
be loaded into the PWM generator at time [n], will be 
delayed with one switching period. This will lead to lower 
control accuracy and poor stability margin. In order to 
compensate the control delay influence, a current observer 
can be derived from (2) and (3) for the switching period 
[n-1,n]: 

 1 1.5 10.5 2 1                            (4) 
 

 
 
 

 
 

 
 
 
 
 
 
 
 

 
Fig. 1. System raw scheme. 
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Fig. 5. Control scheme of the PI current control. 

Fig. 4. Control scheme of the forward predictive current control. 

 
 
Starting from forward predictive control definition, 

one can write 
 1                           (5) 

 
The current error represents the difference between 

the reference and the measured current: 
 

.                   (6) 
 

By substituting (6) for  and 1  in (5) for 
sampling points [n] and [n-1] the load current at sampling 
point [n+1] can be forward predicted as 
 1 1 0.5 11                             (7) 
 

Introducing the above expression of i n 1  in (2), the 
average output voltage can be evaluated: 
 1 0.5          0.5 1 0.5 1 0.5         (8)      
 

      In order to compensate the control delay influence, 
the current observer from (4) and average grid voltage 
from (3) may give the final command voltage u n  as 

 
The control scheme of the forward predictive current 
control is shown in Fig.4. 

 
 

 
 
 

 
 

 
 
 
 

 
 
 
Based on the approach presented in [6], the reference 

currents can be calculated from instantaneous active and 
reactive power as 

 

                      (10) 

 

.                    (11) 
 

 

B. Proportional-Integral (PI) Current Control 
 

The PI control scheme (Fig.5) consists in two 
controllers, which regulates the output active and reactive 
power. This leads to reference currents generation which 
need to be tracked be internal controller. Ultimately this 
will lead to inverter switches commands 

 
 
By adjusting the d-axis component of the current, an 

active power control is achieved. Identically, by regulating 
the q-axis current component a reactive power control is 
achieved. So, by setting the current in the quadrature axis 
to be null, the reactive power is also null, and thus the 
power factor becomes equal to unity.  

The voltage feed forward and the decoupling 
component  between the d and q axes are added after PI 
controller. Harmonic compensator component are being 
added to reference voltages before the duty cycles 
generator of the VSI. 

In order to determine the system’s stability an 
equivalent transfer function for the PI current controller 
along with the inverter, filter respectively plant is 
presented in Fig.6. 
 

- PI transfer function: 

;                      (12) 

- Control Algorithm transfer function: 

,                            (13) 
 
 

where 1/  and 8  is sampling  frequency; 
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Fig. 8. Structure of the PI current control with harmonic compensator. 

Fig. 7. LCL-filter equivalent electrical scheme. 

Fig. 6. Block diagram of the PI control scheme. 

 

 
 
- Inverter transfer function: 

. ,                   (14) 
 
where T 1/f , and f 8kHz is the switching  
frequency. 

The transformer is an important component in the 
design procedure of the controller. Joined at the existing 
converter LC filter forms an LCL filter. The capacitor and 
the transformer inductance as well as the grid inductance 
introduce two additional zeros and poles causing system 
instability. Therefore, a dumping resistance (R ) is 
connected in series with the filter capacitor, as shown in 
Fig.7. 

The equivalent transfer function of the block diagram 
from Fig.6 becomes: 

                     (15) 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
With 
  

 

 
 

(16)                 
 

 
 
 
 
The integral and proportional gains for the PI controller 
were determined as [7] 
 

.            (17) 
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Fig. 9. Bode graph for the plant and PI current control open-loop system. 

Fig. 10. Steady-state constant power (P = 1000 W and Q = 1000 VAR) test simulation results. 
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According to open loop bode graph it may be 

concluded that this design is robust and can tolerate a 2.11 
dB gain increase or a large phase lag in the open-loop 
system without going unstable. (G 2.11 dB at 2.5e004 rad/sec, P 97.7 deg  

 
III.    SIMULATION RESULTS 

 
Computer simulations have been carried out using 

Simulink and Plecs, Matlab Toolbox`s to comparatively 
assess the performances of both PI and forward predictive 
current control strategies. Constant power and step-change 
in power reference were tested in order to determine how 
fast the control system reacts. 

 
 
 

A. Constant-power test simulation results 
 
As shown by Table 1 and Fig.10, for steady-state 

constant-power simulated test both current control 
methods, present good results in current amplitude, wave 
shape and harmonics content. 

 
Table 1.Harmonic-content results from constant-power simulation  

  

no harmonic 
compensation 

with harmonic 
compensation 

PI FW. 
PCC PI FW. 

PCC 

THD     
[%] 

THD      
[%] 

THD     
[%] 

THD     
[%] 

P=500 W; Q=0VAr 33.25 24.83 13.84 9.42 

P=1000 W; Q=0VAr 19.77 14.91 7.63 5.92 

P=1000 W; Q=-1000VAr 11.75 8.05 6.52 4.44 

P=1000 W; Q=1000VAr 15.81 10.83 6.76 4.6 

P=1000 W; Q=-2000VAr 9.4 6.44 5.11 3.48 
 

 
B. Power step-change test simulation results  
 
Both current control strategies have been tested at 

various active- and reactive-power step-changes. 
In Fig.11, a step-change of 500 W in active power has 

been applied in order to define how both current controls 
can adapt to any reference power changes. As can be seen, 
PI control follows more accurately the reference current at 
low power, but shows higher transients and twice the 
recovery-time during a step-change in power reference. 

In Fig.12, a step-change of -1500 VAR in reactive 
power is simulated. It is pointed out that the forward 
predictive current control has better harmonic content and 
less recovery-time after transients.   
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Fig. 11. Active power step-change (from P1= 500 W to P2=1000W and Q=0 VAR) test simulation results. 
 

Fig. 12. Reactive power step-change (from Q1=0 VAR to Q2 = - 1500VAR and P = 1000 W ) test simulation results. 
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Fig. 13. Photograph of the experimental setup. 

Fig. 14. Steady-state constant power (P = 1000 W and Q = 1000 VAR) test experimental results. 

 
 
IV.    EXPERIMENTAL RESULTS 

 
Several experimental tests were carried out using the 

laboratory set-up of Fig.13 with dSPACE interface 
controlling the 2.2 kW, grid-connected three-phase PWM 
voltage-source inverter. The parameters of the hardware 
equipment are listed in Table 2. 

The model configuration used for experimental work 
represents the main configuration on which the simulation 
model was built. Danfoss-type FC302 2.2 kW- 400Vac 
converter was used as a grid-side inverter, together with an 
LC sine-wave filter (Danfoss code No. 130B2443). The 
inverter is an IGBT-based converter, whose interface cards 
have been replaced by Interface and Protection Cards 
(IPCP2). The dSPACE system delivers five signals for 
each IPC2 card: three duty cycles for the inverter switches, 
one enable and one reset signal. The voltage and current 
measurements are achieved through LEM modules.  

 
Table 2. Hardware equipment parameters of the experimental set-up 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
The experiments were conducted for the same value 

as the simulation in order to be able to compare them.  
 
       A. Constant-power test experimental results 
 

Compared to simulations, experimental results for   
the forward predictive current control are quite similar, 
(Fig.14), excepting the smaller harmonics level shown for 
low power (Table 3).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Hardware parameters 
Fsw Switching frequency 8000 Hz 

Faq Acquisition frequency 8000 Hz 

C_filter Filter capacitance 4.7 [µF] 

R_conv Converter resistance 0.1 [Ω] 

L_conv Converter side filter inductance 1.8 [mH] 

R_trafo Transformer resistance 0.03 [Ω] 

L_trafo Transformer inductance 2 [mH] 

L_mag Transformer magnetization inductance 100 [mH] 
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Fig. 15. Active power step-change (from P1= 500 W to P2=1000W and Q=0 VAR) test experimental results. 

Fig. 16. Reactive power step-change (from Q1=0 VAR to Q2 = - 1500VAR and P = 1000 W ) test experimental results. 
 

 
 

Table 3.Harmonic-content results from constant-power experimental test 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

      With harmonic compensation block, both current 
control strategies comply with IEEE 1547 and IEC 61727 
standards in respect to current harmonics, in range of 30–
100% of rated inverter power. For low power, the forward 
predictive control has significantly reduced harmonics 
level compared to PI control.  

 
B. Power step-change test experimental results  

 
       The transient responses of both current control 
schemes to a step-change in active power and reactive 
power are shown in Fig.15 and Fig.16, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

no harmonic 
compensation 

with harmonic 
compensation 

PI FW. 
PCC PI FW. 

PCC 

THD     
[%] 

THD    
[%] 

THD      
[%] 

THD     
[%] 

P=500 W; Q=0VAr 35.96 22.98 14.67 6.795 

P=1000 W; Q=0VAr 26.78 12.66 9.12 4.29 

P=1000 W; Q=-1000VAr 14.94 6.18 4.49 2.895 

P=1000 W; Q=1000VAr 11.79 8.847 3.38 3.25 

P=1000 W; Q=-2000VAr 11.63 5.177 3.4 2.46 
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V.    CONCLUSIONS 
  
       Two current control schemes, i.e. forward predictive 
control and PI control, for grid-side three-phase PWM 
voltage-source inverter in DGSs have been presented. 
Those  are suitable for practical implementation with good 
transient response and minimal harmonic distortion. 
      Simulation and experimental results have been 
presented to confirm the efficient operation of the new 
forward predictive current control algorithm. The constant 
power test showed that both current control methods    
have good results in respect to existing grid codes. The 
recovery time at power step-change and the harmonics 
content are smaller for the forward predictive control as 
compared with the PI control. 
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Abstract— This paper aims to evaluate capabilities of axial-flux 

and radial-flux permanent-magnet machines. The comparison is 
done exclusively from an electromagnetic point of view.  The 
electromagnetic design comparison of conventional radial- flux 
and axial-flux topologies is carried out in view of traction drive 
applications. 

Index Terms—Axial-flux permanent-magnet machine, radial-
flux permanent-magnet machine, electromagnetic design 
comparison 
 

I. INTRODUCTION 
 

The idea of comparing two different machines is a difficult 
task. Many researchers try to force the equality in comparison 
using subjective constraints. The end result is often that the 
constraints themselves favor one geometry over the other, 
leading to inconclusive results. 

Small electronically-commutated (or brushless) axial-flux 
permanent-magnet (AFPM) machines have been under keen 
research interest in the last decade as an alternative to 
conventional radial-flux PM machines, particularly for low-
speed direct-drive applications (e.g. wheel motors and wind 
generators), due to their advantages of flexible disk (pancake) 
shape, compact and rugged construction, adjustable flat (plane) 
airgap, high power density and high torque-to-weight ratio [1-
3]. 

The paper presents a comparative analysis of electric motors 
with PM-excited radial, respectively axial, magnetic flux. The 
ability to develop the electromagnetic torque defines the 
comparison criterion. The analysis may serve for sizing / 
choosing small structures for electric traction and wind-power 
energy conversion applications. 

The machines are compared in terms of electromagnetic 
torque and torque density capabilities with the overall volume, 
losses and flux density that are kept constants.  

 
II. RADIAL-FLUX PERMANENT-MAGNET MACHINE 

 
The design of a conventional three phase 6/18 RFPMM has 

been considered, leading to the configuration shown in Fig. 1. 
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Fig. 1.  Radial-flux permanent-magnet machine 

 
For this machine the coils are wound around 18 stator teeth. 

The magnets are glued on the rotor skeleton. 
The main advantage of the radial-flux machine is the 

standardized topology, which means lower production costs. 

 
 
 
 
 

III. AXIAL-FLUX PERMANENT-MAGNET MACHINE 
 

The simplest AFPM machine structure uses an annular, 
slotted (or slotless) stator, containing the radially-arranged 
armature windings, and a disk-rotor, carrying PMs that 
produce the axial flux. The AFPM machine has a larger 
diameter-to-active-length ratio compared to its radial-flux 
counterpart. As a consequence, when the number of poles 
increases, the AFPM-machine radial active part remains 
almost unchanged, while the axial length can decrease, so that 
the torque density increases.   

The research work contained in this paper first refers   to 
small brushless AFPM machines having surface-   mounted 
NdFeB rotor-PMs and three-phase slotted-stator distributed 
armature windings, which are most suitable for low-speed 
direct-drive applications. The primary reasons are that, the 
fixture of external stators may be arranged easily, and the axial 
loading of bearings is rather small due to the internal rotor 
topology.  
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Fig. 2.  Axial-flux permanent-magnet machine 
 
Once with the advance in PM technology, the AFPM 

machine has born interest among the researchers in electric 
machines domain. The machines with axial airgap made the 
designers now to consider this solution a feasible one. 

 The AFPM machine considered in this paper [4] is a two-
stators and one-rotor topology. The rotor with 4 pole-pairs is 
sandwiched between the two stators. The rated power is about 
0.3 kW, and the rated rotational speed is 1500 rpm. The 
magnets are of high-energy NdFeB-type, and are glued on the 
solid-iron disc-rotor. The material of the stator core is a fully-
processed electrical steel sheet M600-50A.  

 
IV. COMPARATIVE ELECTROMAGNETIC DESIGN 

 
Besides the technological and manufacturing differences, it 

seems interesting to compare AFPM and RFPM machines to 
understand when and where the first ones show potential 
advantages. 
     A general comparison of AFPM vs. RFPM machines is not 
possible due to the large number of possible technical 
solutions; thus the comparison is focused on two specific types 
of surface-mounted PM machines: 

• the most common RFPM machine with one external 
stator and one internal rotor; 

• the AFPM machine with two external stators and one 
internal rotor. 

Both machines are compared in terms of electromagnetic 
torque and torque density for the same overall volume, losses 
and the flux density. The study is carried out in order to 
evaluate the comparative capabilities of both machines.  
    As explained in [5], the comparison between the machines is 
done using the ‘sizing equations’, which link the 
electromagnetic torque (T) to the active machine length (L) and 
the machine reference diameter (D): 
 

                                      ~ ·                               (1) 
 
Accordingly, one assumes that the elevation in temperature 

(ΔT) is due to Joule losses, and the heat transfer is only 
convective. 
Thus, the heat transfer can be expressed as 
 

                    
2

ex

RI
hS

θΔ =  ,                           (2) 

 
 where R is the electrical resistance of the stator winding, 
which takes into account also the effect of stator teeth, and 

exS D Lπ= ⋅  is the thermal exchange surface area.  
By developing the expressions for R and Sex in (2), the 

elevation in temperature is found to be constant if the current is 
proportional to the reference diameter : 
 

        2 2.exhSI const D
R

θ θ⋅ Δ= = × ⋅Δ .                    (3) 

 
From classical equations of electric machine theory, the 

electromagnetic torque can be considered to be proportional to 
the useful airgap surface Agap : 

 ~                                     (4) 
 

The comparative geometry and electromagnetic torque 
expression for the RFPM and AFPM machines under study are 
given in Table I. 

The ratio (K) in the torque expression depends only on the 
technology used to design the PM machines.  

The width of the AFPM machine is supposed to be equal to 
2a. This corresponds to the double stator thickness of the 
RFPM machine, which is a quite realistic assumption.  

 
 

Table I. Comparative geometry and electromagnetic torque expression  
for the RFPM and AFPM machines  

 

 
 

 



 

Both  AFPM and  RFPM machines  develop  the  same 
torque if they have the same airgap area, i.e.  AR = AA . 

The two machines are equivalent if they develop the same 
electromagnetic torque, and have the same bulk dimensions, 
i.e. WR=WA and DR=DA. 

From Table I, the following torque relation is introduced: 
                                  AR TT ⋅= α ,                 (6) 
 
where α defines the torque ratio between the RFPM and 
AFPM machines. If α is bigger than 1, the RFPM machine 
structure is obviously preferred instead of an AFPM one. 
 From the same Table I, one may write : 
 

β
A

A
DL =        ∞≤< β3         (7) 

 
where β represents the stack length in relation to the outer 
diameter for the AFPM machine structure. For machine 
building practical reasons, β ≥ 3. If β  equals 2, the inner 
diameter of the AFPM machine is null.  

By introducing the torque expressions of Table I in (6), one 
obtains : 
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By considering (7) and the same bulk dimensions of both 

RFPM and AFPM machines (i.e. WR=WA and DR=DA), (8) 
leads to 
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with the shape coefficient   
W
D

W
Dx

A

A == .      

 

An AFPM machine can be transformed around its mean 
radius into a RFPM machine. In such a transformation, the 
width is always two times smaller than the diameter, which 
means that 3≥x . 

In the particular case 1=α , (9) becomes 
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              (10) 

 
Equation (10) shows that an AFPM machine is equivalent to 

a RFPM one with the same bulk dimensions if the shape 
coefficient x is equal to β.  

 
To be efficient, the AFPM machine must have a high 

diameter for a small width. For example, if β=4, the diameter 
must be, at least, four times higher than the width in order to 
have an AFPM machine structure instead of a RFPM one. 

The expression of α (x, β) can be obtained from (9) as  
 

( ) 22

32

)1(
)1(,

x
xx

⋅−
⋅−=

β
ββα      (11) 

 
 
 

If α > 1, RFPM machine is preferred, while if α < 1, AFPM 
machine is better. The above equations do not allow the 
machine sizing, but gives the answer whether the designed 
AFPM or RFPM machine is well chosen with reference to its 
bulk dimensions.  
Fig. 3 shows the evolution of α as a function of x      and β. 
When α < 1, at the bottom of the figure, an AFPM machine 
structure is a good choice, otherwise a classical RFPM one 
should be preferred.  

 
 

Fig. 3. Evolution of α as a function of x and β, for single airgap. 
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Fig. 4. Evolution of α  as a function of x and β, for double airgap. 

 
V.  CONCLUSIONS 

 
 

The reasoning process is similar if an AFPM machine with 
double airgap is studied; then, the width is aW A 4=  and the 
electromagnetic torque becomes 

  

A
AA

A LLDKT ⋅⎟
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22
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Equation (10) is simply multiplied by 2. Fig. 4 shows the 

evolution of α as a function of x and β,  for this case. The 
domain for preferential choice of an AFPM machine is 
increased.  

If in the above torque expressions, one considers the 
machine diameter at the third power instead of the second one, 
one obtains again β=x as a solution of (10), what means that 
the electromagnetic torque is also proportional to LD 3 , as 
reported earlier in [3]. 

It must be emphasize that the other two solutions, x2 and x3, 
of equation (10) are always smaller than 3, and converge 
towards 1, as shown in Fig. 5.  

 

 
 

Fig. 5. Evolution of x2 and x3 as a function of β. 

 
RFPM machines possess positive features for electric 

traction applications, such as simple structure, ruggedness, 
high torque density and wide-speed operation range. For a 
direct-drive topology, the AFPM machine provides higher 
torque-to-weight ratio, better heat removal, flexible compact 
shape and adjustable airgap,    as compared to its RFPM 
counterpart. 

