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INTRODUCTION

The calculation of the temperature rise in

the armature has long been considered one of
the most important problems in the design of
the DC motor.
culation proposed, very few have been used

Despite many methods of cal-
in the actual design. In most cases, an
approximated estimation of the temperature
rise in the armature is made according to
experimental data, in which the temperature
in the armature was measured by'the resist~
ance method or by a thermometer. ﬁowevek,
because of the complicated structure of thé
motor, these methods are found inadequate
for measuring a wide range of temperature

distributiqns.

For several years, one of the authors has
been engaged in temperature measurement of
JNR traction motors. In these measurements,
the thermocouples were buried in each portion
of the armature in the motor and the tempera-
ture was analyzed by simulating the heat'floﬁ
in the armature by a thermal equivalent cir-

cuit. 1In this aqalysis, the armature was

Main pole -

divided into three or five portions. The re-
sult shows a good agreement with the experi-
‘mental values.l’? Dan'ko calculated the .
temperature distribution of a large-capacity

DC R\OtOI.3

The above-mentioned thermal equivalent cir-
cuit method has a special merit, in that the
estimation of the temperature distribution
especially in transient states becomes very
easy. The investigations of tempefature
distribution in the DC~machine armature are
becoming increasingly important, as the
designing condition of the motor becomes more
severe. The thermal equivalent circuit simu-
lating DC armature is composed of lumped
constant elements. Among the elements, only
the heat transmission between coils and core
can not be determined.by calculation based on
the experimental data, because it depends on
the fabricating techniques treating insulat~
ing materials. A new method and results are
presented here to have this constant
determined.
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Fig. 1. Representative points for temperéture of the armature in a traction motor
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THERMAL EQUIVALENT CIRCUIT OF ARMATURE

The heat flow in the armature can be simu-
lated by a thermal equivalent circuit con-
sisting of lumped constant elements. Table 1
shows the equivalency between thermal and
electrical constants. Here C represents heat
capacity or electrostatic capacitance, and t

is time.

Table 1. Equivalency between thermal

and electrical constants

Thermal constant Electrical constant

Q : heat per unit time [ : current

© : temperature rise E : voltage

U : quantity representing 1/R: R is resistance
heat conduction '

Figure 1 shows a cross-section of the arma-
ture. The temperature at the point indicated
by the arrow represents the temperature of
each portion described in the following.

(1) The space between two layers at the coil

ends located opposite the commutator.

(2) The center on the core surface in the

armature.

(3) The space between two layers in the mid-
‘dle of the coils inside the core slot of

the armature.
(4) The commutator.

(5) The space between two layers at the coil

ends in the commutator side.

The armature shown in Fig. 1 can be simulated
by a thermal equivalent circuit shown in Figqg.
2. Here the suffixes in the notations repre-
sent each portion of the armature described
above. 91'»9; and 8; are the temberature
rises at respective portions. Here the tem-
perature at the cooling-air inlet is chosen

as a reference. U, nU, and 05 denote the heat
conductance from the surface of each portion
to the air: Uy represents the heat conduct-
ance from the coil ingide the core slot (3)'to
core (2). U, is the heat conductance in the
coil between (1) and (3) which is equal to the
heat conductance in the coil between (3) and
(5). Here the coil length between (1) and (3)
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is assumed to be equal to that between (3)
and (5). The point (4) represents a location
where the heat conductance from (5) is equal
to U_. C,n~C, and C; are the heat capaci-
ties at respective portions.
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Fig. 2. Thermal equivalent circuit of

an armature

From the thermal equivalent circuit shown in

Fig. 2, the temperature rise at each point of
the armature can be expressed by the follow-

ing equations:

U18; +Cy de/dt + Uc(81-83) = Q) (1)
-Ug(83-083) +U28;5 +C> d92/dt? Q2 (2)

~U_(8,-08;) +U38; +C, de3/dt + Ug(84-8,)
+Uc.(83-85) = Q4 (3)

-Uc(85-~84) +Ug84 +C4q d84/dt =Q4 (4)

~Uc(83-85) +UsBs + C5 d@s/dt
+Uc(05-64) = Qg (5)

Here the armature losses expressed in watts
comprise the following losses:

