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Abstract:. Performance prediction in brushless alternators is conventionally carried out using traditional 

methods which combine analytical and empirical knowledge. These methods lack accuracy due to complex 

geometry and non-linear characteristics of magnetic materials associated with the machine. Hence, numerical 

field computation methods like finite difference method (FDM), boundary element method (BEM) and finite 

element method (FEM) have been employed for prediction and analysis of machine characteristicsby electro-

magnetic field analysis. Out of these techniques, FEM is increasingly used by designers due to its ability to 

handle complex geometry and presence of non-linear magnetic materials.This paper presents a method for 

prediction of open circuit characteristics (OCC) of brushless alternators based onFEM. A 2D FE model of a 45 

kVA, 415 V, 3-phase, 4-pole salient pole brushless alternator is developed and the open circuit characteristic 

(OCC) is predicted and validated by experiment on the prototype machine.  

 

 
Indexterms:Brushless alternator, Finite element method, OCC, Prototyping, Maxwell’s equations. 
 

 

I. INTRODUCTION 

 

Electric machines are being used in mission critical 

applications throughout the world, driven by the need 

for greater power efficiency in transportation, 

aerospace, defence and industrial automation 

markets. The electric machine is a very complex 

device being multi-domain by nature involving 

magnetic, thermal and mechanical effects. In the face 
of global competition, electric machine 

manufacturers, like manufacturers in most industries, 

are searching for ways to reduce cost, optimize 

designs and deliver them quickly to market. Hence, 

designers are confronted with the task of designing 

machines with high power to weight ratio, high 

efficiency and low cost per kVA output. While 

designing such machines, accurate prediction of 

machine characteristics is essential to minimize 

development cost and time. 

Several calculation techniques are available to predict 

electrical machine performance, including classical 

closed form analysis [1], lumped parameter models 

[2-3] and non-linear time-domain finite element 

analysis [4-6]. The choice is the trade-off among 

model complexity, accuracy and computing time. 

Analytic methods for magnetic field calculations in 

rotating electrical machines are based on averaging 

assumptions of magnetic field parameters in the air 
gap and in the core of the machine. Hence, 

prototyping is necessary for the performance 

evaluation of any electrical machine, but, it is very 

expensive and time consuming to build real 

prototypes for rotating electrical machines as it 

involves investment on tool development for 

stampings each time a design modification is 

implemented during the machine development 

process. To tackle this issue, virtual prototyping (VP) 

is adopted to design, optimize and validate before 

incurring the cost of physical prototypes. Present day 
analysis techniques include solid modeling and finite 

element magnetic simulation. This, along with first 

order analysis, gives accurate machine performance 

predictions. Thus, VP helps to evaluate whether the 

machines designed meet the specified requirements 

and if they do not, provides means to reconcile the 

measured performance with analysis and improve the 

design in future iterations. 

 

 

II. VIRTUAL PROTOTYPING BY FEM 

 
Even though field problems in rotating electrical 

machines are three dimensional (3D) in nature, the 

field properties are invariant along the depth of the 

machine structure. Hence, 2D FEM formulation is 

sufficient for analysis of synchronous machines 

thereby considerably reducing the computational time 

[7]. By FEM, governing equation of electromagnetic 

field distribution existing in the geometry of the 

machine is solved for magnetic vector potential 

(MVP) A, having component only along z-axis. From 
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the computed value of A, the magnetic flux density B 

having components in the (x,y) plane is calculated. 

Applying basic principles of electro-magnetics, from 

the calculated value of B, all field values are 

computed and the machine parameters are predicted 

[8-10].  
 

III. GOVERNING EQUATIONS FOR 

FIELD DISTRIBUTION  

 

Electro-magnetic field phenomena in electrical 

machines is described by Maxwell’s equations and 

constitutive relationships [11-13]. The quantities 

involved in the phenomena are the following:  

 

• Electric field strength, E  

• Magnetic field strength, H 

• Electric flux density, D  
• Magnetic flux density, B  

• Current density, δ  

• Electric charge density,   

• Electric conductivity,   

• Electric permittivity,   

• Magnetic permeability,   

• Magnetic vector potential, A 
 

Maxwell’s equations are written in differential form 

as: 
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The constitutive relationships are: 
 

( , ) ( ) ( , )B P t P H P t   (5) 

( , ) ( ) ( , )D P t P E P t    (6) 

( , ) ( ) ( , )P t P E P t     (7) 

 

Combining Maxwell’s equations and the constitutive 

relationships, the quasi-stationary electromagnetic 

field distribution in the machine structure is described 

by the governing equation known as Poisson’s 

equation, as described by: 
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Solution of the non-linear partial differential equation 

by FEM yields magnetic vector potential
z

A from 

which the magnetic flux density B having 

components only in the (x,y) plane is computed using 

the relation:  

 

( , ) ( , )B P t A P t      (10) 

 

IV. GEOMETRY AND MATERIAL 

PROPERTY ASSIGNMENT 

Basic design of an electrical machine, i.e., the 

dimensioning of magnetic and electric circuits, is 

carried out by applying conventional design 

methodology, using analytical equations and 

empirical formulae. The material for different parts 

are chosen based on the operating point and 

permissible losses. 