The comparative electromagnetic design analysis developed 
in the paper for RFPM and AFPM machine topologies has 
shown that both are equivalent in torque and size, if the shape 
coefficient x is equal to the ratio β    between the stack length 
to the outer diameter of the     PM machine. Besides, there is a 
certain combination of coefficients x and β, for which the 
AFPM machine structure provides more torque capability than 
the classical RFPM one. 

Since the PM machine output torque is proportional to the 
effective airgap area for constant electrical and magnetic 
loadings, the AFPM machine with double airgap reveals higher 
torque-to-weight ratio. 
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Abstract—The paper presents the monitoring of the power 
quality of an underground electric line fed by a high voltage 
transformer station 110/10 kV and a subsequent earthing fault 
situation followed by a short circuit. The monitoring process was 
performed using a power quality analyzer. The analysis of the 
evolution in time of the phenomena highlights the variations of 
the voltage in the medium voltage bus of the transformer station 
during the failure situation. 

Keywords— earthing system, short-circuit, overcurrent 
protection. 

I.  INTRODUCTION  
The continuity of power supply and quality assurance of 

electricity, especially for the energy produced by renewable 
sources [1...7] imposes that the energy supplier takes all 
necessary precautions to maintain the electricity required 
parameters and to ensure the reliability of the electrical 
equipment in the national power grid system. 

With respect to power equipments, it can be said that the 
best reliable solution is the use of a monitoring system. 
Currently, the utilization of predictive maintenance for 
equipments diagnoses, instead of preventive maintenance is 
more suitable. 

It is well known that short circuits are connections having 
low impedance between two points of a circuit, normally 
being at different voltages values. 

If a short circuit occurs far from the source, the short 
circuit current limitation is achieved by the short circuit 
equivalent impedance of the network [8, 9]. 

Power breakers represent the largest class of electric 
devices that must ensure the switching functionality, i.e.  
“connection” and “disconnection” in the circuits in normal 
operating conditions and under fault conditions as well. 

The communication in the connection process but 
especially in the disconnection one is usually followed by 
priming, burning and electrical arc suppression [10]. 

In the disconnection process, the electric arc leads to 
thermal stress, mainly on the contacts of the electrical devices 
and on the elements of the extinguishing chamber, 
determining also a high dielectric stress due to commutation 
overvoltages [11, 12]. All these conduct to the idea that the 
power equipments in a transformer stations must be 
monitored. In the case of current short circuit occurrence, the 
monitoring system should provide the fastest possible 
disconnection so as the short circuit current interrupted by the 
power breakers would have a minimum value. 

Monitoring the parameters during failure is a particular 
problem leading to the analysis of the protections functionality 
in order to detect the malfunctioning of these systems and of 
the switching processes. 

The detection of the protection malfunctions [13] and 
switching processes in case of abnormal operation phenomena 
can affect the overall stability of the power system.  

If not properly managed or neglected, these events may 
cause undesired operation and major disturbances in a high 
voltage transformer station. 

II. THE SHORT CIRCUIT CURRENT COMPUTATION  
In the electrical energy transmission and distribution 

systems different types of short circuits can occur between the 
three phases and earth [14, 15, 16]: 

• earthing; 

• short circuit between phases; 

• three phase short circuit. 
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The first two types of short circuits are asymmetrical, and 
the third one could be placed in the symmetrical short circuit 
category. 

The methods of calculating the equivalent impedance in 
low voltage networks, involve several steps. 

From the wiring diagram, the schematic is done for each 
component, and for the equivalent circuit (Fig. 1.), for a 
single-phase short circuit (Fig. 2a, b) and for a symmetrical 
and an asymmetrical short circuit respectively. 

In the situation in which the diagrams include multi-levels 
voltage interlinked with transformers, referring the impedance 
at the fault location is necessary. All impedances are referred 
to the same level of voltage, i.e. the line nominal voltage at 
short-circuit location. This aim of this referring method is to 
determine an equivalent circuit, powered from a single source.  

Assuming a grid supplied by the voltage U, in case of a 
short circuit in a point having the voltage Ud, the current short 
circuit produces phase Joule losses P=U2/R, where R is the 
real resistance of grid. Referring the circuit elements and 
sources must preserve the dissipated power. At the grid 
voltage the power dissipation equation is equivalent to: 

    
2
d

r

U
P

R
=                 (1) 

 Starting from this point the equations for the referred 
impedances at the fault location can be inferred also. 

 

 
Fig. 1. Transformation through equivalent diagrams 

In order to calculate the symmetrical and asymmetrical 
short circuit currents it is necessary to determine the 
parameters of the elements contained in the structure of the 
equivalent diagram: electrical lines, transformers, reactance 
coils, synchronous machines, etc. 

For three-phase systems having neutral conductor, there 
are different ways of treating the neutral in order to reduce the 
short circuit current [17]. As it was stated above, the three-
phase short circuit is a symmetrical one, while the two-phase 
and single-phase short circuits are asymmetrical and they are 
calculated using the method of symmetrical components. For 
example, in the case of single-phase short-circuit with the 
neutral point connected to the ground through the impedance 
Zn, Fig. 2, the conditions at fault location are: 

 

 
a) 

 
b) 

Fig. 2. One phase short circuit. a) neutral earthed by the impedance Zn,  b) 
neutral solidly grounded. 

    1 0I =            (2) 

    2 0I =            (3) 

                3 nI I=             (4) 

    3 nU U=            (5) 

resulting in: 

          0h d iI I I+ + =            (6) 

         2 0h d iI a I I+ + =                        (7) 

        2 0h d iI aI a I+ + =                        (8) 

     2 3 n hh d iU aU a U Z I+ + =           (9) 

 Using the following equations 

        1 d d d dE E Z I U= = +                       (10) 

            0i i iE Z I= =                        (11) 

         0h h h hE Z I U= = +                       (12) 

results in: 
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and the value of fault current becomes: 

                        1
3 3

d i h

EI
Z Z Z

=
+ +

                       (15) 

 If the neutral of the network is solidly connected to the 
ground and assuming  

      0nZ =           (16) 

the fault current is given by (15) and if the following 
simplified hypothesis is used: 

                   h d iZ Z Z Z= = =                       (17) 

the current through the faulty phase is  

                         3 1
3

E EI
Z Z

= =                                    (18) 

having therefore an identical value like in the case of a three 
phase short circuit. 

III. THE COMPONENTS OF THE TRANSFORMER STATION 
The station where the case study was performed is a 

transformation station 110/10 kV, where is a 10 kV 
distribution in the area, made with double bar system and 
transversal coupling. 110 kV bar separators are CLP type. 10 
kV line cells are provided with overcurrent protection and 
reserve, made either with classic relay or digital relay.  In the 
transformation station on the 110KV bar, the current 
transformers are mounted, CESU type. 

 
Fig. 3 The schematics of the high voltage transformer station. 

The transformer station switches 110 kV -STE and STEP 
are manually controlled. IO switches- 110 kV with small 
quantity of oil for indoor and outdoor installations are 
constructed by interconnecting two extinguishing rooms. The 
V assembly is placed on a column composed of a 110 kV 
insulator.  

The transformer station is provided with the medium 
voltage breakers type IO 10-15-20/630, 1250, 2500, 4000, IUP 
- 25 and IUP-M10-20/630, 1000. These are opening and 
closing devices for high voltage circuits, in the presence of the 
working currents and automatic opening of these circuits in 
the moment of current overload occurrence with unacceptable 
values, as well as for short circuits cases. 

The breakers must have a sufficient breaking capacity in 
order to interrupt high short-circuit currents in a short time 
interval.  

The connecting/disconnecting switches used in the 
medium voltage station cells are interior type TNS-10 and 
STIP-10.  

Current transformers, type CIRS, CIRTI, CIRTO or 
CESU, are mounted also in medium voltage stations.   

The neutral point handling in medium voltage is performed 
using extinguishing coils, the neutral point of the transformer 
being earthed via an extinguishing coil. Suppression coils of 
capacitive currents are AC electric devices providing the 
inductive currents required for the suppression of the 
capacitive currents at the fault location when phase earthing 
faults occur.  

 The adjustment of suppression coil is achieved by electric 
command and performed after any connection or 
disconnection procedure of the underground electrical line or 
after any change in the grid configuration. 

The 110/10 kV station works in normally operating 
situation, with transformer T1 operating on the 110 kV bus no. 
2 and on the 10 kV bus no. 2, transformer T2 in reserve on 
110 kV bus 2 and 10 kV bus 2, with the non-spinning reserve 
canceled, the transversal coupling between 10 KV bus no. 1 
and no. 2 is connected. The underground electrical line of 10 
kV is supplied from the 10 kV bus no. 2 of this station. 

IV. MEASUREMENTS AND EXPERIMENTS 
The monitoring equipment, power quality analyzer 

Mavowatt 70 [18], has been used to record the events 
succession for a single-phase earthing short circuit. Events are 
detailed shown in Figs. 4 – 10. 

 
Fig. 4 Waveforms recorded at the occurrence of a single fault in phase B. 



 
Fig. 5 RMS voltage values versus at the occurrence of a single phase fault. 

From the recorded oscillograms it can be noticed the 
amplitude versus time characteristics of the voltages of the 
medium tension bus. Based on these results one can observe 
the evolution of the line and phase voltages in the very short 
period of occurrence of the events in the medium voltage 
network supplied from the transformer station. 

These faults lead to high variations in the amplitude of 
phase and line voltages versus time on the medium voltage 
bus of the 110/10 kV transformer station. 

From the time evolution of the phase voltage amplitude on 
the medium voltage bus, the phase earthing failure instant may 
be observed. The phase belongs to a medium voltage 
underground line supplied by one medium voltage bus. 

Fig. 5 highlights the earthing failure time of phase B at one 
time instant (i.e. 18:12:33.65 p.m.). The rms value of the 
voltage in phase B drops below 2.5 kV, while in phase A the 
rms value of the voltage reaches 14.3 kV and in phase C 
reaches 13.2 kV. 

In the time interval corresponding to B phase earthing, the 
rms values of the voltages values are shown in Table I. 

Fig. 8 highlights that after 39 ms (at 18:12:34.04 p.m.), 
phase B is isolated, while in the same time the earthing of 
phase C occurrs. After 7 ms (at 18:12:34.11 p.m.) the earthing 
of phase A occurs also. In this moment, the two phase short 
circuit appears and the rms value of the voltage in phase A and 
C drop below 2KV. 

After another 24 ms (at 18:12:34.34 p.m.) a three-phase 
short circuit occurs, as shown in Fig. 10. 

 
Fig. 6 The set limits of the phase voltages 

TABLE I.  VOLTAGE VALUES ACCORDING TO FIG. 5. 

Voltage phase A 
[kV] 

phase B 
[kV] 

phase C 
[kV] 

Effective 
value 9,88 1,52 8,74 

Peak 
value 14,56 3.96 13,55 

V. CONCLUSIONS 
The maximum short-circuit current corresponds to a fault 

in the close proximity of downstream terminals of the 
protection device, and the short-circuit current of minimum 
value corresponds to a fault at the far end of the protected line. 

In any case, the protection device must disconnect the fault 
within a time interval that must protect the conductor in terms 
of thermal and dynamic stress. 



 
Fig.7 Waveforms recorded at the breakdown of phases A and C. 

 

Fig. 8 Amplitude time characteristics of the phase voltages on medium voltage 
bus. A and C phase breakdown 

It is very important that the protection system has as a 
component the measuring circuit which detects rapidly the 
short-circuit current. Thus the power breaker will disconnect 
at a lower level value of the short circuit current [19, 20].  

The experimental results presented in the section III 
highlights that between the moment of the earthing fault and 
the moment of the three phase short circuit occurrence, 
approximately 24 ms are passed. This permits the developing 
of a maximum level of the short circuit current on the affected 
phases. 

 
Fig.9 Waveforms of the phase voltages recorded on medium voltage bus. 
Three phase short circuit occurrence. 

 
Fig.10 Amplitude time characteristics of the phase voltages on medium 
voltage bars. Three phase short circuit occurrence. 

Using a monitoring system provided with power quality 
analyzers is not a solution, since the time of disconnection of 
power breaker permits the development of the maximum level 
of short circuit current. 

One possible solution to avoid this situation is to use static 
commutation switches that are much faster than 
electromechanical circuit breakers, in the condition of using a 
rapid measuring system for the current. 

Also using a monitoring system and comparing the 
measured values with the actual short-circuit current can 



significantly reduce the time of disconnection and the value of 
short-circuit current in the power breaker. 
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Abstract –The content of flux-density space-harmonics in axial-flux 
permanent-magnet machines (AFPMMs) is an important concern to 
the machine designer due to its impact on machine performances. 
In AFPMMs, the space-harmonics are related to the flux-density 
and the MMF distributions in the airgap, which are mainly 
determined by the PM excitation. This paper proposes two different 
approaches to study the flux density in the airgap. The finite-
element and analytical methods are jointly developed in order to 
model and compare the flux density waveforms. Many optimization 
methods have been proposed in order to optimize the design of PM 
machines. In this paper, the authors investigate the optimal PM 
design in order to minimize the space-harmonics distribution using 
the sequential quadratic programming (SQP) optimization 
algorithm. By selecting the appropriate PM shape and size, it is 
possible to remove the undesirable harmonics. Using the SQP, the 
PM shape is optimized, and the harmonics content is notably 
reduced. The optimal solutions given by the FE model are then 
validated. 
 
 

Index Terms-- axial-flux permanent-magnet machine, finite-
element modeling and analysis, total harmonic distortion, design 
optimization 
 

I. INTRODUCTION 
 
 
 

Axial-flux permanent-magnet machines (AFPMMs), also 
called disc-type PM machines, are an attractive alternative    to 
cylindrical radial-flux permanent-magnet machines (RFPMMs) 
due to their higher torque and power density, compact 
construction and lower noise, and thus have gained popularity in 
recent years [1]. The AFPMM possesses  another beneficial 
feature, i.e. the axial length is small compared with the classical 
RFPMM.  

 The AFPMM considered in this paper is a two-stators and one-
rotor topology for light electric traction aplications. The PM 
rotor has 4 pole-pairs, and is sandwiched between the  
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two stators. The rated power of this machine is about 0.3 kW, 
and the rated rotational speed is 1500 rpm. PMs are of high-
energy NdFeB-type, and are glued on the solid-iron disc-rotor. 
The material of the stator core is a fully-processed electrical steel 
sheet M600-50A. The stator has a particular construction being 
constituted from 25 slots. The rotor-PM arrangement is shown in 
Fig.1. It can be seen that there are 16 magnets glued on the rotor 
body. There are two separated PMs for each pole. The first PM 
has a rectangular geometry, and the second one is an arc-shaped 
magnet. Due to this PM  
arrangement, the flux density distribution reveals an unusual 
waveform [2]. 

The torque developed by the AFPMM is affected by 
harmonics of various origins, such as: 

•  space-harmonics caused by the stator slots; 
•  space-harmonics of the magnetomotive force (MMF) due 

to the non-sinusoidal distribution of the armature-phase 
windings [3]; 

•  time-harmonics related to the power electronic supply, 
and affecting the stator-armature current. 
 

 
Fig. 1. (a) 3D representation of AFBPMM (b) The rotor with permanent 

magnets (c) One of the two stators. 
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II. INFLUENCE OF MAGNETIC PARAMETERS               
ON TORQUE COMPUTATION 

 
Torque pulsations in permanent magnet machines are due to  

the interaction between electromotive force harmonics and 
current: 
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I is the phase current, E represents the phase electromotive force 
(EMF), and Ω, the angular rotor speed. The stator-phase currents 
are considered perfectly sinusoidal.  

The space-harmonics distribution and its interaction with the 
torque is the objective of the present work. Minimizing the space 
harmonics distribution of flux density will improve the 
electromagnetic torque, as clearly emphasized by (1).   

Supposing ideally distributed stator windings, the back-emf 
results as 
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where  is the flux density in the airgap, R, the radius of the 
rotor and L, the length of the machine.  

 If ignoring  the winding effect, the harmonics of the EMF are 
those of the flux density. Hence, reducing these harmonics will 
permit to reduce the harmonics of the EMF.  

An interesting method in controlling the spatial flux 
repartition and total harmonic distortion (THD) is to modify the 
shape of rotor PMs.  

 
III. OPTIMAL ROTOR-PM DESIGN TO MINIMIZE  
          FLUX-DENSITY SPACE-HARMONICS  

 
A.  Flux-density modeling using finite element method 
 
In order to evaluate quickly the performance of the AFPMM, 

the 2-D finite-element (FE) field analysis is a time- saving 
solution compared to the 3D FE analysis. Hence, using  the 2D 
FE field model, the airgap flux density distribution is obtained 
(Fig. 2). 

 

 
 

Fig. 2. 2-D representation of the AFPMM. 

In Fig. 3, the FE simulation is performed for a slotless 
machine, therefore the stator-sloting impact on the flux density 
repartition is not taken into account. Accordingly,  Fig. 3 only 
reveals the airgap flux density repartition generated by the two 
PMs of a single rotor-pole. 

 

 
                    (a)                                                             (b)      

 
Fig. 3 (a) One-pole representation of the AFPMM; (b) Flux-density distribution 

for one half-period. 
 

This first simulation of the AFPMM was made under open-
circuit stator condition in order to monitor the airgap flux 
pattern. This technique considers the time-space distribution of 
electromagnetic quantities, so that it enables   to identify the 
cross-coupling between different spatial and temporal field 
components. Therefore, it provides a very interesting insight into 
the correlation between different design variables and machine 
performances.  
    The airgap flux-density harmonics representation can be 
obtained by using the Fourier-series development : 

 
 
 

(3)       

 

where n = 1 corresponds to the fundamental component. 
 
B. Flux-density modeling using analytical method 

 
The second flux-density model considered here is represented 

by the analytical model of Eq. (4), which allows further reducing 
the computation time as compared to the    FE method. The 
analytical model is developed in MATLAB by means of 
trigonometric functions and nonlinear regression. 

The results obtained from the FE and analytical models    are 
now compared in order to verify the field computation accuracy.   
In Fig. 4, the airgap flux-density distribution obtained using both 
models is shown, emphasizing their  satisfactory agreement. 
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Fig.  4. Airgap flux density distribution of the AFPMM. 

 
Improving the rotor-PM shape enables the minimization of 

key harmonic components that exist in a given design. 
Furthermore the optimization will be carried out using FE and 
analytical field models and modifying the rotor-PM geometry. 
 
C. Flux-density harmonics optimization using FE model 
 

In order to reduce undesired flux-density harmonics, several 
steps have to be executed. In Fig. 5, the information flux 
between the optimization algorithm (SQP) and the        FE 
(Opera 2D) model is emphasized. The roles of different modules 
in Fig. 5 are specified in Table I. 
The AFPMM optimization process starts with step (1) within 
MATLAB. The SQP algorithm makes regular calls to the FE 
field model of the AFPMM, throughout a MATLAB developed 
interface. The AFPMM model evaluation is carried out using the 
commercial FE optimization software Opera 2D. 
 
