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Abstract: The single-phase induction motor of
the Problem No. 30a of TEAM Workshops has
been solved by the Finite Element Method
(FEM) using theA,V - A - potential formulation
and theT,® - @ - potential formulation. This
linear problem has been solved in the frequency
domain by the two potential formulations.
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1. Introduction

This paper presents the solution of the single-
phase induction motor of the Problem No. 30a of
TEAM Workshops [1] by using different
potential formulations and the Finite Element
Method (FEM) [2,3,4]. The linear problem has
been solved in the frequency domain by the two
potential formulations, and the solutions of them
have been compared. Here, the problem is a
linear eddy current field problem.

The used potential formulations of motional
two dimensional time-stepping Finite Element
Method [4,5,6,7] by means of thaV - A -
potential formulation with motion [6,7] and by
the T,® — @ - potential formulation with motion
[8,9] have been implemented. The two-
dimensional linear time varying eddy current
field problem has been solved in the frequency
domain [10] by the two potential formulations.

The used methods are applied to compute the
power dissipation of rotor, and rotor steel [11,12]
of this single-phase motor. These quantities are
computed on a per unit depths (1m) basis.

The induction motor under investigation is
considered to be an eddy current field problem.
The eddy current field of the motor is assumed to
be two dimensional, i.e. the influence of the end-
region fields have has been neglected.

2. Arrangement of Induction Motor

The arrangement of the problem is shown in
Fig. 1, which is a single-phase induction motor.
In Fig.1.c is the conductivityy, is the relative
permeability in the problem. In thisdrg

rotor steel
0=1.60*10"$/m

Phase A
J=310 A/lem
1=2045.175A

rotor aluminum
6=3.72¥10 S/m

Figure 1. The 3D model of the simulated single-phase
induction motor.

the current excitation of the windings is
represented by the source current dengjtyin
the AV - A - potential formulation the inverse
model of constitutive relations, or the variable
=1/ In theT,® - @ - potential formulation the
direct model of constitutive relations is used.

The rotor is made of rotor steel and rotor
aluminum, i.e. the rotor steel is surrounded by
the rotor aluminum. The stator steel is laminated
and its conductivity has been selectedoasO.
The windings are not embedded in slots. The
rotation of the rotor is counterclockwise. The
range of computation of the single-phase
induction motor for rotor angular velocities is
from O to 358 rad/s (0.95% of the peak field
speed) The synchronous speed is
Q=2rf=377rad/s, because the winding is excited
atf=60 Hz.

The studied eddy current field problem is
separated into two parts. The conductor region,
i.e. the rotor, and the nonmagnetic, and non-
conductive region, the windings, the air, and the
laminated stator steelQ, The Maxwell's
equations in the eddy current free region, model
a static magnetic field, while in the eddy current
region, the "quasi-static" Maxwell's equations
are valid. The boundary’s is the closing
boundary of the problem region, where normal
component of magnetic flux density is neglected.



2. Numerical Simulation Procedures

First of all, from thePhysi cs meny select

the Model Settings, and from the
Equati on System Form list select the
Weak form.

The constants (e.g. moving velodiy,

frequencyf, external current densitly) must be
typed in theOpt i ons/ Const ant s menu.

2.1.Modeling Motion

In induction machines consider a rotor
moving in one direction with velocity relative
to a reference fram®(x,y) and a local reference
frame O'(X',y"), which is moving with the rotor
[7].

The displacement currents are negligible,
because of the low frequencies used in the
electrical machines, and the Maxwell's equations
can be written in the fixed reference frame as:

OxH =J, 1)

OxE =—jaB, (2

OIB =0, (3
J inQ .,

J= 0 . n (4)
oE InQ..

Electromagnetic phenomena are described by
the same Maxwell's equations in the fixed, and in
the moving reference frames.

B'=B,

E'=E+vxB,

. (%)
H =H,

J =7,

where the quantities observed from the moving
reference fram@®’ are marked by apostrophes.
Only the electric field intensity vectdE is
modified, because of adding the motion voltage
termvxB toE.
Substituting the equation & into (4) gives
the next relation:

J=0E =0o(E +vxB), (6)

because the motion of the conductor region of
the induced induction motor eddy currents, and
the eddy currents are depending on the velocity.
The velocity v has been type in the
Opt i ons/ Expr essi ons/ Subdonai n
Expr essi ons the following form v=e, xr

by separate the, y-components.

2.2. TheA\V - A - potential formulation with
motion

This potential formulation coupled with
moving velocity seems to be the most widely
used formulation of electrical machines [4,5,6].

TheA\V - A - potential formulation is based
on the magnetic vector potenti#d and the
electric scalar potential/ with nodal element
approximation.