Q) : copper loss at the portion (1) with

temperature correction
Q, : no load iron loss
Q3 : Q3p + Qg

Q3p: copper loss at the portion (3) with

temperature correction
Qg : stray-load loss = input x 1/100
Q4 : Q4p + Qq

Q4n: brush electrical loss = 2V x main

current

Qy : brush friction loss
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Qs : copper loss at the portion (5) with

temperature correction

The gquantities representing the heat transfer,
in other words heat conductance from the sur-
face of each portion in the armature under

the steady-state condition t ==, can be ob-
tained from Egs. (1) ~ (4) and (5), and they
have been analyzed in many cases. One of the

examples is illustrated in Fig. 3.l
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Fig. 3. Comparison between the calculated
temperature curves for the armature

parts and the measured results
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HEAT CONDUCTANCE BETWEEN COILS AND CORE

Among the values of heat conductance in Fig.
. 2, almost all can be obtained through calcu-
lation based on the experimental data on the
designing stage, but the heat conductance
between coils and core is one exception which
can not be determined through calculation,
because it depends on the technique of treat-
ing insulating materials. For example,
solventless epoxy resin is used for avoiding
an air pocket having high heat conductance

between coils and core.

(1) In Eq. (2), when the time is infinite,
de/dt becomes zero, then we have

Ug = (U208, -Q2) / (83 -83) . (2")

For convenience of comparison, the heat con-
ductance per unit area aﬁd thickness Ag is
introduced by dividing it by contact area and
multiplying it by thickness of insulator.
That is

XO = UO dO/SO .

(2) In the above-mentioned method, it takes
several hours to have the saturated tempera-
ture rise values, then for simplicity the
following method has been developed. The
motor under test is not excited, but driven
very slightly by another motor and supplied
In this

transient condition, temperature at each

with direct current to the armature.

point is recorded, with the results shown in

Fig. 4.
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Fig. 4. Temperature of the armature coils

and core

It is seen that in Eq. (2) -the iron loss

equals to zero, then,

-Uy(843-8,) +U,0, +C,d8,/dt =0 . (2m)
In Fig. 4 putting

A0 = 93 - 92 .

48 is almost constant as given in the figure,

and the following can be approximgtely given
8,(t) =.[92(t1) ~8,(tg)) / (t) =tgy) . (6)
From Eq. (2") we have
C, dey/dt + U26v2 = Ughe ' (7

About Eg. (7) a solution can be obtained in

terms of time t,.
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Table 2. Heat conductivities of the coil insulator in armature slots
for the JNR traction motors and the Trial motors

m"’r:ogr R(a::cvg) do (x10-3m ){Sei(m?2 ) |Uo(Wideg ) [Ro(Wimdeg)]  Resin Application
MT 200 | 185 1.5 0.50 80 0.24 Solvent epoxy |SHINKANSEN
MT 916 250 0.95 | 0.62 | 175 0.27  [Solventless epaxy{SHINKANSEN
MT 52 375 1.3 117 | 170 0.19  |Solvent epoxy [Locomotive
MT 52 a7s | 1.3 117 | 260 " | 0.29  |Solventless epaxy|Locomotive
A 4.2 1. 0.17 41.5 0.27  |{Solventiess epaxy |Trial motor
B Cysls0.8 |00t | 11.0 |=0.16. |Sowent epory |Trial motor
'Uit/cz)_. (8) . REFERENCES '

OZ(t) = Uer/Uz (l-E

1. T. Yamamura; Papers of the I.E.E. Japan i,
No. 1, 7, 1951.

As séen in Fig. 4, 8,(t) is linear with re-
spect to time t near t,, namely we have ]
. 2. T. Yamamura and S. Yamasaki; J.I.E.E.J.
-Uat/C2 C e y
€ % 1-U,t/Cc, . (9) 86, 648, 1966.

3. B. T. Dan'ko; Electromechanika; Nb.'ll,

Thus a fairly good approximation can be made 1963

by Taylor's series up to the second term. - . ’
4. S. Yamasaki and T. Yamamura; J.I.E.E.J.

93, 1973.

Then Eq. (8) becomes
9,(t) = Ugaét /C, . _ ' (10)
Using Eq. (7) Uy can be calculated as follows,

Up =C2[82(t)) =82(tg) ]/ (£) ~£0)48 . (11)

EXPERIMENTAL RESULTS

.

Table 2 summarizes the experimental results
and the data published already.z

bt R R SN

CONCLUSION

New method and its experimental results for

dete:mining the heat conduction between DC-

machine armature coils and core in transient
state have been introduced. These would be

useful for designing DC-machine armature to

work in severe operation.
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