Table I. Role of different modules in AFPMM optimization process 

 

Module Role 
(1)SQP 
optimization  

perform optimization on a low-budget of FEM 
evaluations 

(2)Opera 2D perform FE-based evaluation (pre, post-processing and 
analysis) 

(3)Analyzer launch FE evaluation, recompose the flux density signal 
and export the results to THD computation block 

(4)THD 
computation 

Fast Fourier Transformation (fft-Matlab)  and THD 
computation  

 
 
 
 
 

 
 

Fig. 5. Flux-density harmonics optimization process                                                         
for the AFPMM using FE field model. 

The FE model evaluation implies three distinct phases:  pre-
processing (FE mesh is generated for the given geometrical 
configuration), analysis (static analysis (ST)       is performed for 
the model, generating a results file) and      post-processing (FE 
results are extracted and made available to the MATLAB model 
launching function by  MATLAB –Opera interface). Depending 
on the geometrical configuration, one FE model evaluation (pre-
processing, analysis and post-processing) takes about 15 
seconds.  
     The MATLAB model launches the function then exports the 
results to the Analyzer. The flux-density signal is recomposed 
for entire period. Then the signal passes to the THD computation 
block. Here, the signal is subject to       Fast Fourier 
Transformation (FFT). The THD is now computed. Once the 
optimization process is finished, the optimization results are 
handled and analyzed in MATLAB. 
 
a) Optimization  

The first block represents the optimization algorithm 
implementation.  X1 represents the length of the rotor-pole first 
PM (Fig.3) and X2, the length of the rotor-pole second PM. The 
values of this variable are optimized in order to reduce the THD. 
Concerning the PM shape optimization, the classical SQP 
(Sequential Quadratic Programming) optimization algorithm is 
used. This algorithm is applied within MATLAB.  

The SQP algorithm attempts to approximate the objective 
function using a quadratic model and the constraint functions 
using a linear model of the optimization variables. SQP has 
excellent local convergence properties, and is faster than most 
other gradient based optimizers on a large set of test problems 
[4].  

The SQP is used to speed-up the search process and obtain  
an improvement in the objective function value as quickly as 
possible. 

 b) FE field model 

 FE field model of the AFPMM has been developed using the 
commercial FE software Opera 2D. The model construction 
through command lines allows the automated modification of 
device parameters within an optimization process. The FE mesh 
of the geometry is also parameterized, depending on different 
values of the geometrical parameters for a given AFPMM 
configuration.  

  FE-based software consists of three parts, i.e. ‘pre-processor’, 
‘processor’ and ‘post-processor’. 

• The pre-processor 

The pre-processor is used to draw the geometry of AFPMM, 
to define materials and model borders. Here a parameterized 



 
 

 

model is realized in order to use it in optimization process. The 
model of AFPMM is composed of three tasks: 

a) Draw: here, one-pole representation of AFPMM was built 
for slotless stator.  

b) Materials: the physical characteristics of the geometrical 
areas previously drawn in their specific properties (magnetic 
linear, nonlinear) were assigned. 

d) Boundary conditions: normal, tangential and symmetric 
conditions were applied to the external lines of the AFPMM 
geometry. 

• The processor 

In the “processor”, the partial differential equation is solved in 
discrete form. It solves a linear system by a given method of 
resolution. For the nonlinear problem, the processor solves in an 
iterative way until the required precision is reached. The 
processor makes possible to find magnetic potential-vector 
values in each node. When this variable is found, the magnetic 
flux density distribution can be determined, which is the main 
objective for the optimization problem. 

• The post-processor 

The “post-processor” is the element where the results are 
analyzed. A visualization aspect is often useful for the 
comprehension of the results. The role of this block is to 
visualize the airgap flux density and then to be redirected to an 
output file.  

c) Analyzer  

The analyzer is used for recomposing the flux density signal 
for an entire period. This block also serves to interface FE model 
and MATLAB. The computation results are then exported to the 
THD block. 

 
4. THD computation 
 

 Like the conventional synchronous machines the sinusoidal 
flux density waveform is desirable for many PMM applications. 
Due to the low PM permeability, which is comparable to that of 
air, the shape of the airgap flux density depends not only on the 
airgap length, but also on the shape and dimensions of the PM 
itself. 

The THD of a signal is a measure of the harmonic distortion, 
and is defined as the ratio of the sum of the powers of all 
harmonic components to the power of the fundamental 
frequency: 

 

                      

 

Accordingly, an optimization method is introduced that allows 
improving the rotor-PM shape and dimensions in order to 
minimize key harmonic components that exist in the given 
design. The analysis deals with the rotor structure, especially the 
rotor-PM shape, as described in Fig. 6. 

 

 
 

Fig. 6  Mono-objective optimization problem 
 

The mono-objective optimization problem is formulated as 
follows : 

 

 

 
 

A. Optimization results 
 

     Numerical optimization method has been applied to identify 
optimal rotor-PM design for the AFPMM under study, in order 
to reduce the THD. In Table II, the optimization results are 
presented. 
 

Table II. Mono-objective optimization results 

Parameters Rated 
values 

Variation 
interval 

Optimized    
values Units 

x1 8 2<x1<19 2 mm 

x2  16  3<x2<10  19 mm 

y 1.95 1.95 constant mm 

z computed computed computed mm 

d 31.41 31.41 constant mm 

THD  0.455 - 0.27 - 
 
 

    The length X1of the rotor-pole first PM is reduced to 2mm, 
whereas the length X2 of the rotor-pole second PM is increased 
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to 19 mm. It can also be seen that the THD is minimized to 0.27 
for the FE model used in the optimization process. 
     In Fig. 7, the influence of X1 and X2 variables to THD 
computation is presented. As can be seen, the optimization 
process is trying to minimize the length of the rotor-pole first PM 
and to maximize the rotor-pole second PM. The blue regions 
represent the optimum solutions while the red regions, the 
undesirable solutions. 

 
 

 
Fig. 7. THD 3-D representation as a function of  X1 and X2 variables                   

for the FE field model used in the optimization process. 
 
 

IV.  CONCLUSIONS 
 
In this paper, a small double-sided AFPMM has been 

presented. FE model was developed in order to predict the airgap 
flux-density distribution.  
    The possibility of reducing the harmonic content of the airgap 
flux-density waveforms in AFPMM has been presented. The 
approach was primarily formulated from the mathematical point 
of view, and then transposed into a minimization problem. 
Optimization technique was applied to systematically modify a 
composite function of odd- harmonics content. 
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Abstract—Monitoring of electrical equipment is a direction of 
current development in the maintenance domain. The method 
aims to establish the operation state of the monitored equipment. 
Fault diagnosis existing on power circuit breakers is very 
important aspect in emergency situations, when it must be 
interrupted by high current circuit breakers. This paper presents 
a model of vibration monitoring using Wavelet–Morlet 
transform. Here are reviewed theoretical problems of using 
Wavelet-Morlet transform, signal processing techniques and 
experimental results that highlight the difference between faulty 
equipment and one in a proper working condition. 

Keywords—monitoring, power switches, analysis, diagnosis. 

I. INTRODUCTION 
Power circuit breakers are devices that perform switching 

functions in the system. Is a complex device that performs 
mechanical and electrical functions. The maintenance methods 
are essential for the proper functioning because is ensure the 
equipment reliability. The analysis of power circuit breakers, 
by monitoring, requires the development of data processing 
methods received from transducers. In the standard power 
circuit breaker is defined as a device able to break working or 
faulty currents, which require reliability in normal operation or 
in faulty mode, situation when the equipment fulfills the 
protection functions. 

Equipment monitoring is determined by the proper 
functioning condition throughout all life cycle of the 
equipment. Depending on the measurements results of the 
equipment status through data analysis which indicate the 
damage trends are required for maintenance activities. 

The advantages of this predictive strategy are obvious, 
improving the reliability and reducing the maintenance costs. 
The monitoring requires a data acquisition module and a data 
processing module. 

 

 

Fig. 1 [4] is an example of monitoring the status of the 
circuit breaker type IUP-M20/630. 

 
Fig. 1. Condition monitoring system for circuit breaker 

The system comprises a power switch, a digital fault 
recorder, DFR, used to collect data and a portable computer 
which dispose of a software for data processing. The analysis 
is finally materialized by a test report. Digital fault recorder, 
DFR is a data acquisition device widely used in the system. 
They are used to record transient regimes and system changes 
acquired from control and communication equipment. 

In the domain of vibration signals processing the use of 
analysis methods in time and frequency domain, is widespread 
mainly due to their simplicity. However, these methods in the 
case of non-stationary signals analysis, generates a series of 
errors that can have sometimes an important effect. 

Considering the nonlinear functioning characteristic of 
power circuit breakers it is necessary to take into account the 
advanced methods of signal processing. For non-stationary 
signal the spectrum is changing in time from here appeared the 
necessity for time-frequency analysis. 

Signal processing techniques in the time-frequency domain 
should highlight the non-stationarity of the analyzed signal. 
Physical significance of time-frequency representations is the 
spectro-temporal energy density.  

978-1-4799-4161-2/14/$31.00 ©2014 IEEE



The level of development reached today in computer field 
enables the successful implementation of mathematical 
algorithms.  These algorithms although appeared for some 
time ago, had little practical application. 

In the domain of signal vibration processing the use of 
analytical methods is widespread especially in time and 
frequency domain mainly due to their simplicity. However, 
these methods in the analysis of non-stationary signals, 
generates a number of errors that can sometimes become 
important. 

Taking into account the linear operating characteristic of 
the power switches, it is necessary to evaluate some advanced 
signal processing methods. 

II. WAVELET ANALYSIS 
Study and Wavelet analysis shows undeniable advantages 

compared to Fourier analysis [1]. Wavelet function is defined 
according to the relation [2]: 

 ,
1( )a b

t bt
aa
−⎛ ⎞Ψ = Ψ ⎜ ⎟

⎝ ⎠
 (1) 

with  

- a the dilatation parameter and  

- b the translation parameter. 

Continuous Wavelet transform, TWC of a finite energy 
signal x(t), with the analysis function Ψ(t) is the convolution 
of signal x(t) with the parent function Wavelet, scaled and 
conjugated Ψ*: 

 *1( , ) ( )x
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The decomposition of the function Ψ(t) must be fast 
enough in order to ensure the analysis in time / space and in 
frequency. 

Also, the Wavelet function must satisfy the following 
condition [3]: 
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Where Ψ(ω) is the Fourier transform of the Wavelet 
function ψ(t) and CΨ is a constant that depends on which 
Wavelet function we use. 

In contrast to sine functions, Wavelet functions are a class 
of asymmetric functions, which are not described by any 
analytical expression. 

They have a finite period of time and the average value is 
always equal to zero, the eq. (4). With the help of calculated 
Wavelet coefficients, it is possible to reconstruct the original 
signal x (t). 

 (0) ( ) 0t dt
+∞

−∞

Ψ = Ψ =∫  (4) 

Since Wavelet coefficients considers the similarity 
between the signal x(t) and Wavelet function Ψa,b(t), the main 
problem in applying the continuous Wavelet transform, is the 
appropriate selection of the parent Wavelet function. 

There are some basic features that can be used as parent 
function for Wavelet transform (Fig. 1), but for using them 
effectively, particular details should be considered for the 
application which uses Wavelet Transform. 

Specialized literature [4] proposed to use the Wavelet 
Morlet function for detecting periodic impulses which are 
corresponding to power failures breakers. 

Through Wavelet Morlet function, Fig. 1(f), the 
corresponding correlation between x(t) the finite energy signal 
and Ψ(t) the Wavelet function is achieved. The Wavelet 
Morlet function shape is similar to the pulse from Fig. 2. 

The continuous Wavelet transform has quite high 
accuracy, but in practice the discrete Wavelet transform is 
more often used due to reduced computational time. 

Continuous Wavelet transform is a powerful tool for 
evaluation of the nonlinear systems parameters problem of 
extracting their specific values. 

Discrete Wavelet transform is a simplified version of the 
continuous Wavelet transform. The advantage of this 
transform consists on the simplicity implementation, reducing 
execution time and a lower level of necessary resources. 

In discrete Wavelet transform, the signals are analyzed 
using a set of basic functions that perform a simple scaling and 
translation. 

The transform is determined by successive analysis with 
low pass and high-pass filters of the oscillogram provided by 
the Wavelet analysis of the signal x(t). 

 
Fig. 2. Wavelet signals examples: (a) Haar, (b) Daubechies4, (c) Coiflet, (d) 
Symlet, (e) Meyer, (f)Morlet, (g) Mexican Hat. 

 



 
Fig. 3. Real part of Morlet function 

The analysis filter of the oscillogram provided by the 
Wavelet analysis, decomposes the x(t) signal into two signals 
c(t) and d(t). The signal c(t) consists in the low frequencies of 
the signal (the approximated part), and the signal d(t) consists 
in the high frequency (detailed part) of the signal x(t) (Fig. 3). 

Each level of approximation contains all the information 
available at the previous level, plus an additional component 
named detail component. 

The discrete Wavelet transform produces a multiscale 
representation of the input signal and is implemented by 
iterating the analysis filter benches of the oscillogram 
provided by the Wavelet analysis.  

 

Fig. 4. The Wavelet decomposition [5]. 

The filters that split the band in two parts produce a signal 
that is occupying only half of the band. The filtering will 
continue until it reaches the desired level, the maximum 
number of decomposition levels depending on signal strength. 

The total number of decomposition levels can be 
calculated using the equation: 

 
log /

1
log 2

s
n

f f
N ≥ +  (5) 

where Nn is the number of levels, and fs is the sampling 
frequency. 

The reconstruction of the original signal, based on discrete 
coefficients of Wavelet transform is the reverse process of 
decomposition and this is obtain with the help of synthetic 
filters benches. 

DWT transform assumes that the noise affects only 
parameters from certain scale of representation corresponding 
to fine detail components. 

Discrete Wavelet transform is superior to the solution 
based on the use of Fourier transform, which is incapable of 
maintaining the intervals unaltered when sudden changes are 
arising in the amplitude of analyzed signal. 

Filtering noise using Wavelet thresholding technique 
involves the following steps [6]: 

• Calculating the coefficients corresponding to the 
discrete Wavelet transform (separating low and high signal 
frequency components); 

• Applying a soft or hard thresholding to the resulted 
coefficients and eliminating those factors with very small 
value, retaining only those coefficients greater than a limit. 

Typically, the individual threshold values are selected for 
each scale as part;  

The hard thresholding technique applied to a signal 
produces large oscillations near the points of discontinuity in 
comparation with thresholding soft technique. 

Soft thresholding is an extension of the hard thresholding 
technique, firstly by setting to zero those elements whose 
absolute value is less than the limit imposed, then decreasing 
the non-zero coefficients which tend to zero. 

Setting the threshold λ can be made according to eq. 6, 
through the global technique of thresholding for all levels of 
decomposition [6]: 

 2 log nλ = ⋅  (6) 

In [7] the authors performed a comparison between the 
three algorithms in order to eliminate noise (Universal, 
MinMax and SURE) using Wavelet transform. 

The authors demonstrate that the algorithm SURE (Stein's 
unbiased Risk Estimate) using the hard thresholding technique 
provide better performances than other algorithms used for the 
synthesis of signals.  

The universal algorithm using the soft thresholding 
technique determines better results for real signals when using 
Wavelet Daubechies function of fifth order. In the study 
presented in [7] the functions Haar Wavelet, Coiflet 5 and 
Symmlet 5 are also used. 

III. POWER SWITCHES FAULT DIAGNOSIS USING 
WAVELET ANALYSIS 

The inconveniences determined by the use of analytical 
methods mentioned above can be overcome by using the 
Wavelet analysis. 



For the implementation of the Wavelet analysis the 
following steps must be taken into account: 

• noise removing from the signal acquired;  
• filters and Wavelet functions designing for vibration 

signals;  
• the application of continues Wavelet transform;  
• scalogram plotting. 

Noise elimination from the signal acquired was performed 
using a thresholding Wavelet technique which involves the 
following steps: 

• low and high frequency components separating for 
the acquired signal;  

• separating low and high frequency components for 
the acquired signal; 

• applying on the resulting coefficients the soft or hard 
thresholding;  

• elimination of low value coefficients and keeping the 
coefficients above the set  threshold;  

• signal reconstruction. 

 
Fig. 5. Design parameters of Wavelet filters  

 The steps described above have been implemented 
using virtual instrument "WA Denoise VI" available in 
Labview library. This virtual instrument uses for signal 
decomposition into low and high frequency components the 
discrete Wavelet transform. 

 Within this virtual instrument the user can set the 
parameters for the threshold limit on Wavelet decomposition. 

In this field one of the following SURE (Stein's unbiased Risk 
Estimate) variants can be chosen Universal, Hybrid or Min 
Max. 

 For noise reduction is indicated to use the "Universal" 
variant by which the threshold is set to value 2 log sL⋅ , 

relationship in which Ls is the length of the signal.  

By setting the parameter "rescalling method" to "Multiple 
Levels", specifies that the noise estimation is performed at 
each level independently. 

 Regarding thresholding method is preferable to choose 
hard thresholding technique that produces large oscillations in 
the pulse proximity. This technique consists of setting to zero 
the coefficients whose absolute value is less than the 
threshold. Analysis and synthesis filters for the discrete 
Wavelet analysis are designed using virtual instrument 
"Wavelet Design". In Fig. 4 the parameters used for designing 
filters and Wavelet function are presented. 

 
Fig. 6. The set of analysis filters 

 
Fig. 7. Synthesis filters  



In the designing of Wavelet filters the following steps are 
compulsory: 

• selection of the type of the Wavelet transform; 
• designing of an lowpass filter P0, which 

represents the product of the analysis G0 and 
synthesis H0 lowpass filters; 

• selecting the type of factorization for the 
decomposition of P0 in G0 and H0. 

After designing lowpass G0 analysis filter and the 
synthesis lowpass filter H0, the virtual instrument "Wavelet 
Design" automatically generates a high-pass analysis and 
synthesis filter: G1 and H1 respectively (Fig. 5 and Fig. 6). 

III. EXPERIMENTAL RESULTS 
In Figure 8 the signals arising from the noise removal 

process are shown. 

 
a) 

 
b) 

Fig. 8. The vibration signal with eliminated noise: a) breaker in functioning 
condition; b) defective circuit breaker. 

The signals shown in Fig. 8 were analyzed using 
continuous Wavelet transform. 

The Wavelet analysis is implemented using virtual 
instrument "WA Continuous Transform VI" which computes 
the coefficients of the continuous Wavelet transform. 

 

The continuous Wavelet transform must be discretized in 
order to be applied to the acquired signals. 

This discretization is achieved through dyadic sampling of 
the time-frequency (scale) plane based on a ratio equal to 2 
between consecutive values of the translation and scaling 
parameters. 

