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Thermal Modeling of Lundell Alternators

Sai Chun Tang, Member, IEEE, Thomas A. Keim, and David J. Perreault, Member, IEEE

Abstract—Thermal analysis of Lundell alternators used in
automobiles is presented. An analytical thermal model for Lun-
dell alternators is proposed, and procedures for acquiring the
model parameters are elucidated. Based on the thermal model,
the temperature profile of an operating Lundell alternator can
be predicted analytically. The predicted alternator temperatures
are found to be consistent with the experimental measurement.
The presented models and measurement methods are useful for
embedding switched-mode power electronics into the alternator
with low manufacturing cost.

Index Terms—Automobile, Lundell alternator, thermal model.

1. INTRODUCTION

HE Lundell, or claw-pole, alternator is almost universally

used for power generation in modern automobiles. Cur-
rently, a full-bridge diode rectifier is used to produce a dc output
from the three-phase ac waveforms generated by the alternator.
However, the continuous increase in electrical power demand
in automobiles [1], [2] and the need for improved transient con-
trol and efficiency in future electrical systems [3], [4] is moti-
vating the introduction of more sophisticated power electronics
in the alternator. Such power electronics, including switched-
mode rectifiers and converters, offer substantial improvements
in output power, efficiency, and transient performance. For ex-
ample, in [5] and [6], it is demonstrated that introduction of a
switched-mode rectifier (SMR) can increase the average power
capability of a conventional Lundell alternator by a factor 1.9,
improve its efficiency by as much as 20%, and can virtually
eliminate the large alternator load-dump transient. The intro-
duction of power-electronic controls thus represents a means for
meeting the automotive power requirements of the future while
preserving the manufacturing advantages and infrastructure in-
vestment associated with Lundell machines.

Designing an alternator with integrated power electronics
represents a substantial challenge. To understand this, consider
that the efficiency of a conventional Lundell alternator is about
40-60%, depending on operating conditions [4], [5], [7]. The
total power loss in a 2-kW alternator, for example, may be
higher than 1 kW. The resulting alternator temperature could
be higher than 200 °C in the underhood environment, while the
junction temperature ratings of typical switching power devices
is only about 175 °C. One may suggest physically separating
the power electronics from the alternator and placing them in
a location with lower temperature. However, this arrangement
can cause electromagnetic compatibility (EMC) problems
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and limit alternator power due to the wiring between the al-
ternator and rectifier. Moreover, providing separate cooling
means for the electronics may greatly increase manufactured
cost. A further challenge is that power-electronic controls can
result in machine operating points that differ substantially
from those found conventionally. This changes the dissipation
and temperature profiles of the machine, which are important
considerations in the design.

This paper addresses thermal modeling of Lundell alterna-
tors. The major heat sources of the alternator and means for
quantifying them are identified. An analytical thermal model
for automotive Lundell alternators is developed, and procedures
for acquiring the model parameters are elucidated. The thermal
model permits the temperature profile of an alternator to be pre-
dicted analytically. The model is validated by comparison of
predicted temperature distributions to experimental results. For
our purpose of incorporating electronic controls in existing ma-
chine designs, the experimental method of determining model
parameters described in this paper will serve us quite well. In
other instances, the model parameters may be calculated, for
example, by the finite-element method. No matter how the pa-
rameters are obtained, the reasonable agreement between the
temperatures predicted by our model and observed on experi-
ment show that the thermal model presented here can be useful
for the design of future alternators.

