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Abstract—The burrs of electrical machine formed during punching process impair the insulation and make random galvanic
contacts between the electrical sheets. This paper presents the modeling of random galvanic contacts in a 37 kW induction
machine using a surface boundary layer model. Several thousand time stepping finite element simulations were performed,
varying the conductivity randomly at the edges of electrical sheets. Then, the additional losses were computed using a
vector potential formulation and the surface boundary layer model. The preliminary result showed the increase of total
electromagnetic loss by 7.7%.

Index Terms—additional losses, burr, finite element method, interlaminar current , random conductivity.

I. INTRODUCTION

Electrical steels are usually categorised as grain ori-

ented and non grain oriented. The core losses in non

oriented sheets typically range from 0.5 to 2.5 W/kg at

60 Hz and 1.5 T [1]. In such steels, hysteresis loss is

dominating which accounts for 60-70 % of the total loss.

In grain oriented steels, the typical core loss range from

0.3 to 0.5 W/kg at 60 Hz and eddy current loss are about

75 % of the total loss [1], [2]. These steels have superior

magnetic properties in rolling direction. Grain oriented

and non oriented steels which contain iron silicon are

soft magnetic material. This makes them more prone to

form burrs when punched depending on the clearance of

blades [3]. The effect of the burrs on these steels due

to punching is studied in [3], [4]. It has been observed

that there is significant heating in the vicinity of burred

region of laminated steels [5]. Similarly, few percent of

increment in iron losses was observed in [6].

In large electrical machines, the burrs formed at the

sheets are removed by the deburring process but still the

deburring process can introduce some insulation faults

and causes the galvanic contacts between the sheets [7].

The effect of burrs is also significant in non oriented

steels. The formation of the burr at the edge of elec-

trical steels depends on the age of the punching tools

and stacking pressure. It was observed in [8] that the

increased iron loss due to the age of punching tool was

because of the increased hysteresis loss. In the same

study, the pressing of the laminated sheets increased the

eddy current loss which suggests that it deteriorates the

insulation of adjacent sheets and causes galvanic contacts

between the sheets.

There are many studies done to model the inter-laminar

short circuit of laminated sheets. These studies are based

on both analytical and experimental approach. In [9],

[6] artificial galvanic contacts are applied at the opposite

sides of the transformer limbs and additional losses are

quantified through measurement. In [4] an analytical

approach was considered. Interlaminar shortcircuits of

the sheets influenced the impedance of the coil and it

was modeled with permeance network. In [10] three

dimensional eddy current model was developed to study

the interlaminar current in induction machines. The burrs

formed at the edges of the sheets are random in nature

and introduce uncertainties in the solution. There are

studies done in [11] where uncertainties due to measure-

ment in permeabilities are considered.

In this paper, randomness in inter-laminar short circuit

is addressed by performing several simulations on a

37 kW induction machine. This paper discusses the

formulation of a novel surface boundary layer model and

its implementation in the 37 kW induction machine to

estimate the additional loss due to the random galvanic

contact at the edges of the stator.

II. METHODS AND RESULTS

A. Problem study

It is now evident from the literature study that the

punching forms the burrs and pressing of the burred

sheets causes the random galvanic contacts. The effect

of the galvanic contact was first studied in two laminated

sheets. The thickness of the sheets is in y direction

and breadth of the sheet is in x direction as shown in

Figure 1. Magnetic flux density was forced in z direction

using boundary conditions given by (9). The galvanic

contact was placed in the opposite side between the

laminated sheets where it deteriorates the insulation.