Fig. 8 shows the high values corresponding to low 
frequency scales and the small scales to high frequency. The 
continuous Wavelet transform gives good frequency 
resolution for high frequencies (small scales) and a good time 
resolution for low-frequency (large scale). 

The scalogram from Fig. 9 was generated using Labview 
application where the block diagram is shown in Fig. 10. It 
can be observed that the magnitude of the vibrations and in 
particular their high frequency spectrum (Fig. 9b) makes the 
difference between a faulty breaker and a normal operating 
one (Fig. 9a)  

It can be concluded that using continuous Wavelet 
transform, the power faulty breaker can be detected with better 
resolution and easily than using other techniques such as 
STFT power spectrum or cepstrum analysis, for faults of non 
simultaneous contacts break. The only drawback of this 
analysis method is that it requires large computing time for 
processing very large signals. 

 
a) 

 
b) 

Fig. 9. The Wavelet analysis: a) good breaker b) defected breaker. 



 
Fig. 10. The block diagram used for the Wavelet analysis  

IV. CONCLUSIONS 
Nowadays the vast majority of the applications used in 

vibrations monitoring call as diagnosis parameter the total 
square mean value. Computing these values on each cycle of 
the analyzed signal adds a supplementary detail to the 
analysis. 

The linearity or the lack of linearity of the waveform is 
tied related to the amplitude variation of the analyzed signal. 
Therefore a sudden variations signal will be characterized by 
an irregular waveform, similar to that presented in Fig. 9b, 
while a signal having less significant variations of amplitude 
will be characterized by a quasi linear waveform.  

Wavelet analysis depicted in Figs. 9a and 9b highlights 
that in the case of the faulty breaker, the waveform (Fig. 9b) 
presents large and irregular variations, while the scalogram of 
a normal operating breaker (Fig. 9a) tends to a horizontal 
asymptote. 

Due to the use of power circuit breakers as switching 
equipment, most equipment manufacturers have not given 
importance to operational reliability study. 

Efficiency is one of the most important parameters which 
must be taken into account in the operation of power circuit 
breakers, and this parameter depends, principally, on three 
factors: 

 
 
 
 
 
 
 
 
 
 
 
 

• Energy prices passed through the breakers;  
• The elapsed time between two successive 

disconnections;  
• Operating and maintenance cost. 

The first two factors cannot be changed, the energy prices 
being regulated by national regulatory organizations. The time 
elapsed between two successive disconnections depends on 
the specific breakdowns in the system, but the operating cost 
can be influenced using the correct and effective monitoring 
strategies. 

The development and implementation of monitoring 
systems for power circuit breakers is a necessity due to their 
high rate of failure. 

Currently the monitoring and diagnosis systems of the 
breakers status are using vibration signals, temperature 
measurement and also oil particles analysis in order to achieve 
the diagnosis of equipment operational status. 

The monitoring systems have the following advantages: 

• obtaining information regarding the faults or interruptions 
that might occur; 

• the maintenance costs are significantly reduced by 
increasing the duration between two interventions and 
simplifies the diagnosis process; 

• the  life of equipment is extended; 
• maximizing the investment profitability and reducing the 

operation costs. 
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Abstract—Several fixed frequency applications of multilevel 
converters require a very low level of distortion factor of the 
output voltage. Bringing the output voltage to a form as close as 
possible to a sine wave is usually done through linearization 
methods of the Newton-Raphson algebraic equations. The 
method proposed in section III uses for the waveforms 
optimization a genetic algorithm, having a positive impact on the 
total harmonic distortion reduction. Experimental validation of 
the method is performed using a programmable source which 
drives an induction motor. 

Keywords—distorsion factor, multilevel converter, genetic 
algorithm. 

I.  INTRODUCTION 
It is well known that the main applications of DC – AC 

voltage conversion at a fixed frequency and amplitude are: 

• injection into the system of the energy provided by 
renewable energy sources; 

• energy supply through uninterrupted power sources; 

• DC power transmission at high voltage. 

The most important issue of the conversion is that the 
injected alternative voltage needs to have a as low as possible 
total distortion factor and thus the harmonic content injected 
have to be decreased to minimum values. AC-DC voltage 
conversion is achieved through inverters. Inverter topologies 
research was influenced by the development of the "off-shore" 
renewable energy sources. At the same time energy 
transmission and injection into the power system is another 
issue relevant for research. 

Energy produced from "off-shore" renewable sources is 
converted to DC, transported to the mainland and converted 
afterwards into AC voltage before being delivered to the 
power system. In these successive conversions, the most 
important issue is obviously the commutation process. 

Commutation can be "soft", if the waveforms are 
synthesized by the control circuits through pulse width 
modulation (PWM) or "hard", if the waveforms are 
synthesized by the command of static commutation devices 
through a diagram topology used in the inverter power circuit. 

In general, it is desired to avoid commutation on high 
voltage side, but for several applications it can’t be avoided. 
Semiconductor devices are usually limited by the reverse 
voltage at values lower than 10 kV, so in transmission of the 
DC high voltage (HVDC) above 100 kV, a proper 
commutation is achieved by connecting semiconductor 
devices series connected or using multilevel converters.  

The simplest topology that can be used for this conversion 
is the two-level inverter consisting of four switches.  Each 
switch is provided with diode, antiparallel connected, since the 
configuration needs reverse current diode. 

The multilevel inverter is a power electronic system that 
synthesizes a sinusoidal output voltage from several DC 
sources, which can consist in batteries, solar cells or 
capacitors. 

Multilevel inverter operation is based on a number of 
switches series connected in order to deliver important values 
of sinusoidal voltage and current. 

Since multiple switches are series connected, the 
commutation angle is an important value for multilevel 
inverters, since all the switches have to be operated so as the 
output voltage and current present a minimum harmonic 
distortion. 

Total harmonic distortion (THD) is reduced by increasing 
the number of levels. It is obvious that an output voltage with 
a minimum total harmonic distortion is desirable, but 
increasing the number of levels requires more commutation 
devices complicating therefore the command and the control 
circuits. A trade off is also compulsory between price-weight-
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complexity of an output voltage having a minimum total 
harmonic distortion.  

Previous works in the area of multilevel inverters have 
focused rather on THD and on inverter commutation model. 
The vast majority is focused on obtaining a sinusoidal output 
voltage and current with minimum THD using different 
commutation models. 

The commutation angles in multilevel inverters are highly 
important because they can affect the shape of the output 
voltage and the THD of the current. 

There are several studies on different methods of 
harmonics elimination, which are related to commutation 
angle calculation [1]. The newest method used in order to 
eliminate the harmonic content is the resultant theory which 
summon the computation of the commutation angles. 

Some papers have focused on different uses of multilevel 
inverters, while others are relating to different topologies, 
application dependent. 

Paper [1] for instance compares the H-bridge multilevel 
inverters in the case of high power electric motors. 

II. THE WAVEFORM OPTIMIZATION THROUGH HARMONIC 
ANALYSIS 

The optimization of the voltage waveform provided by 
multilevel converters has as objective the reduction of total 
harmonic distortion. This can be performed by using 
mathematical equations with several parameters [2], but this 
method leads to complicated nonlinear equations. If the 
variable parameter is the commutation angle, solving the 
equations system is a quit difficult task.  

In [3] there are presented the waveforms having a reduced 
degree of modulation, but showing a higher total harmonic 
distortion (THD). In [4] is proposed a method for THD 
reduction using harmonics elimination. 

The concept of selective harmonics elimination [5] is 
combined with the one of symmetrical waveform and the 
elimination of inferior to 2 rank harmonics [2]. In general for 
multilevel converters mounted in cascade it is desired to 
optimize the commutation angles in order to minimize the 
THD. 

Connecting in series a number of s H bridges the resulting 
output voltage will be the sum of the individual ones:  

 
Fig.  1. The output voltage for a 9 steps inverter. 

  1 2 ...out dc dc dcsV V V V= + + +                         (1) 

Determining the command angles has an interesting impact 
and it can be computed by eliminating the s-1 harmonics, 
different from the fundamental. It results in a system of 
transcendent equations, difficult to be solved analytically. The 
specific literature [4] offers numerical solutions, which uses 
Newton-Raphson method for solving the nonlinear equations 
system. 

The procedure depicted in this section is a successive 
approximation method for solving the equations system [4]. 

Fig. 2 presents the function y=f(α) and the problem of 
solving the equation f(α)=k is brought to the foreground. 

In the point αj of the abscise axis, the tangent to the curve 
y=f(α) and the intersection with the line y=k  determines 
another point on the abscise, having the value αj+1. The 
iteration is repeated from this point until the solution of the 
equation f(α)=k, is obtained with the desired approximation. 

As an example, in order to generate a 9 levels voltage per 
half cycle, determining the commutation angles α1, α2, α3 and 
α4 is needed. Using a modulation index of M=85, the 3, 5 and 
7 order harmonics are cancelled. 

In the conditions imposed above, the system of nonlinear 
equations becomes: 
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          (2) 

In order to implement the algorithm, the Matlab-Simulink 
platform is used and the values of the commutation angles 
expressed in radians obtained for the final iteration of the 
eqns. (2) are:  

α1=5.2538; α2=28.1201; α3=46.3876; α4=84.0989 [4].  

 
Fig.  2. The liniarization technique 



In a synthesized waveform using these angles, the 3rd, 5th 
and 7th harmonics are eliminated, the first harmonic 
component of voltage which appears in the output voltage of 
the multilevel inverter being the 9th order harmonic 
component.  

The total harmonic distortion is defined by: 
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where Hn is the amplitude of rank n harmonic, and H1 the 
fundamental amplitude. 

Equation (4) defines the amplitude of the nth order 
harmonic, generated by the multilevel inverter in a quarter of a 
cycle of symmetrical waveform: 
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and substituting it in equation (3), the THD becomes: 
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This is the computation procedure of the THD and taking 
into consideration the first 63 harmonics, eq. (5) becomes: 
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The THD computed in [4], by taking into account the 
harmonic components having orders bellow 63 is 12.73%. 

III. SYNTHESIS OF WAVEFORMS USING GENETIC ALGORITHMS  

In order to implement a genetic optimization algorithm of 
the operation mode of a multilevel inverter, in order to reduce 
the harmonic content, the Matlab Simulink software platform 
is used.  

The development of a proper function having the role of 
optimization based on genetic algorithms is compulsory. The 
implemented function has as initial data the level of multilevel 
inverter voltage and the number of iterations of the 
optimization process. The output data are the amplitude and 
the impulse period which are necessary for the reconstruction 
of the voltage waveform and at the same time of the THD 
introduced by the new optimized inverter. 

The implemented genetic algorithm using the Matlab 
Simulink platform function started from a population of 100 
randomly generated, each of them representing a possible set 
of functional parameters of the studied multilevel inverter.  

 In order to obtain the feasible function for the 
implemented genetic algorithm for each set of possible 
functional parameters the mean square error is determined. 
The error is determined as a difference between the waveform 

produced by the converter and the desired sinusoidal 
waveform. 

Within the iterative optimization process, in order to 
determine the inverter optimal configuration, the set of 
possible solutions from an initial population is subjected to an 
iterative process consisting in the following steps:  

• Step 1: determining the value of optimization 
function for each possible configuration of converter from the 
starting population of the genetic algorithm; 

• Step 2: from the current population, two possible 
solutions shall be randomly selected, which will become the 
subject of a crossing process in order to form two new 
possible solutions; 

• Step 3: repeat step 2 until a set of 80 potential new 
solutions is obtained; 

• Step 4: a process of mutation applied randomly to the 
current population, respectively to the set of descendents 
formed by the crossing process leads to a set of 20 new 
possible solutions (mutants solutions); 

• Step 5: on the basis of the optimization function 
evaluated for each possible new solution the top 15 best 
possible inverters configurations plus 85 other possible 
solutions which are transferred to the next iteration are 
determined. 

 This iterative optimization process is repeated several 
times and the results are provided as a called parameter of the 
developed function until the value of the corresponding 
function associated to the best solution falls below a 
predefined value. 

The studies conducted by the authors of the present paper 
have shown that a total of 5000 iterations will be sufficient to 
determine the best configuration for any type of multilevel 
convertor. 

The results thus obtained were considered superior to those 
depicted in section II [4]. It should also be noted that they are 
compliant to the standard SR EN 50160/2011, which requires 
a THD value bellow 8%. The convergence graphs of THD 
values for a 9 steps inverter is presented in Fig. 3. 

 

Fig.  3. The convergence graph for the 9 step inverter. 



 
Fig.  4. The waveform shape for the 9 steps inverter 

The goal of the algorithm was to obtain a waveform using 
a specified number of steps, having an as low as possible 
value of THD, in order to be stored into a programmable 
source. What makes the presented algorithm to outperform 
other methods [4] is the fact that in the case of a 9 steps 
waveform, there are 14 variables, width and height of each 
step voltage. Thus, the three waveforms width must satisfy the 
condition that their sum must be equal to π/2, and by testing a 
number of values which satisfy the basic conditions to get the 
best solution having the lowest THD. 

The waveforms thus obtained are plotted in Fig. 4 (the 
abscise axis is denoted in sexagesimal degrees). It must be 
noticed that these waveforms have to be processed in order to 
be stored in the programmable source. 

Analyzing the waveforms, it can be seen that, what makes 
them different from most of those depicted in the literature is 
the variability of steps, not only with respect to the voltage 
level but also to the value of switching angle. At the same 
time, the obtained waveform doesn’t start from zero as the 
majority of the waveforms presented in the literature and 
available in the library of programmable source. The values of 
the THD thus obtained are superior to those obtained by other 
methods.  

IV. GENERATION OF MULTILEVEL CONVERTERS VOLTAGES IN 
PROGRAMMABLE SOURCES  

The influence of distorted regime can be highlighted 
experimentally using programmable sources. 

Due to the nonlinear characteristics of multilevel 
converters in the distributed generation systems, the current 
and voltage harmonic are obviously present, having negative 
effects on loads and leading to the reduction of energy 
parameters. 

Medium power nonlinear loads, usual in energy systems 
have an important contribution in the total harmonic pollution; 
therefore to decrease this kind of pollution becomes a very 
important issue.  

Examples of such equipment are: adjustable drives with 
AC and DC motors, uninterruptible power supplies, digital 
automatic control, etc.  

For a waveform measured using a digital instrument, Fig. 
5, the harmonic analysis is shown in Fig. 6, where the 
harmonic levels are shown as a percentage in relation to the 
fundamental harmonic. 

Knowing the amplitudes and phases of the harmonic 
components the waveform can be reconstructed using the  
software developed for CTS 15003iX California Instruments 
Programmable source (Figs. 7 and 8). 

 
Fig.  5. The waveform of the absorbed voltage by a nonlinear consumer 

 
Fig. 6. The harmonic analysis of the absorbed voltage by a nonlinear 
consumer 

 

Fig.  7. The waveform generated by CIGui32 software. 



 
Fig.  8. The harmonic analysis of generated voltage with CIGui32 software. 

V. EXPERIMENTAL RESULTS 
The performance of the waveforms generated by the 

genetic algorithm must be compared with the one obtained 
through the Newton-Raphson linearization method and with 
the performance of a waveform with an identical number of 
voltage steps with constant voltage step levels and pulse 
duration [6 - 11]. 

In Fig. 9 is depicted the waveform obtained using the 
genetic algorithm. The waveform is stored in a programmable 
source for the case of an inverter with 9 voltage levels. 

In load operation, the waveform deviates from the ideal 
form shown in Fig. 9; the resulting waveform of the voltage is 
presented in Fig. 10. It can be noted that it has the same shape 
of the waveform, but there is an additional ripple caused by 
the nonlinearities of the load. 

In Fig. 11 is shown the waveform available for the 
command of the same type of inverter in the programmable 
source library.  

 
Fig. 9. The ideal waveform of 9 level multilevel inverter. 

The voltage supplied by the programmable power source, 
Fig. 12, is characterized by voltage steps of constant amplitude 
and equal switching angles. 

 
Fig.  10. The waveform obtained through genetic algorithm for the 9 level 
inverter in load operation mode.  

 
Fig.  11. The waveform available in the programmable source library for the 6 
level inverter in no load operation mode  

 
Fig. 12. The voltage waveform generated by programmable source, in load 
operation mode. 



The above experimental results were obtained using a 
programmable source as an emulator for the multilevel 
inverter.  

The waveforms generated by the unloaded programmable 
source coincide with the waveforms stored in the 
programmable source library (Figs. 9 – 11).  

The waveforms obtained by the programmable source 
supplying an induction motor are depicted in Figs. 10-12. The 
programmable source is provided with a measuring block 
manufactured by National Instruments, connected via a RS 
485 interface with the software CIGui 32 of the programmable 
source, which allows the measurement of the output electrical 
values. 

VI. CONCLUSIONS 
The experimental results depicted above, compare the 

waveforms of the electrical values supplying the load with the 
same waveforms provided by the genetic algorithm (Fig. 10) 
and those provided by the programmable source library (Fig. 
12). 

TABLE I.  HARMONIC LEVELS  

 
Table 1 presents the levels of harmonics up to order 49 for 

two situations, namely the waveforms provided by the genetic 

algorithm and the waveforms of the library. It can be seen that 
through the developed genetic algorithm, the third harmonic is 
reduced from 9.70% to 1.20%, which significantly increases 
the efficiency of motor operation (lowering its operating 
temperature). 

On the other hand, compared with the case of 3 levels 
inverter, the fifth harmonic is lower, being reduced from 
2.65% to 0.72% the growth appears only for the seventh 
harmonic, which increases from 0.32% to 1.58%, and the 
ninth harmonic from 0.29% to 1.85%. Taking into account the 
fact that the harmonics 5 and 7 determine the negative 
sequence component, may cause oscillations in the operation 
mode, only the 7th harmonic needs to be filtered. 
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Abstract – Loss analysis of small induction motors is conducted 
in order to show the differences by supplying with sinusoidal and 
PWM voltage. In the first part of the analysis, under sinusoidal 
voltage supply, the motor was tested according to the Canadian 
CSA C390–98 standard (based on IEEE 112B). These results are 
the reference for finite element-based and analytical loss           
calculations. In the second part of the analysis, the same            
procedure for determining the iron losses is carried out for the 
PWM voltage-fed induction motor. The obtained waveforms are        
comparatively studied, and an analytical approach is made to 
account for the increase of iron losses. 
 

Keywords—loss analysis; induction motor; PWM voltage supply;  

I.  INTRODUCTION 

While oil price is rising every day, greater attention is paid 
to alternative cheaper solutions using the electricity. Bearing 
in mind, that a photovoltaic panel, a wind turbine or a hydro 
plant generates electricity from renewable sources (light, wind 
and water fall potential) the systems based on fossil fuels will      
become history. From the consumer point of view, the desire 
is to make a specific task with less effort and, after cost 
analysis, to decide whether one should get a cheaper tool with 
poorer efficiency or an expensive system with higher 
efficiency.        