Basically, the induction motor is a two-
dimensional problem, and this results in the two
dimensional case that the electric scalar potential
can be selected 450 in theA,V — A - potential
formulation [2].

The divergence-free magnetic flux dendity
can be described by the curl of the magnetic
vector potentiaA, i.e.

B=0OxA. @)

The curl of magnetic vector potentidl weak
form is the following:Azy- Azx, whereAzy is
x-component of magnetic flux densify, and
- Azx is they-component.

Substituting the equation (7) into Faraday's
law (2) gives the next equation:

OxE =-jallx A, (8)

sinceV=0.

Redistribute and substitute the
E' = E +vxB into the equation (8), and the use
of relation (7) result in thé,V — A - potential
formulation with motion in the conductive region
Q. in the frequency domain,

Ox(WOxA)+o(jeA-vxOxA)=0, (9)

where reluctivityv :1/(,uo,ur ) .

The (9) equation is typed in the
Physi scs/ Equat i ons Syst eni
Subdonai n Seeti ngs the following form:
(1/ mu)*((Azy*Azy_test)+(Azx* Azx_
test)) +si gma*
((test(Az)*(j*wAz))-test(Az)*(-
Vx*Azx - Vy*Azy)),
where Azy test, and test(Az) are the
test functions.

In the non-conducting regionf, the
fundamental equation is given by

OxOxA) = J,, (10)

whereyvy is the reluctivity in vacuum.

At the AV — A - potential formulation the
motion voltage term weak form is the following:
(-Vx*Azx -W*Azy).



2.3. TheT,® — @ - potential formulation with
motion

Basically this potential formulation has not
been used in the simulation of induction
machines, but some papers in the literature can
be found from the other part of FEM analysis
[8,9].

The T,® - @ - potential formulation is based
on the current vector potential with edge
element approximation and on the reduced
magnetic scalar potentig with nodal element
approximation.

The source current densifly can be written
by the curl of the impressed current vector
potentialT, [2,3],

Jo =0xT,. 11)

The above equation has been written in weak
form:
((TOyx- TOxy-Jz) *(TOyx_t est -
TOxy_test)).

The expression of the magnetic field
intensity H and the eddy current densifyare
then from (2) are:

H=T,+T -0,
J=0xT,

(12)
(13)
becausel[J =0.

In this formulation, the electric field intensity
E with motion voltage term is the following:

E':EDXT +VvxB.
g

(14)

Combining the Faraday's law (2), the
constitutive relationB = yH , the equation (12),
and the equation (14) results in the following
partial differential equation:

Dx(i OxT +vx(Tg+T —ch)j =
o (15)
~JWATQ — jWaT + jwil®,

where = pyu, is the permeability.

The weak formulation of (15) equation is the
following:

(Tyx_test-Txy test)*
(1/sigma*(Tyx-Txy) +

(Vx*mu* ( TOy+Ty- Fly) -

Vy* mu* ( TOX+Tx-

FIx)))+) *wrmu*( Tx_t est * ( TOX+Tx-

FI x) +Ty_test*(TOy+Ty-Fly)),

where 1/ si gma* ( Tyx- Txy) is the electric
field intensityE.

Substituting the equation (12) into the
magnetic Gauss' law (3) gives the next partial

differential equation:
Ou(Ty +T -0®) =0. (16)

The weak form of this equation:
j*WrmuO* mur * (FI x*t est (FI x) +Fl y*t

est(Fly))-
j *WrmuO* mur * ( TOx*t est (FI x) +TOy*t
est(Fly))-
j*WrmuO* mur * (Tx*t est (FI x) +Ty*tes
t(Fly)).

In the non-conducting regiong, only

equation (16) has to be solved, ut 4,, and
T=0.

At this formulation the motion voltage term
weak form is the following:

(Wx*mu* (TOy+Ty- Fl y) -

Vy* mu* ( TOX+Tx- FI x) .

2.4. The Power Dissipation

The average power dissipation due to eddy
current losses can be found by the power density
loss can be integrated over the surface,

(1
P, _iubaE IZEDde, 17)

where the real part of power density loss

%OE [E" can be integrated over the surface of

the bodyQ, andE is the electric field intensity,
andE* conjugacy of electric field intensity

The computation of power dissipation the
(17) equation weak form type the
Post pr ocessi ng/ Subdomai n
I nt egrati on menu.

At the A)V — A - potential formulation the
weak from is the next:
0.5*real ((sigma*((-j*w-Az)+(-

Vx* Azx-Vy*Azy) ) ) *(conj ((-

] *WFAZ) +( - Vx* Azx- Vy*Azy) ) ) ),

and the other potential formulation:

0. 5*real (sigma*(1/sigm*(Tyx-
Txy))*(conj (1/sigma*( Tyx-Txy)))).

