Development of Finite Element Analysis Package for
Induction Machines

Shuhong Wang"?, Ningning Guo', Zhe Ren" Jie Qiu', Jian Guo Zhu’, Youguang Guo’, Yi Wang?

"Faculty of Electrical Engineering, Xi’an Jiaotong University, Xi’an, 710049, China
2gchool of Electrical, Mechanical and Mechatronic Systems, University of Technology, Sydney, NSW 2007, Australia

Abstract-In this paper, a software paclkage of finite clement
(FE) analysis for induction machines is presented. The back-EMI
in windings is expressed by magnetic vector potential, which is
used to couple with transient finite clement analysis. The
cquations of drive cirenit and rofor bars are described by loop
circuit equations. The pre-processing and post-processing of this
package are developed based on AutoCAD. The FE model and
sonte machine parameters can be input by friendly graphical user
interfaces. The calculated magnetic field distribution and
transient results can be shown in AuteCAD or graphical
interfaces,

1. INTRODUCTION

A friendly and practical package for finite element analysis
is desirable for designer to analyse the performances of
¢lectrical machines in  high precision and adaptability.
Induction machine, a popular kind of electrical machines, has
been widely applied in many industry fields, such as traffic
transport, wind power generations and household appliances,
and so on. This paper aims to present a developed FE analysis
package for induction machines, including three phase and
single phase induction machines.

The field-circuit coupled simulation, which can deal with
voliage driving problems [t], is developed in this package.
Instead of iterating between circuit and magnetic field
solutions, the circuit equations of the armature windings were
coupled directly with the finite element equalions so that the
currents could be computed simultaneousty.  Further
development aliowed arbitrary connected circuits to be coupled
with magnetic fields. For establishing the circuit equations
some authors preferred using the nodal method [2-3] and
others preferred the loop method [3-9]. Some literatures are
available for the handling of stranded windings [2], [5-7] and
solid conductors [10].

In this paper, some pre- and post-processing modules have
been developed based on AutoCAD environment because
AutoCAD provides several powerful second-development
tools and more motor designer use AutoCAD expertly. In this
developed package, the object definition, boundary condition
definition, meshing control and the display of calculated
magnetic field distribution are all realized in AutoCAD. Other
graphical interfaces, c.g. exciting voltage, management of
materiat properties, parameters of motor winding, parameters
of rotor solid bars, are all coded with Visual Basic.
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II. FUNDAMENTAL EQUATIONS

A two-dimensional (2D) finite-element method is used for
the induction machines, where the magnetic vector potential
has only the z-component.

A, Eleciromagnetic Field Equations

The Maxwell’s equations are applied to the air gap and iron
core regions by the following diffusion equation {10];
V-(vWA)=0 (1)

where A4 is component of magnetic vector potential in the z axis,

v is the reluctivity of materials,
The field equation in the stranded windings can be wrilten as:

a’,Nl

V(A ')

i, =0
f“pf

where i is the winding current, S, is the total cross-sectional
area of the region occupied by this winding in the solution
domain, p is the symmetry multiplier which is defined as the
ratio of the original full cross-sectional area to the solution area,
d; is the polarity to represent forward path or return path, a is
the number of parallel branches, and N; is the total conductor
number.

The magnetic field equation in the region of solid
conductors can be expressed as:

d,ac
V- (vVA)—oa—A+ Ly, =0

(3}
o N

where w,. is the voltage difference between the terminals of

solid conductor winding, and / is the model depth in the z axis,

B.  Branch Fquation of Stranded Windings and Solid Condhictors
The branch equations of the stranded windings and solid

conductors are coupled with field equations. The branch
equation of the stranded windings is described as:
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where w1y is the voltage on the two ter minals of the winding, /
is the model depth in z axis, Ryis the total DC resistance of the
winding.

For a generator, {4) may be rewritten as

d N
J__LJI@dQ R, =u,
Spa 1 0

The branch equation of solid conductors is shown as

1

[ = =0 J'L M-t o (5)

bar

where Sy, is the cross-sectional area of the conductor and Ry,
is the DC resistance of this one conductor bar. w4, is the
voltage on the two terminals of the conductor bar.

C.  Loop Eguations

The loop methed is applied to describe the circuit equations
of the stranded windings, the solid conductors and the external
circuits. The currents flowed in stranded winding and solid
conductors are regards as branch currents. In loop methed, the
variables are chosen as loop current.

The relationship between the branch current column vector
I and the loop current column vector I is

I=8y'I; (6)
where By, is the loop-to-branch incidence matrix.
The Kirchhofl’s voltage law can be expressed as,

By U=0 {7

where U is the branch voliage column vector,

From above (1)-(7), the field-circuit coupled equation can be
established. The magnetic vector potentials of the nodes and
the loop currents are chosen as unknowns.