For the particular example of electrical machine, the          
average life span is about 20 years and, for this reason, taking 
into account the price of the electrical machine and the cost of 
the electricity, everyone agrees that the former is much 
greater. In order to cut off these costs, engineers thought that 
improving the machine efficiency will result in a smaller cost 
during the life cycle of the electric machine.  
 Designers of electric machines need to accurately estimate the 
machine efficiency, thus to compute the losses by three 
different ways: practical, analytical or using finite element 
method (FEM). Since, in the design stage, practical tests 

cannot be carried out, other solutions for loss determination 
have to be used, i.e. analytical or FEM-based calculations. 

Although all machine manufactures indicate the energy 
efficiency in catalogues, data bases or the machine plate under         
sinusoidal supply, often in industry, the power electronic      
inverter supply is used. This has many advantages, the greatest 
being the mechanical angular speed variation.  

Inverters convert constant-frequency, constant-amplitude 
voltage into a variable (controllable) frequency-variable      
(controllable) amplitude voltage. The variation of power      
frequency supplied to the motor leads to the variation of       
rotating-field  speed,  which modifies  the  mechanical angular  
speed of the machine. Considering a constant-torque load, and 
varying proportionally amplitude and frequency of the voltage 
supplied to the motor results in constant flux and, therefore, 
constant torque, while the current remains unchanged. So, the 
motor provides continuous adjustments of speed and torque 
according to the mechanical load [1]. The main drawback of 
this solution is the increase of iron losses, which inevitably 
will alter the energy efficiency.  

Some authors made an analysis, in which the real PWM- 
waveform voltage supply is considered, showing that, at rated 
voltage, the iron losses are with 73% higher, in the teeth, and 
with 3% higher, in the yoke, in respect to sine-waveform    
voltage supply. This is achieved by measuring the real PWM 
waveform and then, on an Epstein frame, the obtained       
waveform is reproduced [2]. Other authors [3] suggest the use 
of the PWM-voltage form factor, which affects the eddy-      
current losses and the excess losses. In [4] and [5], a new      
formula is introduced, that requires voltage average and RMS 
values. Comparative results for the methods described in [3] 
and [4] are reported in [6]. 

Most difficult losses to predict are the iron losses and stray 
load losses. As iron losses are about 26% from the total losses, 
for small cage-induction motors considered here, while stray 
load losses are about 0.5-2%, the present paper is focused on 
iron losses analysis. These losses are difficult to predict, since 



they are dependent on many factors, like nonlinearity of         
the magnetic material, supply frequency, geometrical           
parameters etc.  Iron losses are composed of eddy-current       
losses and hysteresis losses, and both do not follow the same                
determination procedure because of their different origin.      
Besides, due to manufacturing processes, iron losses are 
higher than predicted. Empirical coefficients are then used to 
take into account the losses in teeth and yoke. 

 
II.  LOSS ANALYSIS UNDER SINUSOIDAL VOLTAGE 

SUPPLY 
 

  In electrical machine domain, there is not a unified 
solution    regarding the losses. Surveying the literature, one 
can find practical tests (induction motor), the European 
standard (IEC 60034-2-1), the American standard (112B), the 
finite element method and some analytical methods.  
Before approaching the practical tests issues, the induction 
motor under study is presented; it has 36-slot stator, 44-bar 
aluminum-squirrel-cage rotor (Fig.1), 2.2kW output power 
and energy efficiency of about 72% [7].   
 

 
 

Fig. 1. Finite-element discretization of the half cross-section  
of the small three-phase cage-induction motor under study. 

 
CSA C390–98 standard [8] is a general guideline for               

determining the energy efficiency of electrical machines, 
based on the IEEE 112B standard. It contains the so called 
‘input-output method with indirect measurement of the stray-
load loss and direct measurement of the stator winding, rotor 
winding, core and windage-friction losses’, which establishes 
some basic steps in order to determine the tested motor 
efficiency.  

After all the measurements are carried out, the total losses 
are obtained, as in the numerical example of Fig.2 for the 
small three-phase cage-induction motor under study. One can 
see, that as part of the results, the iron losses are 216 W.  
According to this standard, the input power is consumed on 
stator Joule losses, iron losses and mechanical losses.  

As suggested in [4], the mechanical losses under no-load 
conditions can be cancelled, when driving the induction motor 
by a synchronous motor with the same synchronous speed as 
the induction motor. Moreover, into the input power there are 
also some additional losses at no-load conditions, like the 
Joule losses in the squirrel-cage bars due to m.m.f. harmonics       
produced by the stator no-load current; but, for the time being, 

this formulation from the international standard is taken into 
account.  

The stator winding loss at no-load condition is calculated 
as: 

 
 

 23 ,ws s sP R I=                                           (1) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Output power and loss components, 
as experimentally obtained from the CSA C390 – 98 

for the small three-phase cage induction motor under study. 
 

where Is is the measured rms value of the stator-phase current, 
and Rs is the stator-phase resistance, which is determined from 
the cold-measured stator resistance and temperature, the      
winding load temperature and a coefficient depending on the 
conductive material of stator windings [8]. 

For different voltages, this procedure was carried out, and 
by subtracting these losses from the measured no-load input 
power, one gets the core loss and windage loss.  

The last voltages from the no-load test are squared, and 
plot-ted vs. calculated core and windage losses, and where the 
extrapolated curve intercepts the losses axis, one can find the 
friction losses; further subtracting these losses from previous 
obtained losses, one can find the iron losses [8].  

From an analytical field distribution, using geometrical     
data, BH characteristic and winding design data provided by 
the manufacturer, iron losses are computed. In the literature, 
there are two analytical methods for calculating the iron 
losses. The first and the oldest one is the Steinmetz 
formulation, which is used in this paper; the other, is the dB/dt 
method given in [9].  

In practice, the effect of the punching process on iron losses is 
also taken into account.  

Due to the larger area for the punching processes in teeth 
as compared to yoke, the iron losses including both eddy-
current losses and hysteresis losses are separately calculated 
for teeth and yoke, as [10]  
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where PFe,d, PFe,y denote the iron losses in teeth and yoke, 
respectively; Bd,1/3 is the flux density at one-third distance 
from the airgap to the stator outer diameter; KVd, KVy are 
punching-related coefficients for teeth and yoke, respectively, 
which increase both the eddy-current and hysteresis losses; md 
and my denote the mass of teeth and yoke, respectively, and 

10υ  is the mass density of iron losses in the so-called ‘Epstein 
frame’ at 1 T [4]; here, KVd and KVy can be chosen as follows:           
KVd = 1.8–2, KVy = 1.3–1.5; for the greatest values of                      
coefficients, one can get 95.86 W for overall iron losses. 

In the above statement, the iron losses are proportional to 
the square of sinusoidal airgap flux density. In fact, the 
magnetic flux density is not sinusoidal due to saturation and 
discrete conductor position in slots. Therefore, the real flux-
density waveform has to be reconstructed analytically,         
accounting for these effects.  

The flux density curve follows the m.m.f. curve, which is 
described by a step distribution function [4]: 
 

                                   1 1,step Qz IΘ = ⋅                               (3) 
 

where zQ1 is the number of conductors placed in a slot. 
Summing the charateristics for all three phases, taking into 
account the current amplitudes and using the expression : 
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Fig. 3. Step distribution of the flux density in the airgap. 
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Fig. 4. Permeance factor for the 36-slot stator. 
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one can obtain the flux density in the airgap shown in Fig.3.  

The flux-density waveform due to slotting is estimated      
using [11]. There are 36 stator slots, and underneath each 
stator slot-opening the permeance factor is decreased to about 
0.18, as illustrated in Fig.4.  

According to the effect of step distribution, the flux density 
waveform is derived in Fig.5. 

Due to saturation, the peak value of flux density tends to be 
flattened, i.e. the value decreases with the degree of saturation 
expressed by the ratio Bmax / Bav in stator tooth and airgap. 

  

0 50 100 150 200 250

-1

-0.5

0

0.5

1

Distance of the airgap [mm]

F
lu

x 
de

ns
ity

 [T
]

 
 
Fig. 5. Airgap flux-density distribution with influence of stator slots. 
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Fig. 6. Airgap flux-density distribution under saturation 
   and stator-slotting effects. 
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Fig. 7. Airgap flux-density distribution along two poles. 
 

Hence, it can be seen that the peak value of B is 0.84 T 
(Fig.7) instead of about 1 T (Fig. 6).  

The waveform of the airgap flux density being a periodic 
function, it can be decomposed in harmonics of different       
amplitudes and frequencies by Fourier analysis. These        
harmonics contribute to iron losses. Along the first two poles, 
the flux-density fundamental and 11th harmonic (which is 
dominant) are plotted in Fig.7, showing amplitudes of 0.648 T 
and 0.224 T, respectively.  

For the fundamental amplitude (50Hz) the iron losses are 
found to be of 95.86 W. However, iron losses consist of eddy-
current losses, which are dependent on the square of both      
frequency and flux density, and magnetic hysteresis losses, 
which are proportional to the frequency and the square of the 
flux density.  

At high frequencies, eddy-current reaction must be          
considered. Along the steel sheet width, the flux density will 
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decrease from the edge to the center of the sheet. This fact is 
accounted for by 
 

3 s in h s in ,
co sh co sWk ζ ζ

ζ ζ ζ
−= ⋅
−

 

                    
E

sh

d
b

=ζ , μκπfd E /1=  .                   (5) 

 

The permeability of electrical steel is not constant, but          
variable with the magnetic field strength. Therefore, 
harmonics with amplitude less than 0.5 T are not accurately 
taken into account in calculation of eddy-current losses. 
Considering just the fundamental and the 11th harmonic in the 
stator teeth (1.83T and 0.63 T, respectively) with the data 
provided by the steel manufacturer, one obtains the results 
listed in Table 1. 

 
TABLE 1.  Iron losses of the small induction motor under study 

 

 Lower  
coefficients 

Higher 
coefficients 

 teeth yoke teeth yoke 
Punching 

coefficients 
1.8 1.3 2 1.5 

Fundamental 25 20.5 25 20.5 
11th harmonic 47.9 9.71 47.9 9.71 

Iron losses / region 131.22 39.27 145.8 45.31 
Iron losses 170.47 191.11 

 
 
 
 

Since at rated speed, the frequency of rotor-induced currents is 
very low (i.e. 4.75 Hz), the rotor iron losses are negligible.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Experimental set-up for no-load test: Q1-closed, Q2-open, 
sinusoidal voltage supply; Q1-open, Q2-closed, inverter-fed voltage.  
 

The comparison of the analytically-determined iron losses 
for higher coefficients of Table 1 with those obtained from   
no-load test leads to a relative error of 13%. 

 
 
III.   LOSS ANALYSIS UNDER PWM VOLTAGE SUPPLY 
  

Taking into account that the main influence of the PWM 
voltage waveform influences the iron losses, that part of         
the CSA C390-98 standard, which leads to the iron losses            

determination is conducted under inverter-fed voltage. The 
schematic experimental set-up is depicted in Fig.8.  

Actually, the transformer with the radio 1:1.2 is used in      
order to conduct the test at nominal voltage, 400V. In the     
second test, when just Q2 is switched on, the transformer is 
moved between the grid terminals and the inverter module in 
order to compare the results of the test (Table 2): 
 

        TABLE 2. Test results according to CSA C390-98 standard 

 

 
 
• The test includes 11 voltage points: two above rated 

voltage and eight under the rated voltage.  
• The last (smallest) voltages are squared and plotted against 

the input power. The extrapolation of this line gives us the 
mechanical power.  

• The mechanical power under sinusoidal test procedure was 
used in the PWM test procedure.  
Under these circumstances a method for predicting the loss 

differences is chosen between the methods presented in the 
last part of the introduction. The method for deriving the 
growth of iron losses under PWM voltage supply is based on 
[5].  

There is a relation between the voltage waveform and the 
magnetic induction. So, using Steinmetz formula for the 
losses, one can identify a relation between voltage waveform 
and    losses, since both eddy-current and hysteresis losses are       
proportional to B squared.  

Therefore, the iron losses with any voltage waveform can 
be determined as 

 

                2
,sin ,sin ,x

ir h ecP P Pη χ= +                       (6) 
 

where Ph,sin and Pec,sin, represent the hysteresis and eddy-
current losses, respectively, for sinusoidal supply; η and χ are          
coefficients depending on mean rectified and RMS values. 
From the data provided by the material manufacturer the iron 
loss segregation could be done in order to get the eddy-current 
and hysteresis losses for sinusoidal waveform.  

For the special case of PWM voltage waveform [5] the 
above equation reduces to  
 

                    2
, ,sin ,sin ,ir PWM h ecP P Pχ= +                 (7) 

 

so that the increase of hysteresis loss component is nullified 
under PWM voltage supply. 

 



With Kinetiq PPA2530 precision power analyzer, the     
components of χ factor (RMS values of real and fundamental 
voltages) can be determined, for each voltage point from the      
practical test; for the rated voltage this factor is 1.178.              

In conclusion, the eddy-current losses under PWM voltage 
supply are 1.388 higher than under sinusoidal voltage supply.  

By introducing this factor into the iron loss calculation     
procedure for the results presented in Table 1, the new 
outcome     is presented in Table 3. 

 
      TABLE 3. Iron losses under PWM voltage supply 
 

 
 
 
 
 
 

IV.  CONCLUSIONS 
 

Taking as reference the practical test, the iron losses  of the 
small three-phase cage-induction motor under study increase 
under PWM voltage supply as compared to the sinusoidal    
voltage supply from 216 to 235 W.  

An analytical method for iron loss determination of small 
cage-induction motors has been proposed, starting from the 
Steinmetz equations and using Fourier analysis of the airgap 
magnetic induction waveform. The proposed method takes 
into account magnetic saturation and stator-slotting effects.       
However, the empirical factors used and the 11th harmonic 
calculation method may introduce some errors into the          
analytical determination of iron losses.  

The iron loss analysis results have shown good agreement 
with experimental tests according to international standards. 
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Abstract- This paper presents state-of-the-art elements in the 
context of energy increasing efficiency and of the development of 
various renewable energy sources. The utilization of power 
electronic converters gives proper answer to this goal regarding 
the transport and distribution of electrical energy. For 
multilevel converters, the synthesized waveform is 
experimentally tested using a programmable source as emulator. 

Index Terms—energy efficiency, multilevel converter, 
emulator. 

I. INTRODUCTION 

The classical electric networks were built in order to 
transfer electrical energy from a relatively small number of 
large units of electricity production, centralized by a large 
number of distributed loads. The power flows are generally 
unidirectional from the central generator to the distributed 
load. Currently, relatively small units of distributed 
generation (DG) were connected to distribution networks, 
even if they were not designed to work with conventional 
generators. In this new configuration of the power system, the 
power fluxes are not unidirectional. Numerous studies 
confirm that electric networks can support without problems 
10-15% penetration level of distributed generation electricity 
without the need of major structural changes in the system, 
but the integration must be controlled. 

Three tendencies confirm the possibility of applying the 
DG of electricity: 

restructuring of utilities providers, which will allow free
access to the market;
policy of growing the use of renewable energy sources
that are more suitable for distributed use than for the
concentrated utilization;
technical progress.

The integration of renewable energy sources represents the 
connection (adding) distributed electricity producers to the 
grid. 

Integration problems are related to: 
protection systems;
connection standards;
power electronics;
problems regarding the quality of electrical energy.

The distributed generation units may be independent of the 
network in parallel with the network or a combination of 
these two options. In the latter case, the distributed generation 
unit operates normally in parallel with the network, but when 
a fault occurs, the unit is disconnected from the grid, and 
continues to operate independently, in insulated mode. A 
typical method for connecting the source of distributed 
generation to the medium voltage network, through the main 
transformer is shown in Figure 1. The generator connection/ 
disconnection is performed by the power transformer circuit 
breaker (the main switch). Depending on the importance and 
size of installation the transformer separator can be replaced 
by a switch. 

From the electrical point of view, there are three types of 
DG sources: 

with synchronous generator;
with asynchronous generator;
with power electronic inverter.

Electrical system

Opened
separator 

Main 
Transformer

Main switch

Generator switch

DG instalation

Load

Fig. 1. Grid connection of distributed sources. 

DG installation 



The general diagram shown in Figure 1, illustrates the 
interconnection technologies for the installations, which are 
using synchronous and asynchronous generators. Other types 
of DG technologies require the use of slightly different 
interconnection schemes. In all cases, due to the voltage level 
of the interconnection point, it is necessary to use a 
transformer. The small power units can be directly connected 
to the low voltage network. 

The first two distributed generation sources are common 
technologies which are using rotating machinery, while the 
third variant uses a wide range of power electronic 
converters. In terms of interconnection, these three types have 
different impacts on the distribution network. 

Applications of static converters in distributed generation 
are the conversion of AC-DC-AC voltage at fixed voltage and 
industrial frequency. 

The AC-DC-AC electricity conversion has components and 
applications that are not necessarily related to DG, as follows: 
 the DC to AC voltage conversion supplied by renewable 

energy sources provided by wind farms or photovoltaic 
parks;  

 DC to AC conversion of the voltage stored in the 
equipments batteries of UPS (uninterruptible power 
source); 

 AC-DC conversion carried by DC high voltage lines. 
 

II. MULTILEVEL CONVERTERS IN THE SYSTEMS 
USED ON ENERGY CONVERSION 

 
As it is known, the application of DC voltage-AC voltage 

conversion at fixed frequency and amplitude are: 
 the injection into the system of energy provided by 

renewable energy sources; 
 energy supplying by interruptible power sources; 
 DC power transmission at high voltage. 
The most important problem of the conversion is the fact 

that the alternative voltage injected need to have a minimal 
distortion factor and so the harmonics injected are decreased 
to minimum values. AC-DC voltage conversion is achieved 
through inverters. Inverter topologies research was influenced 
by the development of "off-shore" renewable energy sources. 
The energy transport and energy injection into the power 
system was another problem studied by the researchers. 

The energy produced from renewable sources "off-shore" is 
converted to DC, transported to the mainland, where it is 
converted into AC voltage and delivered to power system. At 
the conversion elements, the most important issue is the 
commutation. 

The commutation can be "soft" when the waveform is 
synthesized by the control circuits through pulse width 
modulation (PWM) or "hard" when the waveform is 
synthesized by the command of static commutation devices 
through diagram topology used in the inverter power circuit. 

In general, it is desired to avoid commutation on the 
inverter force side, but for mentioned applications, this cannot 
be prevented. 

Semiconductor devices are usually limited by the reverse 
voltage at values lower than 10 kV, but on the transport of 
DC high voltage (HVDC) the 100 kV switching voltage is 
exceeded and the commutation is achieved by connecting a 
series of semiconductor devices or using multilevel 
converters. The simplest topology that can be used for this 
conversion is the two-level inverter which is made of four 
switches.  Each switch consists of an antiparallel diode, since 
the configuration needs reverse current diode. 