II. STRUCTURE OF LUNDELL ALTERNATOR

A typical Lundell alternator used in automobiles is shown in
Fig. 1. It can be mainly divided into two parts—the alternator
machine and the rectifier. The alternator machine consists of
a rotor and a stator. The field winding is wound around the
rotor. The pulley mounted at the front end of the rotor shaft
is driven by a belt. The cross-sectional view of the alternator
machine is illustrated in Fig. 2. There are three stator wind-
ings accommodated inside the slots of the stator core and the
angular displacement between the windings is 120° electrical
phase. The stator windings are isolated from the stator core by
slot insulators, as shown in Fig. 3. The stator core is tightly sur-
rounded by the alternator case. The winding-to-insulator and
the insulator-to-core contact areas are much smaller than the
core-to-case contact area. Therefore, the contact thermal resis-
tance between the stator windings and the stator core is much
higher than that between the stator core and the alternator case.
Apart from the factor of contact resistance, the relatively high
thermal resistance of the slot insulator, compared with the core
material, causes the winding-to-core thermal resistance to be
much higher than the core-to-case thermal resistance.

Two fans, mounted on the rotor shaft and located at the two
ends of the rotor, provide forced convection cooling for both the
alternator machine and the rectifier. When the rotor rotates, the
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Fig. 2. Cross-sectional view of the alternator machine.

fans force the ambient air to flow into the alternator through the
end windows and to flow out through the side windows, as illus-
trated in Fig. 1. This air flow takes away the heat energy gener-
ated in the alternator machine and the rectifier. As the alternator
speed increases, the rate of air flow increases and, therefore, the
cooling effect increases.

As shown in Fig. 1, the diode rectifier assembly is separated
from the alternator machine with metal bars. The small cross-
sectional area of the metal bar structure increases the thermal
resistance between the diode plates and the high-temperature
stator case. Moreover, air flowing through the windows between
bars cools down the bars. This metal bar structure is, therefore,
an effective way to reduce the heat flowing into the diode plates
from the stator case.
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Fig. 4. Circuit schematic of a typical Lundell alternator.

III. OPERATING PRINCIPLE AND HEAT SOURCES
OF THE LUNDELL ALTERNATOR

When there is current flowing into the field winding and the
rotor is turned by the belt, a rotating dc magnetic field is gen-
erated. When the rotating field cuts the three stator windings,
three-phase ac voltages are induced in the three stator wind-
ings. The circuit schematic of the Lundell alternator is shown
in Fig. 4. The generated three-phase ac voltage, displaced by
120° electrical phase angle, is rectified by a full-bridge diode
rectifier. The fourth diode leg (connected to the neutral, N) of
the full-bridge rectifier is used to increase the output power by
up to 10% at high alternator speed by means of rectifying the
third harmonic voltage induced in the three stator windings [4].

When a 1.7-kW alternator, for instance, is loaded with 14
Vdc, the maximum output dc current I, is about 120 A. The
maximum field current is typically less than about 4 A and the
voltage across the field winding is about 14 V. The maximum
power dissipation of the rotor due to conduction loss is therefore
about 56 W. However, the stator core loss and the conduction
loss of the stator windings range from a few hundred watts to
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Fig.5. Case and diode plate temperatures of the alternator under test at no-field
current and no-load condition.

more than 1000 W [5], [7]. Therefore, the heat energy generated
by the rotor is negligible compared with the stator losses.

Apart from the electrical losses, mechanical losses also cause
temperature rise in the alternator system, especially at high
speeds. These mechanical losses include the frictional losses
at the contacts of the roller bearings and the slip rings, and
the windage losses of the rotor and the fans. Temperature rise
of a Lundell alternator due to the mechanical losses (without
applying field current and load) has been measured and plotted
in Fig. 5. At an ambient temperature of 22 °C, the alternator
case temperature increases to about 28 °C at an alternator speed
of 6000 r/min, which corresponds to the engine cruising speed.
From the measured alternator temperatures, the mechanical
losses cause negligible temperature rise to the alternator system
compared to that including electrical losses (Fig. 6). Generally,
mechanical losses of a Lundell alternator, operating at cruising
speed, are very small compared to the electrical counterpart [7].
The effects of mechanical losses can, therefore, be neglected
in the following thermal analysis. The main heat sources of
the Lundell alternator come from the electrical losses which
comprise the conduction losses of the stator windings and the
diode rectifier, and the iron losses, including eddy current loss
and hysteresis loss of the stator core.