Winding Data 

The brushless alternator under study is provided with 

a 3-phase, full pitched concentric winding which is a 

simple, single layer winding designed for 4-poles. 

The 3-phase stator winding is having two parallel 

paths per phase and each coil in the concentric 

winding is provided with 25 turns of 1.12mm copper 

wire. The phase windings can be either star or delta 

connected as required by the customer. 

Boundary Conditions 

In the machine structure under consideration, no flux 

lines cross the outer boundary since flux lines are 

tangential to outer boundary. Hence, the 

homogeneous Dirichlet’s condition is assigned, fixing 

MVP, 0
z

A  along the outer boundary. 

The periodic condition exploits repetitive features of 

magnetic field inside the machine and relates the 

values of 
z

A on two boundaries. Structure of the 

brushless alternator under study has symmetry along 

the computational domain since geometry and 

magnetic phenomena of the machine structure are 

repeated identically under pole pairs. The machine 

being of 4-pole, the domain under analysis during no-

load condition is reduced to one fourth on account of 

periodic symmetry of field pattern, which reduces 

computational time for field analysis. Therefore, 

along axes of periodic symmetry, periodic boundary 

conditions are applied. Since flux density components 

cannot be discontinuous across the symmetry axis, 

the flux lines must be normal to the axis. Hence the 
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Neumann’s boundary condition, i.e., 0
A

n





is 

applied along the symmetry axes. 

V. PRE-DETERMINATION OF 

MACHINE CHARACTERISTICS 

FEM is used to simulate steady state operation of 

synchronousgenerator. During steady state, the 3-

phase currents and voltages vary sinusoidal with time 

[14-15]. The Simulation is carried out asfollows: 

 

Input quantities: 

 A constant synchronous speed is considered, 

and then the operating electrical frequency is 

m
p . 

 Rotor speed is fixed. 

 Magnetising current If is fixed. 

 

Opencircuit characteristic and air gap line 

 

In the FE model of brushless alternator, field winding 

formed by 
f

N turns is fed by a constant current
f

I . 

The armature windings are open circuited so that they 

do not carry any current and considered to have null 

conductivity. Stator and rotor magnetic material is 
described by appropriate B-H characteristics. 

Boundary conditions are assigned, considering that 

the flux linesof half a pole are mirrored flux lines of 

other half of the pole. Then, a value of MVP is fixed 

along the polar axis (Dirichlet's condition), while a 

normal flux density vector is assigned alongthe inter-

polar axis (Neumann's condition). Since flux lines 

donot exit from the yoke, a null MVP is assigned 

along the externalcircumference of the stator. Field 

winding composed by 
f

N  turns and carrying the 

excitation current 
f

I  is modelled by an equivalent 

conductive bar carrying total current 
f f

N I . Once 

the field problem is solved, the z-axiscomponent of 

MVP, ( , )
z

A x y  is obtained at each point of the 

analysis domain. Then, flux linkages with each of the 
3-phase windings are estimated and the rms line-to-

line voltage is computed by the formula, 
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where , ,
A B C

    are the flux linkages in A, B and C 

phases  respectively. 
 

 

VI. SIMULATION AND EXPERIMENTAL 

RESULTS 
 

Fig. 1 shows the finite element model of the 

alternator developed in Ansys Maxwell 2D software. 

Core material used in the machine model is M43C4 

and field excitation is input as field ampere turns. 

Number of turns of field winding around each pole 

being48 having only one parallel path, and field 

excitation chosen as 25 A, field ampere turns is input 

as 1200. A brief listing of the machine specifications 
and design parameters used for modelling is provided 

in Table 1.Flux plotobtained by simulation of FE 

model at 25 A field excitation is shown in Fig. 2. 

 

Table 1 

 

Parameter  Value 

Machine capacity  45 KVA 

Voltage  415 V 

Speed  1500 rpm 

Operating temperature  75 deg. C 

Rated p.f.  0.8 

Winding connection  Star 

Number of poles 4 

 

 

 
 

Figure 1: Finite element model of the alternator 

 

 
 

Figure 2: Flux plot at 25 A field excitation 
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As the number of stator slots/teeth under both halves 

of a pole is equal, the flux lines are symmetrically 

distributed. Flux density distribution and the flux 

density vectorplot across the machine geometry are 

given in Figs.3 and 4 respectively. 

 

 
Figure 3: Flux density distribution at 25 A field 

excitation 

 

 
Figure 4: Flux density vector plot at 25 A field 

excitation 

 

The open circuit characteristicsobtained for the 

machine together with the air gap line is shownin Fig. 

5. As can be seen, OCC exhibits non-linearity athigh 

values of field excitation due to saturation effects. 
FromOCC, the no-load excitation requirement of the 

machine is readas 27.45A. 