The multilevel inverter is a power electronic system that 
synthesizes a sinusoidal output voltage from several DC 
sources. DC sources can be batteries, solar cells or capacitors. 

Multilevel inverter operation is based on a number of 
switches connected in series in order to obtain on the output 
voltage and sinusoidal current. 

Since multiple switches are connected in series, the angle 
of commutation is important for multilevel inverters, because 
all switches would be operated in such a way that the output 
voltage and current to have minimum harmonic distortion. 

Total harmonic distortion (THD) is reduced by increasing 
the number of levels. It is obvious that an output voltage with 
a minimum of total harmonic distortion is desirable, but 
increasing the number of levels requires more commutation 
devices and so complicates the command and control circuits. 

The compromise necessity appears for price-weight-
complexity for an output voltage with minimum of total 
harmonic distortion. Previous work in the area of multilevel 
inverters focused more on THD and on inverter commutation 
model. The majority were focused in order to obtain at the 
output a sinusoidal voltage and a current with minimum THD 
using different commutation models. 

The commutation angles in multilevel inverters are so 
important because they can affect the shape of the output 
voltage and the THD of current. 

There are several studies on different methods of 
harmonics elimination, which are related to commutation 
angle calculation [1]. The newest method used to eliminate 
harmonics is the resultant theory. The harmonics elimination 
in a multilevel converter using this method focuses on the 
resultant theory in order to calculate the commutation angles. 
Some papers have focused on different uses of multilevel 
inverters, while others relate to different topologies 
depending on the electricity application for which are used. 
The papers [2,3] compares the H-bridge multilevel inverters 
in the case of high power electric motors. 
     The most common multilevel inverter topologies are: 
 diode-clamped multilevel inverter (DC-MLI); 
 flying capacitor multilevel inverter   (FC-MLI); 
 cascaded H-Bridge Multilevel Inverters (CHB-MLI). 
When the number of levels is larger than three  for DC-

MLI inverters, the number of clamped diodes and the 
complexity of the scheme are increased. 

FC-MLI inverters are based on voltage balancing and can 
generate different waveforms at the output. It also requires a 
phase balancing capacitors and leads to increased complexity 
by increasing the number of capacitors. They are defined as 
different combinations of capacitors allowing the charging or 



discharging of the individual flying capacitors in order to 
produce the same phase leg voltage. 

Among these three types of usual multilevel inverters 
topologies, the cascade inverter has the smallest number of 
components for a given number of levels. Cascade multilevel 
inverters are made up of a number of cells of H-bridge type in 
order to synthesize the required voltage from several 
separated direct voltage sources (SDCS), which may be 
batteries or fuel cells.  

All these properties of cascade inverters allow the using of 
various control strategies using pulse width modulation 
(PWM) for a more accurate control. In addition for the 
previously mentioned technologies specific control 
techniques have been developed for multilevel inverters such 
as selective harmonic elimination PWM (SHE-PWM), 
sinusoidal PWM (SPWM), space-vector PWM (SVM) and 
modulation techniques derived thereof. The modulation 
methods used for the multi-level inverters can be classified 
according to the commutation frequency 

Optimizing the output voltage waveform for the multilevel 
inverter has as aim the reduction of total harmonic distortion. 

This can be done by minimizing the mathematical 
expression of the total harmonic distortion, depending on 
various parameters [5]. Applying this way of solving the 
problem leads to a system of linear equations, system difficult 
to resolve when the variable parameter is the control angle. 

In [6], waveforms with a low degree of modulation are 
presented, but here the THD is higher. 

In [7], a method for eliminating harmonics in order to 
decrease the THD is proposed by combining the concept of 
selective harmonic elimination [8], with the concept of 
symmetric waveform and elimination of lower order 
harmonics [5]. 

In general, for CHB-MLI, the orientation was to optimize 
the switching angles so that the total harmonic distortion is 
minimized. 

As is known, by linking in series of n switching circuit, 
connected to a DC voltage source, the summing of the output 
voltage is achieved and thus the inverter output voltage being 

outV : 
 

dcndcdcout VVVV ....21       (1) 
 

With n bridge switches [1], connected in series a 2n +1 
levels output voltage can be synthesized. 

The voltages are provided by n sources Vdc1, Vdcn that 
provides the same or different value of DC voltage. 

The waveform optimization may take into account another 
variable element, the switching angles. 

There are three possibilities to optimize the waveform of 
multilevel inverters, depending on variable parameters, 
namely: 
 Constant-voltage steps and variable switching angle; 
 Variable-voltage steps and constant switching angle; 
 Variable-voltage steps and variable switching angle. 

Another element to take into account in synthesizing the 
waveform is related to the slope of a sinusoidal function at 
the origin, which can be synthesized according to: 
 N switching circuits connected in series; 
 2 n-level output voltages, when the voltage at the inverter 

output doesn’t contain 0 Volts voltage step;  
 2n +1 output voltage level when the output voltage 

contains the zero voltage steps. 
The synthesis of multilevel waveform has been addressed 

in the literature by various mathematical methods [4, 5, 6, 7, 
8, 9]. The articles permit a synthesis of the step waveform for 
the best approximation of the output sine wave and are based 
on Fourier series and Wavelet transform. 

The obtained properties create a mathematical tool that 
could be applied in the design of multilevel inverters. The 
obtained waveforms can be generated through programmable 
sources. 

III. EMULATORS FOR MULTILEVEL CONVERTERS 

An accurate electric power supply implies rms voltage and 
frequency limits according to standards and admissible 
distortion thresholds for the voltage and current waveforms. 
Harmonic currents affect the power system due to their flow 
from the load to the source and in low voltage affect the VSD 
systems interposed between the interference source and the 
low voltage transformer substation. Equipment produces 
more current disturbances than it used to do. Both low- and 
high-power equipment are more and more powered by simple 
power electronic converters which produce a broad spectrum 
of distortion. 

The voltage and current waveforms distortion are mainly 
due to  
 static converters commutation process;  
 harmonic components generated by nonlinear loads; 
 flicker due to fluctuating loads; 
 converter operation when the firing angle is increasing; 
 resonances because of  compensating capacitors, which 

along with the grid impedance act as resonant circuits. 
    The equipment has become less tolerant of voltage quality 
disturbances, production processes have become less tolerant 
of incorrect operation of equipment, and companies have 
become less tolerant of production stoppages. 

These were several reasons for adopting conducted 
interferences test standards and the development of specific 
test equipments which perform tests according to conducted 
immunity and emission standards. 

In order to better study and solve such problems, we have 
used as precompliance equipment the CTS 15300iX 
programmable source (Fig.2) produced by California 
Instruments [10], [11].  

The programmable source used for testing is an instrument 
from CTS series produced by California Instruments, which 
provides an efficient test solution in terms of value for 
money, which aims to verify the product compliance with a 
large number of testing standards in AC and DC. 

 



 
 

Fig. 2. California Instruments CTS-15003iX. 
 

The CTS Series of testing system offers the following 
advantages:  
  single-phase and three-phase systems for a wide range of 

power debited on the load;  
 data acquisition system with direct access to the PC bus 

provides high resolution and high sampling rate for 
accurate measurement and high transfer speeds, even in 
three phase mode, unlike other IEC test systems that 
provide a rate transfer limited by the IEEE-488 interface; 

 test software PC-based for harmonics and flicker that 
offers real-time data color update and continuous 
monitoring of PASS / FAIL type; 

 support for European and Japanese standards; 
 simple utilization under Windows offering IEC test setup, 

data analysis, display and test reports in MS Word format; 
 high resolution, no gap acquisition data storage to disk in 

ASCII format for post-acquisition analysis and reporting; 
 resumption of recorded test data step or fast - Fast 

Forward; 
 single Step and Fast Forward replay of recorded test data. 

Available for power levels ranging from 1250 VA to 
30,000 VA, CTS Systems cover the complete range of single 
and three phase products that need testing to conform with 
existing and pending IEC standards. 

All iX Series AC sources meet IEC requirements for low 
voltage distortion and offer arbitrary waveform generation, 
precision measurements, and waveform analysis capabilities 
for load voltage and current. 

AC power source real distortion is measured in real time 
during harmonics testing and any distortion is indicated that 

could affect the test results. All iX Series based CTS systems 
support full compliance IEC 61000-4 AC immunity test as 
well (certain options may be required). 

The 1251RP source based on CTS system which can be 
used for realizing complete harmonics tests and flicker test 
with low power load and with an peak coefficient of the 
maximum current. 

  

IV. EXPERIMENTAL RESULTS AND CONCLUDING REMARKS 

 
As load was used an induction motor (asynchronous) 

single-phase squirrel cage, with the following characteristics: 
Un=230 Vac; P=460 W; cosφ= 0.8; η=0.8. 

The load has been provided from the programmable source 
CTS-15003iX, with the waveforms generated through the 
genetic algorithm. The waveforms used for controlling the 
multilevel inverters are also generated from the 
programmable source library. 

Using the developed software tool we performed the 
conversion of voltage levels and the waveforms format 
obtained from genetic algorithm at the levels and format 
required for supplying the load. 

In Fig. 3, the waveform thus obtained and placed into the 
programmable source. 
    In load operation the waveform deviates from the ideal 
form presented above, as shown in Fig. 4. The same allure 
waveform can be noticed, less the existence of a ripple caused 
by the nonlinearity of the motor. 

 

Fig.3. Ideal waveform of three-step inverter under no-load operation. 
 

 
 
 
 

Fig. 4. Waveform obtained through the genetic algorithm of the three-step 
inverter under load operation. 



 
Fig. 5. Waveform generated from the programmable source library of three-

step inverter under no-load operation. 
 

 
 

Fig. 6. Waveform generated from the programmable source library of the 
three-step inverter under load operation. 

 
In Fig.5, the waveform generated by the programmable 

source library for the same type of inverter is shown. 
Fig. 6 presents the experimental result for the motor 

supplied by the waveform of Fig.5. 
In Table 1, the levels of harmonics up to order 49 for 

supplying the two waveforms are presented. 
It can be seen that through the developed genetic algorithm, 

the third harmonic is reduced from 4.95% to 0.68%, which 
significantly increases the motor operation efficiency 
(decreasing its operating temperature). 

On the other hand, there is an increase in the level of the 
fifth-order and the seventh voltage harmonics.       

Fifth order harmonic increases to 1.68%, while the seventh 
order increases to 2.83%. 

 In view of the fact that the two harmonic components 
determines the negative sequence and may result in 
oscillation operation, it is important that the harmonic 
components to be filtered by means of harmonic filters. 

Also the use of programmable source as waveform 
emulator can allow the spectral analysis for the waveforms 
from library source and also for the waveforms obtained 
based on genetic algorithm. 

TABLE I 

THE HARMONICS LEVEL 
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Abstract- Optimal setting of current relays is a crucial issue 
in the protection of power systems. The paper depicts an 
algorithm for the optimal coordination of these relays. The 
algorithm was tested for a grid supplied at one end. The novelty 
of the paper consists in the modeling and the simulation of the 
coordination of the overload relays. 

 Index Terms—modeling, current relay, simulation. 

I. INTRODUCTION 

A very important issue of the a.c. power grids consists in 
defining the command, control and protection strategy, meant 
to assure the normal, safe and stabile operation of the system. 

There are several elements which must be considered in the 
choice of the protection system. The design and the choice of 
a protection system implies the knowledge of the faults that 
may appear in electric grids. From the point of view of the 
effects, immediate of delayed in time, these faults may be of a 
greater or lesser intensity. Current relays represent the 
primary protection in the distribution systems. The 
development of electronic devices, replaced the old 
electromechanical technology, used in the first generations of 
protective relays, with the static technology. However, static 
relays present several drawbacks, since analog circuits are 
very sensitive to electromagnetic interference. On the other 
hand the magnitudes of the voltage and the currents are 
limited in analog circuits, affecting the relay sensitivity. 

 Embedding a microprocessor in the architecture of a relay, 
which emulate the function and the logic of a relay date from 
the early eighties. Digital relays included an analog-digital 
converter used for sampling the signals from the 
instrumentation transformers, the microprocessor being used 
in defining the relay’s logic. Digital relays determined also an 
improvement of accuracy and control of the input signals, 
using higher complexity algorithms and performing extra 
tasks and functions.  

Digital relays represent sophisticated equipment, having 
multiple uses and having the possibility of recording signals 
during the fault duration, monitoring and communicating with 
other relays in the grid. Digital relays use microprocessors 
dedicated for processing digital signals, being therefore more 
rapid and efficient and maintaining in the same time their 
economic advantage. 

Most of situations, it is impossible to investigate the above 
mentioned in a real case of a system, due to different 
economic, functional of security impediments. Therefore, 
several approaches and equipment have been developed, in 

order to overcome these deficiencies: e.g. real time digital 
simulators (RTDS), reversible real time digital simulators and 
software packages for modeling protective relays [1]. 

Digital models of the protective relays offer an economic 
and reliable alternative in the analysis of relays performance 
and of the protection systems. At the same time, they permit 
the detailed analysis of the performance at the level of each 
internal module. Implementation of new algorithms is 
improved using modeling, which offers the possibility of 
settings and corrections, before testing the prototypes and 
launching the production itself. For specific problems, the use 
of the models offers the possibility of new solutions, if the 
usual configurations are not satisfactory.     

II. DIGITAL PROTECTION RELAYS ARCHITECTURE

Fig. 1 depicts the block diagram of a digital protection 
relay.  

Fig. 1. Digital relays architecture. 

The main parts of the digital relay are: 
• intermediary current and voltage transformers,

which take the values from the instrumentation transformers; 
• analog-digital converters and memory circuits,

storing the data to be processed; 
• data processor, running the computational algorithm

and survey the input values; 



• central processing unit, that controls the logic 
sequences of the protection and provides the communication 
with the interface;  

• interface, having digital input output circuits.  
The digital relay detects any modification in the protected 

system, through terminals connected to the current and 
voltage transformers or from different monitored states 
through digital inputs. Data are processed in real time using a 
microprocessor, which, function of the data received, makes 
decisions and send control commands to the output interface 
and to the breakers, if tripping is needed. Digital relay 
settings are performed through communication ports, 
SCADA or other specific software of the relay. Algorithms, 
settings and recording performed by the microprocessor are 
stored in the memory of the digital relay. 

III. CURRENT PROTECTION 

The principle, consisting in the protection of the overcome 
of the limit values of the current, was the basis of the early 
protection systems. Starting from this basic principle, step 
maximum current protection systems have been developed. 
For an accurate operation of these relays, one must know the 
fault currents in each element of the grid [2]. 

The compulsory data for the relay settings are:  
• the wiring diagram of the protected system, which 

consists of protection relays and the associated current 
transformers;  

• the impedances of the system’s elements 
(generators, transformers, transmission lines); 

• minimum and maximum value of the short circuit 
currents in each protection location;  

• starting currents of electric motors; 
• maximum load current in each protection location; 
• the decay curves of the fault current supplied by the 

generators; 
• current transformers characteristics.  

 

 
 

Fig. 2. Maximum current protection schematics. 
 

The current relay setting must be checked for the maximum 
value of the short circuit current in the first instance. The 
reaction time must be minimum. Afterwards, the operation of 
the relay for minimum short circuit current must be checked. 
The reaction time must be satisfactory.  

The wiring diagram of a maximum current protection for a 
radial network power system is depicted in Fig. 2, where the 
bus isolator is denoted by SB, the line isolator, by SL, the 

breaker by I, the current transformer by TC  and finally by I> 
the maximum current relay. 

The main devices composing this protection system are the 
maximum current relays and the current transformers.  

The tripping condition of the relay is  
c pI I     (1) 

where Ic represents the current in the surveyed circuit and 
Ip the tripping value of the relay, relative to the primary 
winding of the current transformer. Note that this protection 
acts in a short circuit situation (instantaneous tripping with 
breaking) and doesn’t fit for protection against overloads. The 
overload protection is also a current protection, but a delayed 
one. The delay is needed for discriminating between transient 
and permanent overloads, the overloads effects on the 
system’s elements being delayed in time. 

Fig. 3 depicts a schematic of overload protection using 
relays. 

 

 
 

Fig. 3. Overload protection relay schematics.  
 

Note that the contacts of the both relays, the maximum 
current relay I> and the time relay perform an logic AND 
function. Consequently, the tripping of the breaker appears 
only if the current in the circuit overcome the setted value Ip 
and the duration tc exceeds the delay time tp: 

( ) and ( )c p c pI I t t   (2) 
Maximum current relays may present an independent 

characteristic curve, when the tripping time does not depend 
on the magnitude of the fault current, or a dependent one, 
when the tripping time depends on the magnitude of the 
surveyed circuit (which is a multiple of the set current). 
Consequently, this type of protection is characterized by the 
bellow features: 

• the maximum current protection is the simplest and 
the cheapest protection (minimum number of components); 

• the settings are pretentious and difficult to achieve in 
applications; 

• readjustments and even relocating are needed in case 
of system’s modifications. 

Protection must be selective in order to isolate the faulty 
area, leaving unaffected the rest of the system. The protection 
device located nearest the faulty location must trip (i.e. the 
nearest fuse or breaker). 

The correct coordination and the selectivity of the current 
protection may be achieved using several methods. The main 



possibilities in achieving selectivity are based on the 
following discrimination methods: 

• discrimination by time; 
• discrimination by current; 
• discrimination fault direction; 
• discrimination  by both time and direction; 
• discrimination by both time and current. 

IV. MODELING OF DIGITAL PROTECTION RELAYS  

Relays models are used in designing new algorithms and 
prototypes and also in verifying and optimizing the relays 
performance already operating in power systems [4, 5, 6]. 

The manufacturers created relays models in order to assess 
their performances. The models are following the process, by 
replacing the input values in equation modeling the relays, in 
order to verify if the output values obtained are acceptable. 
The characteristics of the current protection relays 
represented the beginning of the modeling in this area. 
Mathematical models have been performed using algebraic 
equations in order to represent in current-time coordinates the 
overload relay characteristics. The first model of the 
operation in a transitory regime of a distance relay was 
developed using a nine order mathematical model in the state 
space of a “mho” element [3]. 

Simulation programs of transitory regime are software 
packages that simulate the transitions occurring in multiphase 
systems, their use being wide spread and unanimously 
accepted. They are power tools in study and analysis. 

The current-time characteristic curve of a current relay is 
depicted in Fig. 4. 

Curve A-B represents the time inverse characteristics of the 
relay and is used for high currents, larger than the rated 
values and lesser than the short circuit currents, but larger 
enough to determine the fault of certain equipment if they last 
a sufficient period of time. 

 

 
 

Fig. 4. The characteristics current-time of the relay. 

Curve B-C-D is used for the instantaneous and fast clearing 
of the very large short circuit currents (>Is), by reducing the 
tripping time to the value Tdi. 

