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a b s t r a c t

Quality assessment during DC motor manufacturing should involve quality controls designed to detect
various fault conditions associated with the components included in the machine.

Some defects, however, can be produced by the automatic manufacturing process during the assembly
of the individual components. Inter-turn short-circuits, turn to earth short-circuits and open winding,
among other fault conditions, can result from the field poles manufacturing and insertion inside the
stator. The main problem with these kinds of faults is that though the motor is likely to be operational,
there is a high probability of motor breakdown in the near future.

In this paper, the above fault conditions are analyzed and a thermal model and an infrared monitoring
test method for manufacturing quality control is proposed.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The manufacturing of small DC motors is a complex process
involving the compilation of numerous parts. One of the most
critical operations is the assembly of the poles inside the stator
frame. Among others, the placement of the poles can be the origin
of faults such as inter-turn short-circuits, winding to earth faults
and open windings.

Grubic et al. [1] surveyed the state of the art concerning testing
and monitoring methods (mainly those relating to turn insulation
problems) for stator insulation of low-voltage induction machines.
Our research deals with DCmotors rather than inductionmachines,
however, there are some basic ideas that are machine independent.

Syggeridou et al. [2,3] established that the detection of fault
conditions ismore efficient in caseswhere a combinationof different
diagnostic methods, such as mechanical, chemical, thermal, etc., is
employed.

Penman et al. [4] presented a paper that describes a technique
based on axial leakage flux sensing. The methodology makes it
possible to not only detect the occurrence of a turn fault but also to
locate its position in the winding. Furthermore, the method can be
used while the motor is running.

Asaii et al. [5] presented a simplified thermal model that can be
used for predicting the winding temperature even in transient
conditions.

In spite of the fact that thermal analysis of electric machines has
received less attention than electromagnetic analysis, there has

been increasing activity in this discipline during the last several
years [6e8].

The sections that follow introduce the basic structure of the pole
field winding and, at the same time, an equivalent electric and
thermal circuit is proposed. This equivalent circuit is used as
a starting point in order to propose a test system and a method-
ology. While some references related with this topic can be found,
almost all of them are related to running machines [9e14].

As this study is devoted to manufacturing problems, the rotor is
not considered: it is assumed that the rotor has not yet been put
inside the stator frame during the fault detection process.

This method is intended for quality control testing during
manufacturing. If the defects are detected before the rotor is
mounted inside the stator, manufacturing costs can be reduced.

2. Field structure

The field of a conventional DC motor has a structure similar to
the one shown in Fig. 1. The analyzed machine has six poles but the
analysis can be extended to machines with n-poles. From an elec-
trical point of view and considering a steady-state model, the
lumped equivalent circuit of the six-pole machine under study is
introduced in Fig. 2. The equivalent circuit is defined as

Uad ¼ Rpi Ipi þ ðRcþ þ Rc�Þ
X6

i¼1

Ipi (1)

where: Uad Field voltage in V. Ipi Current at the ith-winding in A.
RcþEquivalent resistance of thewinding to general connection point
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(supply voltage terminal) in U; Rc� Equivalent resistance of the
winding to general return connection point (supply reference
terminal) in U; Rpi Equivalent resistance of the i winding in U.

Considering the voltage at poles Ubc, the current Ipi at the
i-winding is

Ipi ¼ Ubc

Rpi

(2)

The field current Is is

Is ¼
X6

i¼1

Ipi (3)

A failure in one or more windings can be modeled as a varia-
bleRpi . Two types of failures have been considered:

i Open winding. A pole with an open winding can be repre-
sented as an infinite resistance. That is Rpi/N.

ii. Winding inter-turn short-circuit. A winding with inter-turn
short-circuit can be represented with a lower resistance than
an undamaged pole. A short-circuit parameter a ˛ [0, 1] is
introduced, so the i-pole winding resistance will be aRpi .

Considering a current Ipi flowing through thewindingof the i-pole
whose resistivity is r½Umm2=mm�, cross-section area is Ap [mm2],
length lp [mm] and current-density Jpi ¼ Ipi=Ap½A=mm2�, the heat
production rate Wpi per unit volume is

Wpi ¼
r lp
Ap
I2pi

Aplp
¼ rI2pi

A2
p

¼ J2pi
r (4)

and the power PCui
dissipated in the i-pole conductor is

PCui
¼ WpiAplp ¼ J2pi

rAplp (5)

A winding without failures exhibits a length lp. A DC Power
Sourcewith current control is used so the current Is can be set to the
desired value. If the field includes and openwinding, the faulty pole
current density will be zero. On the opposite, if the field includes
a winding with inter-turn short-circuit then its current density will
be greater than thewindingwithout faults. From a practical point of
view themeasurement of thewinding resistancewith an ohmmeter
cannot be considered. This is due to the fact that the value that has to
be measured is small compared with the tolerance introduced by
the terminals and the manufacturing process.

3. Thermal model

From a general point of view, the heat inside the motor is re-
moved by various phenomena: i) air convection, ii) conduction and
iii) radiation. Air convection is important in running motors, and
therefore irrelevant in this setup facility as there is no forced air flow
inside the structure. As for radiation, it is insignificant compared
with conduction, but cannot be neglected if the surface is painted or
lacquered black.

The temperature distribution within the machine is a diffusion
problem. It is extremely difficult to obtain accurate temperature
values because some parameters such as the thermal contact
resistance between conductors and poles are empirical and have to
be determined for each case.

Fig. 1. Six-pole DC machine under analysis.

Fig. 2. Simplified electric model of the 6 pole DC machine analyzed.

Fig. 3. Detailed thermal equivalent circuit for the 6-pole motor without rotor.
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