Due to symmetry, the sheets with contact is shown in

Figure 2. The study was done in COMSOL solving the

following Maxwell’s equations,

∇× E = −jω B (1)

∇×H = J (2)

∇ · B = 0 (3)



The material equation is given by,

B = μH, (4)

J = σ E . (5)

B and H is magnetic flux density and magnetic field

strength, respectively. The time varying magnetic flux

induces the electric field (E) and in the presence of con-

ductor, it produce the current density J. The Maxwell’s

equation was solved by introducing a vector quantity

called magnetic vector potential (A) that can be expressed

as,

B = ∇× A . (6)

Substituting, (6) in (1) and solving for electric field, the

following expression is obtained,

E = −jω A−∇φ. (7)

Now, (5) can be written as,

J = −σjω A−σ∇φ. (8)

φ is the scalar potential and the integration of the gradient

of the scalar potential is associated with induced voltage.

In this problem identification study, magnetic flux density

was forced in z direction using boundary conditions.

Bz =

(
∂ Ay

∂x
− ∂ Ax

∂y

)
(9)

On the boundaries of Figure 2 and Figure 1, following

conditions were applied,

Ax = Ax1 = constant on Γ1,

Ax = −Ax1 = constant on Γ3,

Ay = −Ay2 = constant on Γ2,

Ay = 0 on Γ4,

and flux in the sheet is given by,

Φ =
∫
s

Bz ds.

For the uniqueness of the solution for above mentioned

expression, the Coulomb gauge ∇ · A = 0 and ∇ ·
(−σjω A−σ∇φ) = 0 was enforced.

Table I
ELECTRICAL SHEET PARAMETER

Dimension 90 mm × 26 mm × 0.2 mm
Burr width 0.1 mm

Conductivity 3 MS/m

The solutions obtained from solving above equations

is shown in Figure 1 and Figure 2. It can be seen that in

the sheets without contact, the time varying flux density

induces the current density in each lamination and there is

no flow of current from one sheet to the other. However,

in the sheets with galvanic contacts, there is induced

current density loops in each individual sheets and the

bigger loops through the formed contacts. The bigger

loops of induced current density is only formed when

there is presence of galvanic contacts at both sides.

Figure 1. Induced surface current density with no galvanic contact

Figure 2. Induced surface current density with galvanic contact

The objective of the problem study was to observe

how the induced current density loops are formed in

the presence of the galvanic contacts. The finite element

computation of the thin laminated sheet is very expensive.

The thin laminated sheets requires extremely fine mesh.

This computational limitation allowed only to study the

time harmonic and linear material. The eddy current

problems in thin laminated sheets are usually studied

by reducing the problem size by using homogenization

techniques [12] and using anisotropic conductivity [13],

basically assigning low conductivity in normal direction

of the lamination. The analytical modeling of thin elec-

trical sheets including the skin depth is discussed in [14],

[15]. The dimensions of the sheets are tabulated in Table

I. The thickness of the sheets were considered to be

greater than the skin depth and the insulation layer was

modeled as air gap.

B. Surface boundary layer model

The above study showed that the galvanic contacts

formed by the burrs on the opposite side of the sheets

forms an additional loops of induced current density. In

two dimension finite element study where the current

density is assumed inside or outside the plane, the

gradient of scalar potential (∇φ) can be neglected. It

is assumed that the length of the conductor beyond the

plane is infinitely long and the induced voltage is zero.

The presence of the surface current at the edges of sheets

causes the discontinuity in the tangential component of

the magnetic field. Based on this principle and vector



Table II
MACHINE PARAMETER

Machine type Cage Induction
Voltage 400 V

Rated power 37 kW
Number of poles 4 pole

Frequency 50 Hz
Rated slip 0.016

potential formulation, the surface boundary layer model

was developed. The derivation and the explanation of

the formulation is given in [16]. The surface boundary

layer model was compared to extremely fine mesh and

both the model gave similar results. The discontinuity

in tangential component of magnetic field is given by,

νFe∇A ·n−νair∇A ·n = σh
∂ A

∂t
. (10)

The weak form of the formulated equation on iron

boundary ΓFe is given by∫
ΩFe

νFe∇A · ∇wdΩ +

∫
Ωair

νair∇A · ∇wdΩ

−
∮
ΓFe

wσh
∂A

∂t
dΓFe = 0 .