IV. TEMPERATURE PROFILE OF AN OPERATING LUNDELL
ALTERNATOR AT 14-Vdc LOAD CONDITION

Thermocouple sensors were attached on different parts of
a Lundell alternator as shown in Fig. 1 in order to measure
the case temperature T}, stator winding temperature T, rear-
cover temperature 7;., and the diode temperature T;;. The ther-
mocouple for measuring the diode temperature, mounted on the
diode plate, is not shown in the figure because the rectifier is
shielded by the rear cover. As discussed in Section III, energy
dissipation from the rotor is negligible compared with that from
the stator; thus, measuring the rotor temperature is not a neces-
sity for our purposes.

The temperatures and output currents of a Lundell alternator,
with both internal and external diode full-bridge rectifiers, were
measured and plotted in Figs. 6 and 7, respectively. The field
current is set to 3.6 A (nominal full field). The output voltage
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Fig. 6. Alternator temperatures versus alternator speed with 14-Vdc load
condition and 3.6-A field current.
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Fig. 7. Alternator output current versus alternator speed with 14 Vdc load
condition and 3.6-A field current.

of the alternator is set to 14 Vdc by connecting an electronic
load (HP 6050 A), with constant voltage (CV) mode to the al-
ternator output terminals. Because of the high alternator output
current, voltage drops across the wires connecting the electronic
load to the alternator are inevitable. It is important to note that
the 14 Vdc potential difference should be right across the alter-
nator output terminals instead of across the input terminals of
the electronic load. To make sure the output voltage of the al-
ternator is set accurately, remote voltage sensing mode of the
electronic load is selected and the remote sense leads are con-
nected to the alternator output terminals.

The internal rectifier is located at the back of the alternator
as shown in Fig. 1. When the external rectifier is used, no cur-
rent flows through the internal rectifier and, therefore, no heat
energy is generated from the internal rectifier. The use of an ex-
ternal rectifier, which is far away from the alternator to prevent
heat conduction between the rectifier and the alternator, is to
identify the effect of heat generated from the alternator machine
alone on the alternator temperature distribution. Four AWG 10
wires with a length of about 2 m are used to connect the stator
winding terminals to the external rectifier. The wire impedance,
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including reactance and resistance, acts as an additional alter-
nator output impedance, which limits the output current capa-
bility of the alternator. Fig. 7 illustrates the phenomenon that
the output current with external diode rectifier is lower than that
with an internal rectifier. It is probable that separating the rec-
tifier from the alternator in a vehicle installation would reduce
the power capability for the same reason as in the laboratory.

From Fig. 7, the alternator output currents increase drastically
from 1000- to 3000-r/min alternator speed. The average output
current ¢, of a three-phase rectifier with a constant-voltage load
can be expressed as

o~ 21y (M)
T

where I is the magnitude of the fundamental component of

the line currents flowing through the stator windings [8].

When the output current increases, currents flowing through
the stator windings and the diode rectifier increase. Accordingly,
when the alternator speed increases from 1000 to 3000 r/min,
power dissipation due to conduction losses increases and, there-
fore, alternator temperatures increase as shown in Fig. 6. From
an alternator speed of 3000 to 6000 r/min, the increase of the
output current is relatively small so the increases of conduction
losses of the stator windings and diodes are small. Further, as
the alternator speed increases, the cooling effect due to the fans
inside the alternator increases. As a result, the alternator tem-
peratures drop when the alternator speed increases from 3000
to 6000 r/min as illustrated in Fig. 6.

Consider the case that the alternator operates with the internal
rectifier; the maximum diode temperature is 140 °C. The alter-
nator is tested at the condition of 23 °C room temperature, so the
maximum temperature difference between diode and ambient
AT g4 (max) 18 117 °C. When the alternator operates at different
ambient temperature, the alternator temperatures will change
proportionally. For instance, if the diode rectifier operates at an
underhood temperature of 83 °C, the maximum diode temper-
ature could be as high as 200 °C, neglecting changes in diode
loss with temperature.