The difference between the above two weak
form is the moving velocity. This is cause, at the
T,® — @ - formulation after the simulation the
E' = E, whereas thé\,V — A — potential after
the simulation theE' = E +vxB remain.



3. Expected Results
computation programs take into account the
The numerical computations were performed ~ Symmetry of the global matrix, and storing only
using Computer programs deve|0ped by the the half of this matrix in memaory. HOWeVer, n
functions of COMSOL Multiphysics. The this case the whole matrix must be stored [5].
programs have been run on an |nte|(R) The Computed absolute value of magnetic
Core(TM)2 Duo CPU T9300 with the clock flux density lines inside the simulated motor for
frequency of the processor 2.50 GHz with the running at 358 rad/s can be seen in Fig. 3.
2Gbyte RAM. The solution ofA,V — A — formulation is shown
All the linear simulations have been studied  in Fig. 3a, and the other potential formulations
using the same mesh, which consists of 21208  solution is shown in Fig. 3b. These two solutions
second-order triangu|ar elements as it can be seem to be equal aside from the little difference
seen on the Fig. 2a. The Fig. 2b shows the used inside the rotor steel. The solutions is seem to be
mesh to calculate the impressed current vector —equal in all simulations.
potential and the closing boundary consists of
55936 second-order triangular elements. The

number of unknowns are different in the two 0.74
potential formulations. Using théd,V — A - ; ; ; ;
formulation, the number of unknowns is 42733, 0.592 oo foae S T N
and in case of thd,® — @ - formulation the | ’ ’ ’
number of unknowns is 63517. : : : :

The CPU time for the analysis at high speeds — 0.444 oo g prremenegefeee P
is more that at standstill. The CPU time is = W | | | | N
increased when the speed becomes high, because & 0.2961- b e P
the number of iteration for the GMRES solver ’ § § §
(Generalized Minimum Residual Method) with : : : :
SSOR preconditioner (Symmetric Successive 0.148{----fg-- NI AN | RS Foeonees .
Over-Relaxation) method is increased due to the § ’ ’ §
ill-condition of the mass matrix [13]. Generally, il S’ Ly
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Figure 4. Computed magnetic flux inside the
simulated motor across theaxis.
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Figure 3. The magnetic flux density lines at 358 rad/s Figure 5. Magnetic flux difference between the
angular velocity. potential formulations.



The absolute value of magnetic flux density
along the line inside the simulated induction
motorx=-0.057,...... ,0.057 mmy=0 can be
seen in Fig. 4. This figures shows the results of
analysis at 39 rad/s, 159 rad/s, and 358 rad/s
angular velocities.

Fig. 5 show enlarged region in x= -0.0553,
....,-0.052 mm, e.i. the magnetic flux density
inside the stator steel can be seen. The solutions
of potential fomrulations seem to be equal at
three different angular velocities. This
phenomenon as come true at all angular
velocities of simulation.

The rotor loss is computed as a sum of the
power dissipation of rotor steel and rotor
aluminum. A comparison between the computed
rotor loss of two potential formulations as
functions of angular velocity is shown in Fig. 6.

A comparison between the computed steel
loss of two potential formulations as functions of
angular velocity is depicted in Fig. 7. The
maximum of relative is less than 1%. This
difference result that these potential formulations
is depending on the quality of mesh as well. The
A,V — A -potential formulation solutions are the
minor of the "good" solution, whereas thgb —

@ - potential formulation solutions are the major
of the "good" solution. The curves of the results
can be seen in the Fig. 7.

4. Conclusion

The used numerical procedure of eddy current
field calculation results in the expected data. The
two different potential formulations in frequency
domain solutions have been compared and the
results seem to be close to each other.

In the two dimensional casé,V — A -
potential formulation seems to be better solver
with motion voltage term. TheAV — A -
potential formulation with motion voltage term
converged faster, the number of elements and
unknowns are less than tlied — ® - potential
formulation with motion voltage term.

The aim of further research is compute the
torque, the induced voltage of windings, and
compared with the analitical solution of of the
Problem No. 30a of TEAM Workshops.

Furthermorethe aim of further research is to
solve this problem by th€ @ — @ — formulation
and the AV - A — formulation taking the
nonlinearity into account, and to compare these
nonlinear solutions.

350 : : . .
===A,V_ A - formulation
8 T, - @ - formulation

2 el |

= i i N

2300 b g

@ : : : !

2 s s s AN

g 278

= : : : @

S \

x \
P S et S ’t\-
230 : ; ; ; T

0 72 144 216 288 360

Velocity (rad/s)

Figure 6. Computed rotor loss as functions of

velocities.
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Figure 7. Computed steel loss as functions of
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