(11)

The first two part of the above equation represents the

conventional finite element formulation for non conduct-

ing iron sheets. The effect of the galvanic contacts at the

edges of the sheets on the global solution is obtained

by the additional boundary condition which is the third

term in (11). The conductivity of the burr and its width

is given by σ and h respectively and only the product

of those term matters. The use of the line elements at

the edges in surface boundary layer model reduces the

requirement of extremely fine mesh.

III. RESULTS AND DISCUSSION

The surface boundary layer model was implemented

in an in house software to study the effect of galvanic

contacts on 37 kW machine. The machine characteristics

are shown in Table II. The non linear field equations were

coupled to stator and rotor voltage equations [17]. The

time stepping was done using Crank Nicolson method.

Two hundred time steps were used per period. Two

different cases related to 37 kW induction machine were

studied. In the first case, it was assumed that the galvanic

contact is formed at the tip of one stator tooth and on the

stator frame. In the second case, it was assumed that the

random galvanic contacts were formed at all the edges

of the stator.

A. Case A: One teeth burred

The surface boundary layer was implemented at the tip

of one stator tooth as shown in Figure 3. The difference

of the solutions between one tooth burred machine and

healthy machine is shown in Figure 4.

Figure 3. One teeth burred

Figure 4. Flux density difference between healthy and faulty cases

The rotor and stator core losses were compared with

the healthy electrical machine. The losses were obtained

by varying σh. The stator and rotor loss were compared

with the healthy ones. The difference is shown in Figure

5. It was observed that at lower σh the rotor loss was

Figure 5. Total iron losses difference between one tooth faulty and
healthy machine

less affected but as the σh was increased the rotor loss

was significant. The stator loss was increased linearly. As

can be seen from the difference plot of the solution, the

flux is pushed towards the rotor due to the presence of

conducting edge at the tip of the stator tooth.

B. Case B: Randomness in galvanic contacts

The randomness of the contacts was studied in the

second case. The statistical analysis was performed using



brute force Monte Carlo method. The conductivity of

the galvanic contact was considered to be from uniform

distribution. It was varied between [0,3] MS/m and

burr width was considered in the range of 1μmm. The

complete time stepping simulation was performed for

10000 times. In each complete time stepping simulation,

random conductivity was assigned at the edges of the

stator. This is equivalent as performing simulations on

10000 different machines.

Figure 6. Different color representation of random conductivity

The air gap torque and losses at stator edges were

studied in this paper. The air gap torque was calculated

using virtual work method [17] for every simulations. The

distribution of air gap torque is shown in Figure 7 and

it can be seen that the effect of surface boundary layer

model on the operation point was negligible. The losses

Figure 7. Cummulative distribution function of computed air gap
torque

at the stator edges were computed after each complete

time stepping simulation. These losses were computed

using (12) where R is the number of the simulations and

e is the index of stator edges.

Padd =
1

R

R∑
n=1

(
1

T

∫ ∫
Γ

σe
nh

(
∂ A(x, y, t)

∂t

)2

dΓdt

)
n

(12)

Their cumulative distribution function was obtained and

shown in Figure 8. The mean of the computed loss

was 193 W and the standard deviation was obtained 16

W. The mean value of total electromagnetic loss was

increased by 7.7% due to random contacts at the edges

of sheets.

Figure 8. Cumulative distribution function of computed loss

IV. CONCLUSION

This paper validates the hypothesis of induced current

density in burred sheets using finite element method.

It also performs the theoretical statistical study of the

random conductivity at the stator edge. The surface

boundary layer model was implemented in the 37 kW

induction machine. The random galvanic contacts at

the edges of the stator was addressed by varying the

conductivity at the edges and burr width (σh). In future,

the conductivity distribution for the laminated sheets will

be obtained through rigorous experiment and the obtained

results will be compared with stochastic methods.
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