As mentioned in Section II, the rear cover and the diode plates
are thermally separated from the alternator case by metal bars.
Fig. 1 shows the positions of the thermocouples sensing the al-
ternator case and rear-cover temperatures. When the external
rectifier is used, Fig. 6 shows that the maximum case temper-
ature is 114 °C, but the rear-cover temperature is only 54 °C
(i.e., the maximum temperature difference between the alter-
nator case and the rear-cover is 60 °C). This shows that the metal
bar structure is an effective way to resist heat flowing from the
high-temperature alternator part to the diode rectifier.

V. THERMAL MODEL FOR LUNDELL ALTERNATORS

A thermal circuit model for Lundell alternators is illustrated
in Fig. 8. The analogy between the thermal circuit and electrical
circuit is illustrated in Appendix A. As the power dissipation of
the rotor is negligible compared with the stator losses, the heat
source due to the rotor loss is ignored in the model for simplicity.
The five nodes Ty, T, Tk, T.,, and T}, in the thermal circuit rep-
resent the temperatures of diode rectifier, stator core, alternator
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Fig. 8. Thermal model for Lundell alternators.

case, stator windings, and ambient, respectively. The power loss
of the diode rectifier, the stator winding conduction loss, and
the stator core losses are denoted by Py, P,, and P,., respec-
tively. Rgq, Rua, Rea, and R}, represent the diode-to-ambient,
stator-winding-to-ambient, stator-core-to-ambient, and case-to-
ambient thermal resistance, respectively. This object-to-ambient
thermal resistance describes the heat transfer from the alternator
machine to the ambient by forced-air convection and heat con-
duction. The diode-to-case, the stator-winding-to-core, and the
stator-core-to-case thermal resistance are represented by Rgx,
R, and R, respectively. This object-to-object thermal resis-
tance is mainly attributed to heat conduction between the two
objects although convective effects are included.

As shown in Fig. 1, the intake air flowing through the back
windows passes through the rectifier assembly and then through
part of the stator winding and ultimately flows out through the
side windows. When the diode temperature is higher than the
winding temperature, the winding would be heated up by the
rectifier with the aid of the air flow. Similarly, when the diode
temperature is lower than the winding temperature, the winding
would be cooled down. In short, the winding temperature de-
pends on the rectifier temperature. If a thermal resistor were
used to represent the heat flow, it would mean that the heat
flowing out from the diode and the stator windings would de-
pend on each other’s temperature. However, due to the air flow
direction, heat flowing out from the diode depends on the in-
take air temperature but is independent of the winding tempera-
ture (if we consider the heat transfer by means of air convection
only). Thus, heat transfer from the diode rectifier to the stator
windings cannot be represented simply by connecting a thermal
resistance between the nodes 7 and 7,,.

The heat transfer due to air flow from the diode to the stator
winding can be modeled by connecting a dependent temperature
source Tp (analogous to the dependent voltage source in elec-
tric-circuit theory), where Tp = Ty to T, through a thermal
resistance R4, as shown in Fig. 8. Because the value of the
dependent temperature source 1'p is equal to the diode temper-
ature, the use of the dependent temperature source can describe
how the diode temperature will affect the winding temperature.
Since there is no thermal resistance directly connected between
the nodes T, and T,,, the circuit model also has the property
that the diode temperature cannot be affected by the winding
temperature.
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Fig. 9. Simplified thermal model for Lundell alternators.