The general shape of the inverse characteristics of an 
overload relay corresponds to equation 3:   

;1
1

s
dn

pd

IK
T I

II
  (3) 

where T is the tripping time of the relay, Id (Id = Ic/Ip), the 
faulty normalized current set at the magnitude Ic, Ip the 
starting current of the tripping and Is the short circuit current. 
K and n are constants denoting: K is the a constant depending 
on the relative operating time and n depending on the inverse 
time characteristics of the relay.  

According to the values of these constants (standardized in 
IEC 255), the type of the relay’s characteristics is determined 
(Table I). 

TABLE I 
THE VALUES OF THE CONSTANTS INVOLVED IN THE INVERSE TIME 

CHARACTERISTICS OF THE RELAY  
No. Types of characteristics  n K 
1. standard inverse 0,02 0,14 
2. very inverse 1,00 13,50 
3. extremely inverse 2,00 80,00 
4. long time inverse 1,00 120,00 

 
Equation (3) becomes in case of fault:  

; p d sn
d

K
T I I I

I
  (4) 

Choosing appropriate values for the constants n and K, any 
desired curve may be obtained. For the instantaneous portion 
of the relay curve, its tripping time is defined in relation (5):   

;di c sT T I I ,   (5) 
where Tdi  is the instantaneous tripping time.  

Fig. 5 depicts the logic diagram of implementing the 
inverse current-time characteristics and Fig. 6 depicts the 
schematic diagram of the current protection tripping.  

 

 
 

Fig. 5. The logic diagram for the implementation of the inverse current-time 
characteristics. 

 
The rms value of each measured phase current is compared 

to the set magnitude of the tripping current. 
If the rms value of one of the currents overcomes the set 

value a tripping command for the main breaker is made. 



 
 

Fig. 6. Block diagram for the current protection tripping.  
 

   

 
Fig. 7. Block diagram with delay.  

 
In case of overload, the schematic diagram with delay, 

depicted in Fig. 7, is used. In this situation the tripping is 
performed only if the fault persists after the set delay time 
duration. 

V. SIMULATION OF THE PROTECTION RELAY MODEL  

Matlab is a high-level language and environment for 
numerical computation and statistical analysis, allowing 
matrix calculus, function visualization, development of 
algorithms, creating interfaces, enable to interact with 
different applications. 

Matlab is a matrix/vector high level language which 
includes control loop instructions, functions, data structures, 
input/output commands and object oriented programming. 
Matlab permits both rapid programming of small scale 
applications and detailed programming in order to develop 
complex high level software. It contains additional packages, 
one of them being Simulink, an environment permitting 
several simulations. Dynamic systems can be easily 
simulated. 

Simulink is a graphic environment offering a set of block 
libraries, permitting development, simulation, implementing 
and testing different time variable systems. 

Every module is interconnected with the others through 
exchange variables, representing subsystems inputs/outputs. 
The input data of the system’s elements are included in m-

files. In order to run a simulation, the m-file is executed first; 
afterwards the information is loaded in a workspace. 
Afterwards the model simulation is performed.  

Simulink is a software package used in modeling, 
simulating and analyzing dynamic systems, for linear, 
nonlinear, continuous or discreet and hybrid systems, having 
several sampling periods. It provides a graphical user 
interface (GUI) for creating models as diagrams built up of 
blocks, using the click-and-drag technique. Therefore, 
drawing diagrams is simple and intuitive. Moreover the 
thorough and tedious mathematical formulation is avoided. 

 At the same time, Simulink offers a vast library of sources, 
loads, linear and nonlinear components, connectors, etc. that 
permit drawing diagrams and building user’s specific blocks.  

Once the model created, simulation could be performed 
using different integration methods from the Simulink menus 
or Matlab commands. Using oscilloscope type blocks or other 
different display devices one can observe the results even 
during the simulation process. At the same time the values of 
the parameters may be modified in order to observe 
immediately their effects. The results can be exported in the 
Matlab workspace for future manipulations or visualizations. 
Fig. 8 presents the Simulink library. 

Simulink offers also advanced integration and functions 
analysis algorithms which provide quick and accurate 
simulation results, e.g.: 

• seven integration methods  
• interactive simulation with real time display of results  
• Monte-Carlo type simulations 
• stability calculation  
• linearization 
The open architecture of Simulink permits the extent of the 

simulation environment, i.e.: 
• build up of special blocks and block libraries having 

specific icons, interfacing with the user through Matlab, 
Fortran or C; 

• combining Fortran and C programs in order to take over 
the already validated models;  

• generation of a C code using Simulink models with the 
optional generator C code of Simulink.  

The implementation of the protection relay was performed 
using Matlab/Simulink. There were considered several blocks 
for every main component of the relay. Besides, particular 
blocks for the different types of protections of the digital 
relay have been built up. 

Fig. 9 depicts the block diagram of the implement of the 
microprocessor for current protection. 

One may see that from the power system, passing by the 
current transformer, the information is converted by the 
analog-digital converter. Afterwards the signal passes through 
a filter, and then into the block which calculates the peak 
current. In the relay logic the magnitude of the current is 
compared with the set value, the result of the comparison 
being the tripping decision in case of fault in the system. 

The metering block of the peak value of the current is 
depicted in Fig. 10, and in Fig. 11, the block diagram of the 
implementation of the instantaneous characteristics of the 
relay.  



 

 
Fig. 8. Simulink library. 

 

 
Fig. 9. Block diagram for the implementation of the current protection 

microprocessor. 
 

The current Ic is compared to the set current Is. If the 
magnitude of the current in the circuit is larger than the set 
value of the current a tripping command is transmitted, with a 
delay generated by the delay element.  

If the magnitude of the current in the circuit is maintained 
larger than the set current for a time greater than the delay 
duration, the tripping command is transmitted to the power 
breaker. 

 

 
Fig. 10. Metering block of the peak value of the current.  

 

 
Fig. 11. Block diagram for the implementation of the instantaneous 

characteristics of the current.  
 

Fig. 12 depicts the block diagram of the implementation of 
a current digital relay. 

 
Fig. 12. Block diagram of the implementation of a digital current relay.  

 
The simulation conditions have been set for a case study of 

mono-phase short circuit at a power of 0.75 kW, and the 
obtained waveform in the simulation process is depicted in 
Fig.13. 

 

 
 

Fig. 13. Short circuit current’s waveform.  



VI. CONCLUSIONS 

The results of the simulation were verified experimentally 
by generating the waveform transmitted to the relay in the 
conditions imposed by the simulations. As generator, Mentor 
3V2I equipment was used and the recorded values are 
depicted in Fig. 14. 

 
Fig. 14. Recorded values of the voltage and the current 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

It is important to notice that the shortcircuit on phase B 
leads to the sudden increase of the current.  Using the data 
recorded of the digital relay, using an appropriate software 
package a harmonic analysis of the voltage and current may 
be performed. 

The results obtained after simulation and experimental tests 
being very close, draw to the conclusion that the simulated 
model is validated. 
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Abstract-This research paper presents a method to improve the 
power factor of a compact fluorescent lamp through the 
deployment of a buck-boost pre-converter which operates at a 
fixed frequency and duty cycle. The used buck-boost pre-
converter is a classic one switch topology characterized by 
reverse output voltage. This type of active power factor 
correction seems to have many advantages upon the classic boost 
PFC. The possibility to have a smaller or a greater voltage level 
than the input value, makes this type of topology a good option 
for a common half-bridge self oscillating CFL ballast. The 
results obtained following the use of the above-mentioned pre-
converter are being analyzed through computer simulation as 
well as practical measurements. 

I. INTRODUCTION 

The Compact fluorescent lamp (CFL) represents a device 
that could be a good successor of the classical incandescent 
light bulb. By understanding the new trends in energy 
efficiency, the incandescent bulb is not copping with a good 
overall efficiency that the actual standards require. CFL 
represents a better option for Edison type bulbs because of the 
energy saving and longer lifetime but also presents some 
negative aspects when compared to the classical bulb. So it 
has a 4-5 times smaller energy consumption, an 8-10 times 
bigger functioning time period, while the output lighting 
energy is the same. It also presents some negative aspects 
such as a higher cost, a poor light quality for low cost devices 
(often found on east European countries). Another important 
disadvantage [1],[2],[3] that will be highlighted in this paper 
is the poor power factor and input current high harmonic 
distortion of this type of lighting device. As shown in [4], the 
good quality CFL has a power factor no more that 0.6 while 
the total harmonic distortion factor (THD) is higher than 
70%.  
 

II. ACTIVE POWER FACTOR CONVERTERS 

Commonly, for active power factor correction classical 
buck, boost, buck-boost converters can be used. Depending 
on the control method, these converters could work in either 
continuous conduction mode (CCM) or discontinuous 
conduction mode (DCM). 

In order to analyze the performances for these types of 
converters under power factor correction function, we need to 
highlight the way the converter receives the energy and the 

way this energy is brought to the output. These 3 topologies 
use an inductor as temporary energy storage.  

For the buck and boost converters [5],[6] as shown  in  (1) 
and (2),  in order to obtain a resistive behavior, we need to 
have an input voltage a lot bigger than the output voltage for 
the buck topology and an output voltage a lot bigger than the 
input voltage for the boost topology. From (3) it can be easily 
seen that the buck-boost topology is the best solution because 
the input current is not depending on the output signal.  

 
 
 
 

(1) 
 
                                                                                              
     
 
 

(2) 
 

 
 

(3) 
 
 
Where: ininin RUI ,, - input current, voltage and resistance; 

outout UI , - output current and voltage; D-duty cycle; T-
period; L-coil inductance. 

 

III. POWER FACTOR CORRECTION FOR CFL BALLAST 

 
For the CFL ballast associated with the fluorescent tube,  

seen as a load, the increase of the power factor and also 
limiting the input line harmonics could be done with quite 
good results with passive filters [9],[10] and with active 
methods [11]. In most cases, when an active power factor 
correction has been applied for a CFL lighting device the 
usual solution was to implement a boost preconverter. The 
ballasts that are suitable for this type of action were 
controlled by a dedicated IC as presented in Fig.1. 

After analyzing some CFL electronic schematics of the 
most commonly found models on the market, the topology of 
the electronic ballast was the self-oscillating half-bridge 
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ballast presented in Fig.2. For manufactures this seems to be   
the best solution, all this because is a simple configuration 
and this affects the cost in a positive way. Besides this 
advantage it seems that this topology has passed the time test 
(over 10 years of presence on the market) which means that 
the industry has plenty of experience in this field and the 
lighting devices are at the optimum in terms of efficiency and 
expected lifetime.  

It is well known that the boost topology converter, 
according to the name, has the particularity that the output 
voltage is bigger than the input voltage. The power factor 
correction with the help of the boost converter can be easily 
applied on the IC controlled CFL ballasts, but for the 
commonly found ballast that has a self-oscillating half-bridge 
topology this type of action is not the best solution because of 
the output voltage of near 400V. Usually, self-oscillation 
half-bridge ballast is working with an input voltage around 
200V.  

In order to make this ballast to work under 400V, some 
modifications of the schematics and electronic components 
need to be made at the inverter level so that it could work 
under this new condition. This modification could affect the 
level of performance and maturity of the technology that the 

industry has achieved for this type of device. Under these 
considerations, in this paper we propose a method that can 
improve the power factor without affecting by any means the 
good performance and reliability achieved for this device in 
years of research. This could be possible if the inverter 
performances and parameters are not modified. This is done 
by using the original configuration of the inverter circuit 
associated with a DC voltage around 200V. 
 

IV.  BUCK-BOOST PFC FOR A CFL 

In this paper we will focus on the implementation of the 
new way of active power factor correction by using a buck-
boost preconverter applied on classic self-oscillating half-
bridge CFL ballast as presented in the electronic schematic in 
Fig. 3.  

The buck-boost topology converter has the particularity to 
have an output voltage lower or higher than the input voltage. 
This advantage could be well suited for our application where 
it can be programmed to have an output voltage around 200V. 
By using this topology it is possible to generate the optimal 
voltage for the inverter.  

In terms of power factor improving capabilities from (3) 
the buck-boost topology is an interesting solution because of 
the total separation of the load from the power supply.  This 
means that we can extract energy from the input line in a 
linear way with the help of the buck-boost converter and 
transfer it as needed to the load. The working principle for the 
preconverter is in DCM, which leads to a bigger EMI input 
filter.  

If we can consider that the sub-assembly inverter-
fluorescent tube is acting like a constant load (not having 
dimming capabilities) this makes the control circuit of the 
buck-boost converter to be very simple with constant 
frequency and duty cycle. If the performances of the lighting 

 
Fig. 1.  Boost PFC for a IC controlled CFL ballast 

  

Fig. 2.  Self-oscillating half-bridge CFL ballast 
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device need to be higher, then a PWM control could be 
applied for dimming capabilities.  

In this paper the main goal is to transform this lighting 
device in a line-friendly one, with good power factor and low 
level of the input current harmonics. The performances of the 
CFL lighting system will be presented by means of practical 
experiments and software Orcad/PSpice simulations. 

  

V. PARAMETER CALCULATION OF THE BUCK-BOOST 
PRECONVERTER 

For implementing the presented solution we need to 
establish the level and the functioning limitations of the new 
electronic components introduced.  In order to obtain a 
voltage around 200V at the output level of the buck-boost 
preconverter, the calculation is concerning the duty-cycle of 
the control circuit. Also, in order to obtain a good 
performance in terms of power factor correction, the working 
principle is based on DCM. The electronic components of the 
original inverter are kept the same, while some input 
considerations are taken into account like:  

1. Working frequency of the preconverter will be  
57KHz 

2. The coil L will have a inductivity of 0.5mH 
3. Input voltage of 230V 
4. Output voltage of the buck-boost preconverter and 

also the input voltage of the inverter is 200V 
5. To establish the output load SR for the preconverter 

the equivalent impedance will be calculated 
around the proposed resistive behavior of the sub-
assembly inverter-florescent tube [7]. 

From [8] the duty cycle and related time of conduction of 
the transitor Q is calculated for a Buck-Boost topology 
converter working in DCM with the help of the following 
expressions:  
 

(4) 
 

 
 

In order to choose the coil L, the transistor Q and the diode 
D, in terms of power handling the most important parameter 
is the maximum current during a commutation period:  

 
(5) 

 
The maximum current computed wos 1.1A and the duty cyle 
wos set to 14%. 
 

VI. ORCAD/PSPICE SIMULATION AND EXPERIMENTING OF 
THE OVERALL SYSTEM 

Under the calculation carried out in the previous chapter, 
an ORCAD/PSPICE model and an experimental test bench 
have been implemented in order to highlight the good 
performances in terms of improving the power factor that 
could be achieved using this type of solution. The analyzed 
performances of the overall system are divided into 3 
categories:  

1. The analyses of the working performances of the 
buck-boost converter.  

 
Fig. 3.  Buck-boost PFC pre-converter in series with self-oscillating half-bridge CFL ballast 
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2. The analyses of the electrical parameters of the 
unmodified sub-assembly inverter-florescent tube. 

3. The analyses of the input behavior of the CFL 
lighting system. 

  In the first stage in Fig.4 and Fig 5 we present the working 
performances of the buck-boost preconverter working with a 
special load represented by the inverter –fluorescent tube sub-
assembly. The practical measurement and simulated results 
obtained could conclude the fact that the model is performing 
like the experimental one.  
The analised electric parameters are: 

CU - control voltage of transistor Q1 
DSU - Transistor Q1drene-source voltage  

1QI - Transistor  Q1current  

DI - Diode D current  
LI - Inductor L current 
DU - Diode D commutation voltage 

 

The steady state waveforms obtained with the help of 
practical measurements and software simulations highlight 
the typical behavior of this type of converter for DCM. By 
analyzing the waveform of the transistor drain current we 
observe that it has a linear increase during the period when 
the transistor is open, while on the period when it is blocked 
the current falls almost instantaneous to zero. At this moment 
begins the second stage when the energy captured in the 
magnetic circuit of the inductor L is laid out to the load with 
the help of the diode D. This aspect could be observed on the 
diode current waveform. The inductor L will behave like a 
temporarily energy storage device, accumulating energy 
when the transistor is opened and is outputting the energy 
when transistor is blocked. Because the energy transfer 
supports two stages of transformation from electric energy to 
magnetic energy, a small part of the energy is lost in the form 
of heat and this aspect is decreasing the efficiency of the 
system. For the simulated results in the waveform of the 
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Fig. 4.  Measured results for the buck-boost preconverter used for active 

power factor correction of CFL ballast. 
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Fig. 5.  Orcad/PSpice simulated results for the buck-boost preconverter used 

for active power factor correction of CFL ballast. 
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inductor current this power loss is not present because of the 
ideal components being used.  

The control circuit of the transistor Q1 consists of a well 
known 555 IC based oscillator circuit that delivers an 
rectangular impulse at a fixed frequency and constant duty 
cycle. This rectangular signal is the control signal Uc of the 
Q1 transistor. The schematics of this circuit are not presented 
because it is a well know path.  

In the second stage of analyzing the behavior of the 
proposed lighting system, we will focus on the electric 
parameters of the inverter and fluorescent tube. This is very 
important so that we can observe if the implementation of the 
buck-boost PFC is affecting by any means the performances 
of the original circuit. The most important parameters that 
show this are the inverter working frequency, the fluorescent 
tube current value and ripple and also the tube voltage, as 
shown in Fig 6.    

This representation indicates that the inverter working 
frequency is around 56 kHz while for the original circuit it 
was 57 kHz. The crest factor of the fluorescent tube current 
for the circuit with buck-boost system is 1.43, compared to 
1.5 for the original circuit. We can conclude in this stage that 
the implementation of the buck-boost preconverter is not 
negatively affecting by any means the good performances of 

the original circuit, even more it is decreasing the tube current 
ripple. This could have a positive effect on the expected 
working lifetime. 

In Fig. 7 and Fig. 8 are presented, by simulated results, that 
the inverter input voltage with the buck-boost PFC has the 
same effective value as the inverter input voltages for the 
original circuit.  

The last analyzing stage (Fig.9) will be focused on the 
impact of the buck-boost PFC implementation, on the 
behavior of this system in terms of power factor and line 
harmonics. The main objective of this paper was to transform 
the CFL non-linear load into a line friendly device. All in all 
we will analyze the power factor and total harmonics 
distortions of the proposed system from Fig.3, which is 
composed by the input filter, rectifier, buck-boost PFC, 
original inverter and fluorescent tube. 

For the proposed circuit the input voltage is the reference 
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Fig. 6. Fluorescent tube current and voltage waveforms; a) High 

frequency current (yellow) and  voltage (blue);  b) Low frequency tube 
current and voltage ripple 

I) Measured results for the original circuit. 
II) Measured results for the circuit with buck-boost PFC preconverter.  
III) Orcad/PSpice simulated results for the circuit with buck-boost PFC 
preconverter. 
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Fig. 9.  Input current and voltage;   I) Results for the electronic ballast with

buck-boost PFC circuit; Measurements results; II) Results for the original
CFL electronic ballast; Measurements results; III) Results for the electronic
ballast with buck-boost PFC circuit; Orcad/Pspice simulated results . 
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Fig. 8.  CFL ballast with Buck-boost preconverter input voltage (yellow) and
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signal. If the waveform of the input voltage is distorted, the 
input current will also be distorted. If the voltage is closer to a 
sinusoidal waveform also, the THD of the input current will 
be closer to 0.  