If capacitor exists in the external circuit of machine, such as
capacitor-running single-phase induction motor, the voltage-
cutrent relationship of capacitor shown as follows need to be
considered, The capacitor voltage uc is regarded as unknowns
in coupled equations.

i =cﬁg‘t£ ®

D, Mechanical Equaltions

At each lime step the clectromagnetic torque 7o IS
calculated by using the Maxwell stress tensor. The angular
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speed and the rotor displacement at the &th time step can be
determined by the following equations:

~aw,_, =T, YAt (9)

L

1
o, =0, +—(T,
k k-1 J( @

0, =6, + Al (10)

For a generator, (9) may be rewrilien as

@y =W+ 5,”(7"1 =1, —aw, )M

In equation (9), @ is angular velocity, & is the damping
coefficient, 7, is the electromagnetic torque, Ty is the load
torque, and J is the total inertia. In equation (10), @ is the
angular displacement of rotor. The rotor is then turned and the
movement is accounted.

E.  Eddy Loss Equations

Iron loss is computed by a traditional loss calculation
apptoach of iron. Because the current density is normally not
uniforn over the cross-section of rotor bar, the loss of rotor bar
is expressed as

{11

g
or

pqp(

where S is the full cross-sectional area of one rotor bar, p is
the resistivity of the bar, and g is the ratio of the solution area
to full cross-sectional area.

The back-Eular method and Newton-Raphson iteration are
used to solve the transient nonlinear field-circuit coupted
equations.

NNI. DEVELOPMENT OF FINITE ELEMENT PACKAGE

As a finite clement package, pre-processor, analysis and
post-processor should be developed to provide the users a
convenient taol for the performance analysis of induction
machines.

In this paper, some pre- and post-processing modules have
been developed based on AutoCAD environment because
AutoCAD provides powerful second-development tools, such
as AutoCAD ARX, VBA for AutoCAD and AutoLISP.

In AutoCAD, the object definition, boundary condition
definition and mesh controller are developed and the magnetic
field distribution may be shown. The user may navigate the
friendly interfaces to establish the finite element model and
acquire the results of magnetic field from the field distribution,

Fig.1, 2 and 3 show the object definition interface, mesh
controller and magnetic distribution in AutoCAD, respectively.
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Figure 1. Object definition in AutoCAD.
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Figure 3. Dlsmbunon of magnetic flux density shown in AutoCAD.

The main interface and some other interfaces are developed
using Visual Basic. The users may employ all of the provided
functions, such as material definition, parameter definition of
induction machine, FE computation and performance
waveforn browser, as well as running AutoCAD. Fig.d4, 5 and

& show the main interface, B-H curve definition interface and
transient winding currents interface, respectively.
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Figure 4. Main interface,
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Figure 5. B-H curve definition interface

The developed FE analysis package may provide user
transient performance computation of induction machines,
such as transient currents in windings and rotor bars,
electromagnetic torque, speed, conducting current loss, iron
loss and efficiency.
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A single-phase two-pole induction motor for compressor is 720
used to show the functions of this package. The motor is fed by s00-]
a 50 Hz sinusoidal voltage, and presents a different number of 250 /f
twrns of main and auxiliary windings in each slot. and a 252'
capacitor is connected in the auxiliary winding. The electric P21 oo o1 0z u3 04 05 06 07 9B 09 10 11
circuit of stator windings is shown in Fig. 7. Time / s
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In Fig. 7, ep and e, ave the back EMF of the main and the g 3
auxiliary windings, Ry and R, are resistances of the main and 2 o]
the auxiliary windings, and Rue, Raes Lnte a0 Lag are the end ﬁ;f
leakage resistances and end leakage inductances of the main ]
and the auxiliary windings, respectively. 31 00 o1 02 03 04 05 08 07 08 08 0 11
The field distribution calculated by using this package is Time /5

shown in Fig. 8, and the speed is given in Fig. 9.
Figure 10. Electromagnetic torque
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B, Asynchronous Generator

This example is a 3-phase four-pole asynchronous generator,
a kind of induction machines used in a wind generator, The
rated output power is750 kW, output voltage is 690 V and the
frequency is 50 Hz. The finite element mesh is shown as Fig.
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Figure 11. Finite clement mesh of an asynchronous generator

One phase current of stator winding is given in Fig. 12. The
phase currents have correlation with speed which is shown in
Fig. 13. The starting-up current is very large before the rotor
reaches the synchronous speed,

Phase Current/ A

o0
o A

Figure 12. One phase current of stator winding
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Figure 13. Instantancous speed

The current of one rotor bar are shown in Fig. 14. The
change of slip ratio is reflected by the current in rotor bar, and
when the generator is at the steady state condition, the current
frequency is low.

The [feld distributions of starting and steady states,

respectively shown in Fig. 15 and 16, are different due to skin

effect. The loss density distribution at the steady state

condition is given in Fig. 17.
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Figure 4. Current flowed in one rotor bar
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V. CONCLUSION

A developed finite element package of transient analysis of
induction machines is presented. A directly-coupled field-
circuit method for solid conductors and stranded windings has
been realized to calculate the motor performance. The pre- and
post-processing  have been developed with user-friendly
interfaces based on AutoCAD. The package has been
employed in some industry applications, such as compressor
motor and wind generator. Considering the equivalent models
of permanent magnets, different drive and control strategies,
SN the package may be expanded to analyse the performances of
"j’i S ale W adjust-speed and line-start synchronous motors, BLDC motors,
\\"ﬁﬁ}'&%ﬁ}s! = DC motor, and as well as switched reluctance niotors and some

\ 8 olher new types of electrical machines.
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Figure 17. Loss density distribution in the generator
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