 

 
 

Figure 5: OCC and Air Gap Line 

Normally, operating point of the machine is chosen 

based on machine parameters and characteristics 

plotted by simulation of thevirtual prototype. By 

judging characteristics and the parameterspredicted, 

the designer can judiciously select operating point of 

the machine. If parameters deviate from typical 
design values, modifications can be incorporated in 

the virtual prototype bychanging the dimensions/ 

geometry/material used, which savestime and cost 

incurred towards design and development of 

machines. 

 

The 45 kVA, 4 pole salient pole experimental 

machine was tested and OCC was plotted. The 

experimental machine is shown in Fig. 6 and the 

OCC plotted is shown in Fig. 7. 

 

 
 

Figure 6: 45 kVA experimental machine  

 

 
 

Figure 7: OCC of the experimental machine 

 

 

VII. CONCLUSION 

 

In this paper, a simple, fast and efficient method 

basedon 2D FEM for predicting the performance 
characteristics of asalient pole brushless alternator is 

presented. The OCC predicted by virtual prototyping 

by finite element method is in agreement with the 

experimental results.  

 

FEM with its inherent ability to accurately represent 

complex geometries without any simplification of the 
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original machine structure, is used to evaluate 

magnetic field distributions in the brushless 

alternator. Accurate evaluation of the magnetic field 

distribution, in-turn, leads to accurate estimation of 

field related machine parametersand characteristics.  

Evaluation of these parametersis significant when a 
comparison of design options is sought. 

FEM together withcomputer is used to investigate 

effect of various parameters onthe machine 

performance, to gain a better understanding of 

themachine being analysed. It is cost effective and 

saves time onaccount of material resources for the 

multitude of physical experiments needed to gain the 

same level of understanding, inlaboratory 

environments. 

 

REFERENCES 

 
[1] A. K. Mukhopadhyay,, "Matrix analysis of electrical 

machines", New Age International, 2007. 

 

[2] Knight, A., Karmaker, H., and Weber, K. "Use ofa 

permeance model to predict force harmonic componentsand 

damper winding effects in salient-pole synchronous 

machines". IEEE Trans. Energy Convers. 17 (2002), pp. 

478-484. 

 

[3] Ranlof, M., P. R., and U, L. "On permeancemodeling of large 

hydro-generators with application to voltageharmonics 

prediction". IEEE Trans. on Energy Conversion,25 (2010), 

pp. 1179-1186. 

 

[4] Grabner, C., and Schmidt, E. "Novel insights into 

thenonlinear dependency of the airgap magnetic flux 

densityof synchronous generators with fractional slot 

windings incase of various operational states". Proceedings 

of Canadian Conferenceon Electrical and Computer 

Engineering CCECE 2003. 

 

[5] Zhan, Y., and Knight, A. M. "Parallel time-steppedanalysis 

of induction machines with Newton-Raphson iteration and 

domain decomposition", IEEE Transactions on 

Magnetics,44, 6 (2008), pp. 1546-1549. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[6] Hargreaves, P., Mecrow, B., and Hall, R. "Opencircuit 

voltage distortion in salient pole synchronous generators 

with damper windings". Proceedings of Conference on 

Power Electronics, Machines and Drives (PEMD 2010), 5th 

IET InternationalConference on (2010), IET, pp. 1-6. 

 

[7] Bianchi, N. "Electrical machine analysis using finite 

elements". CRC press, 2005. 

 

[8] Amaya, M., Costa, A., Palacios, J., and Cadavid, H. 

“Identification of the synchronous machine parameters by 

the simulation of time domain tests using finite-elements 

method”. In Proc. of the Int. Conf. on Electric Machines and 

Drives (IEMDC’03). 

 

[9] Bastos, J. P. A., and Sadowski, N. ”Electromagnetic 

modeling by finite element methods”. CRC press, 2003. 

 

[10] Chari, M. ”Electromagnetic modeling of electrical 

machinery for design applications”. In Industrial 

Electromagnetics Modelling. Springer, 1983, pp. 3–14. 

 

[11] Chari, M., and Silvester, P. P. "Finite elements inelectrical 

and magnetic _eld problems". John Wiley & 

SonsIncorporated, 1980. 

 

[12] Sadiku, M. N. Numerical techniques in electromagnetic, 

CRC press, 2000. 

 

[13] Zhou, P.-b. Numerical analysis of electromagnetic 

fields.Springer Science & Business Media, 2012. 

 

[14] Keller, S., Xuan, T. M., and Simond, J. J. ”Computation of 

the no-load voltage waveform of laminated salient pole 

synchronous generators”. IEEE Trans. Ind. Appl. 42 (2006), 

pp. 681–687. 

 

[15] Premkumar, C. “Modelling considerations in the magnetic 

field analysis of rotating electrical machines using the finite 

element method”. BHEL Journal (2006), pp. 60–66. 

 

 
 