The input current for the original circuit and for the 
proposed solution has been studied through Fourier analysis 
with the help of the Orcad/PSpice models (Fig. 10) and 
practical measurements (Fig.11).  

The results confirm that the proposed circuit has a THD not 
more than 2.18% compared to 79.40% for the original circuit. 
The power factor computed was 0.99 while the measured one 
was near unity.  
 

VII. CONCLUSION 

In this paper we proposed a solution to improve the power 
factor of electronic ballast mainly used in compact 
fluorescent lamps by implementing a buck-boost PFC. This 
solution is one with great potential, in terms of power factor 
correction. The proposed circuit has a low complexity and 
low number of added electronic components which leads to a 
low cost of implementation. This aspect is one of great 
importance because in order to have a good solution for real 
market implementation, the cost component is very important 
and it needs to be as low as possible.  

The results obtained for the input behavior of this solution 
are presenting this device as a linear one so, the power line is 
sensing this as a simple resistive load.  This lighting device 
does not inject high frequency current harmonics in the grid 
and as a result we can consider this type of CFL a good 
replacement for the incandescent lamp with well know 
advantages, such as low energy consumption and long 
expected lifetime.   

In Table 1 we illustrate a comparative analysis of the 
overall efficiency for different types of active power factor 
correction strategies applied on self-oscillating half-bridge 
CFL ballast. 

TABLE I 
Circuit  Overall efficiency 

Ballast with IC (L6562) controlled 
Boost converter 

86.3% 

Ballast with Boost converter with 
simple control (fixed frequency, 
fixed duty cycle) 

77.7% 

Proposed Buck-Boost circuit 83.8% 

 
The disadvantages of this circuit are the lower efficiency 

because of using two stages and the buck-boost topology. 
Also, it is characterized by a bigger complexity compared to 
the original circuit and presents a higher implementation cost. 
These disadvantages could be negligible compared to the 
negative effect of millions of these nonlinear loads on the 
power grid when the incandescent bulbs will be totally 
rejected form the market (2015). Because of the fast growing 
number of the small new nonlinear electrical and electronic 
equipments, in the near future we could have new legislative 
limitations also for these type of loads (<25W).  Last but not 
least, this solution could be also fitted in the existing CFL 
Edison type enclosure. 
. 
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Abstract 
This paper presents a comparative study between the axial-flux and radial-flux permanent-magnet 
synchronous generators for a 3 kW wind turbine application. This study emphasizes the most cost- 
effective solution to be implemented by the industrial partner. There are three constructive types of 
electric generators considered in this work. All are based on permanent-magnet synchronous 
generators (PMSGs), but one has an axial-flux topology, the other one is a radial-flux outer-rotor 
machine and the third one is a radial-flux inner-rotor machine. Finite-element field analysis was made 
for the three PMSGs in order to compare their efficiency and active materials estimated cost. The 
results show that the axial-flux PMSG is the best solution for micro-wind turbine application. 

Introduction 
Two major reasons are advocating for cost-effective micro-wind turbine power systems: the need to 
give a feasible alternative solution to classical and pollutant energy production and the need to make it 
affordable for the middle-class citizens, especially in Eastern-Europe where the GDP per capita is 
lower than in Western-Europe. This paper presents a part of the work endeavored to be made within a 
research project in partnership between the Technical University of Cluj-Napoca, Romania and an 
industrial small company. The solutions investigated are starting from a few premises: the micro-wind 
power system should be implemented mainly in urban areas, thus it should be very efficient in 
converting energy at low wind speeds; the electric generator is directly driven by the turbine and the 
associated electronic power converters should be controlled in a maximum-power-point-tracking 
strategy for connection to power grid, and should satisfy the voltage constraints for connection to 
isolated loads.  
The three constructive types of wind-turbine generator considered in this work are permanent-magnet 
synchronous generators (PMSGs), but one has an axial-flux (AF-PMSG) topology, the other one is of 
radial-flux outer-rotor (RFOR-PMSG) type, while the third one is of radial-flux inner-rotor (RFIR-
PMSG) type.  In the following sections, each of the three PMSG topologies are investigated using 
finite-element field analysis to comparatively show their relative merits and demerits.   

Axial-flux permanent-magnet synchronous generator (AF-PMSG) 
Axial-flux (AF) PMSGs have a number of distinct advantages over their radial-flux counterparts,              
i.e. they can be designed to have (i) higher power-to-weight ratio, resulting in less core material,                



(ii) planar and easily adjustable air-gaps, (iii) reduced noise and vibration levels. Moreover, the 
direction of the airgap flux path can be varied, so that additional topologies can be derived [1, 2]. 
The comparison of different AF-PMSGs is a difficult task. Many researchers try to force comparisons 
through subjective constraints. The outcome is often that the constraints themselves favor one 
configuration over the other, leading to inconclusive results and arbitrary selection. 
There are possible many variations in the AF-PMSG basic design [3], including single-sided [4], 
double-sided [5], toroidal [6], and multi-disc designs. The AF-PMSG topology considered in this 
paper is a three-phase double-rotor one-stator topology with 8 pole-pairs, 3 kW rated power and              
200 [rpm] rated speed. The magnets are of high-energy NdFeB-type, and are glued on both sides                        
of the two solid-iron disc-rotors. The stator is made of non-magnetic material.  
Slotted stators in the AF-PMSG machine increase notably the amplitude of the airgap flux density            
due to shorter airgap. This reduces the required amount of rotor-PMs, thus leading to savings in the 
AF-PMSG cost. Moreover, copper losses in slotted-stator AF-PMSG are lower than those of its 
slotless-stator counterpart. On the other hand, the use of slotted-stator armature winding results in 
significant cogging torque and content of harmonics in the back-emf waveform. Both problems may 
be tackled efficiently from the design point of view.  
In [7] and [8], the authors reason the application of slotted-stator concentrated winding in AF-PMSGs. 
When concentrated windings are used, prefabricated coils can simply be inserted in the stator 
structure, and the winding process becomes cheaper. Furthermore, the space occupied by the end-
windings and thus the corresponding Joule losses are minimized. However, due to the disposition of 
concentrated-winding coils there are space-harmonic components in the generated armature-reaction 
m.m.f.  
 
Analytical preliminary design of the small-scale AF-PMSG  
 

 

From the general sizing equation applied to the small AF-PMSG under study, the outer surface 
diameter Do can be obtained as 
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The total outer diameter of the considered AF-PMSG is given by 

Cutot WDD 20 +=  .                  (2) 

The total axial length of the AF-PMSG can be expressed as 
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with Br,core defining the flux density in the rotor-disk core;  Bu, the attainable flux density on the 
surface of the rotor-PM;  μr,PM  and  Brem, the relative permeability and the remanent flux density of the 
rotor-PM material, respectively;  kd and kf , the leakage-flux factor and the peak-value-corrected radial-
airgap-flux-density factor of the AF-PMSG, respectively; ke , the back-emf factor, i.e. the armature-
winding distribution factor; Nph , the number of turns in series per armature-winding phase;  f ,  the 
mains electrical frequency; p, the number of machine pole-pairs;  Di , Do , the diameters of the inner 
and outer surfaces of the AF-PMSG, respectively; λ=Di / Do , the inner-to-outer diameter ratio; ˆ

gB , the 
peak value of  the magnetic flux density in the airgap (magnetic loading); g, the airgap axial length; kC, 
the Carter factor, which takes into account the fact that large airgap length in front of the stator-slot 
and a small one in front of the stator-tooth makes the airgap flux density position-dependent; kC can be 
expressed as [1, 6]  
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γ and Wso being the average slot-pitch and the slot-opening, respectively.  

The stator axial length is  
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with Bs,core, denoting the flux density in the stator core; αp, the ratio of the average-to-peak airgap flux 
density; Jslot, the stator-slot current density; kCu, the copper-fill factor.  
The design specifications and chosen parameters have been considered in determining the main 
dimensions of rotor and stator components of the small-scale three-phase AF-PMSG, which are listed 
in Table 1. 
 
3-D finite-element field analysis of the small-scale AF-PMSG 

Finite-element (FE) simulations are performed in JMAG Designer 12.0 [9], an electromagnetic field 
analysis software package that supports the design and development of electric machines, actuators, 
circuit components etc. Two types of FE simulations are carried out: in no-load (open-circuit) and 
resistive-load conditions [10]. 
In order to analyze the performances of the considered small-scale three-phase AF-PMSG, its 3D-
model is first constructed, as shown in Fig.1. 

 
                           Fig. 1: 3D-model of the three-phase small-scale AF-PMSG topology [9]. 

The AF-PMSG has a double-rotor-one-stator topology. Rotor-PMs are of Nd-Fe-B 35SH type with 
axial magnetization. The PM-excitation flux of each rotor-pole travels through the sandwiched-stator 
and the two axial air gaps to the opposite rotor.                                                                                                                   
The three-phase stator-winding comprises 2000 [turns/ phase] of 12 [Ω] electrical resistance.                                           
FE simulations are carried out for the three-phase small-scale AF-PMSG running at 200 [rpm] rated 
speed, under open-circuit and three-phase resistive load of 100 [Ω/phase] conditions, respectively. The 
simulation results are captured on JMAG Designer and presented in Fig.2. It can be seen that the phase 
back-emf waveforms have amplitudes of approximately 400 [V/phase] at open-circuit (no-load) and                              
300 [V/phase] at resistive-load conditions                                                                                                                           
The magnetic flux density distribution for the small-scale AF-PMSG under study is presented in                      
Fig. 3, showing that there are not saturated zones for this design under no-load and resistive-load 
conditions.  



    
                                      (a)                                                                        (b)             
Fig. 2: Back-emf waveforms of the three-phase small-scale AF-PMSG under (a) no-load (open-circuit) 

and (b) balanced resistive-load conditions, at rated rotor speed. 

 

Fig. 3: Magnetic flux-density distribution for the three-phase small-scale PMSG.  

 

 
                                      (a)                                                                            (b) 
 

Fig. 4: Phase-current (a) and Joule-loss (b) waveforms of the three-phase small-scale AF-PMSG                             
with balanced resistive load. 



   
                                                 (a)                                                                       (b) 

Fig. 5: Electric power / phase and electromagnetic torque of the three-phase small-scale AF-PMSG              
at balanced resistive-load conditions. 

For the three-phase small-scale AF-PMSG under preset resistive-load conditions, the FE-simulated 
phase current and Joule loss waveforms are shown in Fig. 4.                                                                                     
The developed electric power / phase and electromagnetic torque of the three-phase small-scale AF-
PMSG with balanced resistive load are presented in Fig. 5.  

 
Radial-flux outer-rotor permanent-magnet synchronous generator                    
(RFOR-PMSG) 
 
The radial-flux outer-rotor permanent-magnet synchronous generator (RFOR-PMSG) considered here 
has 15 pole-pairs. The advantage of RFOR-PMSG compared to inner-rotor PMSG is that the magnets 
are more easily attached to the rotor surface (Fig. 6). 

 
Fig. 6: Three-phase small-scale RFOR-PMSG topology. 

 
As well known, the output power of an electric machine, when the leakage reactance is neglected, is 
proportional to the number of phases of the machine, nph, the phase current, i(t), the induced emf, e(t): 
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(8)   



where T is the period of an emf cycle; Emax  and Imax represent the peak values of the emf and phase 
current, respectively; kp is the power coefficient, and η is the estimated efficiency. The peak value of 
the emf is expressed by introducing the emf coefficient, kE:                                  
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(9)   

where Nt is the number of turns per phase, Bgap and Dgap are the air-gap flux density and diameter, Lm is 
the length of the machine, fs is the supplying frequency and p is the number of pole-pairs [11]. 
By introducing geometric coefficient, kL=Lm/Dgap, and current coefficient (related to its waveform) 
ki=Imax/Irms, and defining the phase load ampere-turns, 
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it is possible to define the airgap diameter of the machine: 
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Based on the type of the current waveform, it is possible to define the current and power coefficients 
for sinusoidal waveform [10], 5.0k,2k pi == .All the other geometric parameters will be computed 
based on this airgap diameter.  
The RF-PMSG designer has to choose only the PMs shape and stator slots. As materials for active 
parts of the machine, Nd-Fe-B PMs with 1.2 [T] remanent flux density and M530-50A steel 
laminations are used. 
FE simulations for the considered three-phase small-scale RFOR-PMSG are carried out using Flux2D 
software. The magnetic flux-density distribution in the cross-section of the machine is presented in 
Fig. 7. 
 

 
Fig.7: Magnetic flux-density distribution in the cross-section                                                           

of the three-phase small-scale RFOR-PMSG.  
 

For the three-phase small-scale RFOR-PMSG under no-load (open-circuit) and balanced resistive-load 
conditions, the FE-simulated back-emf waveforms are shown in Figs. 8 and 9, respectively, at rated 
rotor speed.                                                                               



 

 
Fig. 8: Phase back-emf waveforms of the three-phase small-scale RFOR-PMSG  

under (no-load) open-circuit conditions, at rated rotor speed. 
 

 
Fig. 9: Phase back-emf waveforms of the three-phase small-scale RFOR-PMSG  

with balanced resistive load, at rated rotor speed. 
 
 
Radial-flux inner-rotor permanent-magnet synchronous generator                     
(RFIR-PMSG) 
 
The third three-phase small-scale PMSG topology considered here is a radial-flux inner-rotor (RFIR) 
one. For its preliminary design, the main geometric dimensions are obtained using the previously-
sized RFOR-PMSG topology and the commercially-available electric-machine-design software 
SPEED, developed at the University of Glasgow, UK. The structure was dimensioned using version 
9.1.2.29 of the software [12].                                                                                    
The chosen RFIR-PMSG structure has spoke-shaped, circumferentially-magnetized PMs, buried in the 
rotor (Fig.10). Due to the rotor-PM placement and magnetization, flux concentration in rotor poles 
toward the airgap results, and the same volume of PM material can be used for smaller airgap length. 
The number of stator slots / rotor poles and the three-phase winding configuration are the same as for 
the prior RFOR-PMSG.                                                                                                                                   
By using SPEED software, extensive simulations have been performed and various geometric 
dimensions have been modified, in order to obtain optimal electric power, generated voltage and 
efficiency. The final design model has been exported in JMAG-Studio for checking its validity against 
FE simulations.  
In Fig. 11, FE-simulations for magnetic flux-density distribution in the cross-section of the designed 
three-phase small-scale RFIR-PMSG, at no-load (open-circuit) and resistive load conditions are 
presented. 



 

Fig. 10. Three-phase small-scale RFIR-PMSG topology                                                                
with spoke-shaped, circumferentially-magnetized PMs, buried in the rotor. 

 

 

                                      
 

                                                                                                                                                                                                            a)                                b) 

Fig. 11: Magnetic flux-density distribution in the cross-section of the three-phase                                            
small-scale RFIR-PMSG, at no-load (a) and resistive-load (b) conditions. 

 

For 120° rotation of the three-phase small-scale RFIR-PMSG under no-load (open-circuit) and 
balanced resistive-load conditions, the FE-simulated back-emf waveforms are shown in Fig. 12. 

The generated phase currents and developed electromagnetic torque of the RFIR-PMSG with balanced 
resistive load are presented in Fig. 13.  



                                           a)                                               b) 
 
 
 

Fig. 12: Back-emf waveforms of the three-phase small-scale RFIR-PMSG                                                
under (a) no-load (open-circuit) and (b) balanced resistive-load conditions. 

 

                                               a)                                               b) 
 

Fig. 13: Generated phase currents and developed electromagnetic torque of the three-phase                              
small-scale RFIR-PMSG at balanced resistive-load conditions. 

 

 

Comparative results and discussion 

The comparative main design results for the three small-scale PMSGs under study for micro-wind 
turbine application are summarized in Table I. The estimated costs of active materials, i.e. copper, 
PMs and iron (without considering the rotor shaft) are calculated. The reference prices for them are:  
50 [Euro/kg] for PMs, 7.5 [Euro/kg] for copper and 3 [Euro/kg] for stator and / or rotor iron. These 
prices only refer to the raw materials, disregarding the manufacturing and non-active part costs.                    
AF-PMSG has the highest cost due to PMs needed for the double-rotor topology, but is easier to 
manufacture and more lightweight compared to the other two PMSGs. The RFOR- and RFIR-PMSGs 
have lower estimated cost of active materials compared to that for AF-PMSG.                                                                 
In order to estimate the total cost of the small-scale PMSG an estimated manufacturing cost factor (K) 
is introduced. It is thus considered that for AF-PMSG, K = 1.5, meaning that the manufacturing cost is 
50% of the cost of active materials, while for RFOR- and RFIR-PMSGs, K = 2, due to more complex 
manufacturing processes.                                                                                                                           
The lowest total estimated costs result for the three-phase small-scale AF-PMSG. 



Table I: Comparative main design results of the three-phase small-scale PMSGs under study                   
 AF-PMSG RFOR-PMSG RFIR-PMSG 

Copper weight 11.64 kg 8.3 kg 9.14 kg 
Permanent-magnet weight 10.06 kg 7.5 kg 5.55 kg 

Iron weight 18.14 kg 32.8 kg 44.69 kg 
Shaft weight - 22.3 kg 5.41 kg 
Total weight 39.84 kg 70.9 kg 59.39 kg 
Efficiency 92 % 89.23 % 92.32 % 

Turns per phase 2000 234 282 
Turns per coil 500 39 47 
Wire diameter 0.56 mm2 1.4 mm2 1.4 mm2 

Phase resistance 12 Ohm 3.4 Ohm 2.54 Ohm 
Airgap 1 mm 0.8 mm 1 mm 

Number of poles (PM - rotor) 16 30 30 
Outer radius 295 mm 250 mm 140 mm 
Stack length - 300 mm 200 mm 

Active materials estimated cost 609.8 Euro 535.65 Euro 478.12 Euro 
Manufacturing cost factor (K) 1.5 2 2 

Total estimated costs 914.7 Euro 1071.3 Euro 956.24 Euro 

Conclusion  

Three topologies of small-scale PMSGs have been considered for micro-wind turbine application, and 
comparatively studied through preliminary design and FE field analysis. The main design results have 
shown that AF-PMSG and RFIR-PMSG topologies have similar efficiencies, slightly higher than that 
of RFOR-PMSG. Although AF-PMSG has the most costly active materials, its overall estimated costs 
are lower compared with those of RFOR- and RFIR-PMSG topologies, mainly due to its cheaper 
manufacturing costs.  
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