As explained in Section II, the stator-winding-to-core thermal
resistance R, is much larger than the core-to-case thermal re-
sistance R.;. Moreover, since the values of the winding loss
and the core losses of a typical Lundell alternator have the same
order of magnitude, the temperature drops across R is much
smaller than that across R,,.. The thermal model in Fig. 8 can
be simplified as shown in Fig. 9. The heat power source due
to core loss P. is assumed to flow into the alternator case di-
rectly. This neglects the drop in R due to P,.. The thermal re-
sistance R,,. and R, are combined together and expressed as
winding-to-case thermal resistance R, . The thermal resistance
Ry, in Fig. 9 represents the parallel connection of the thermal
resistance R}, and R., in Fig. 8.

In the simplified thermal circuit model, the six unknown
thermal resistances, at a specified alternator speed, can be found
by the following procedure:

(to avoid
by

1. Set the field current to zero
generating unwanted magnetic field)

disconnecting
2. Disconnect
diode loss Py
3. Rotate the

the field winding.

the rectifier so that the
is equal to =zero.

rotor at the selected speed

(e.g., 1800 r/min).

4. Inject a dc current into the stator
windings so that the stator windings are
the heat source P, . Maintain the power
supplied to the stator windings con-
stant. Since a dc current is applied to
the stator windings, there is no stator
core loss (i.e., P.=0).

5. Measure the steady state temperatures
Ta, Td, Tk, and Tw.

6. Similar to the nodal analysis in elec-
tric circuit theory, set three equations
at the three nodes Ty, T, and T, in the
thermal circuit model.

7. Disconnect the current source from the
stator windings.

8. Rotate the rotor at the selected speed.
9. Inject a dc current to the diode recti-
fier so that the diode rectifier becomes
the heat source P;. Maintain the power
supplied to the rectifier constant.
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Fig. 10. Current injecting into the stator windings that generates a dc magnetic
field.
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Fig. 11. Current injecting into the stator windings that generates no net
magnetic field.

10. Measure the steady-state temperatures
T,, Tq, T, and T,.
11. Similar to the nodal analysis in elec-

tric-circuit theory, set three equations
at the three nodes 1y, 1., and T, in the
thermal circuit model.

When dc currents are injected into the diode rectifier and the
stator windings, precautions must be taken to prevent the alter-
nator from damage.

1) Apply an appropriate power level to the stator winding
so that the winding temperature would not exceed its
maximum value 7’ (max) at underhood conditions. From
Fig. 6, when the alternator operates at 23 °C ambient
temperature, the maximum winding temperature is about
170 °C. Thus, if we assume the temperature of intake air
to the alternator is 83 °C at the underhood environment,
the maximum winding temperature T, (max), Will be
about 240 °C.

2) Avoid any magnetic field induced inside the alternator.
When dc current is injected into the stator windings as
shown in Fig. 10, a dc magnetic field will be generated.
When the rotor rotates, the iron core of the rotor will cut
the dc magnetic field and, therefore, an eddy current will
be induced inside the rotor core. This eddy current loss
is not only an extra heat source that will affect the accu-
racy of the measured thermal resistance values but is also
able to damage the alternator by melting the plastic layer
between the rotor poles. Because each phase of the stator
windings of the Lundell alternator under test is made of
two copper wires connected in parallel, this eddy current
problem can be resolved by connecting the stator wind-
ings and the current source as shown in Fig. 11. As cur-
rent flowing through one wire is in opposite direction to
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Fig. 12.  Circuit schematic of injecting current into the diode rectifier.

the other wire in the same phase winding, the magnetic
field generated by one wire will cancel out that generated
by the other. Consequently, no net magnetic field is gener-
ated and, thus, no eddy current is induced inside the rotor
core.

3) Current injected into the diode rectifier should be kept
below the maximum current rating of the rectifier. A cir-
cuit schematic of injecting current into the diode rectifier
is illustrated in Fig. 12.

See (2)—(7), shown at the bottom of the page.

At each rotor speed, there are six independent equations ob-
tained from steps 6 and 11. By solving the six equations, the six
thermal resistances in the thermal model for the Lundell alterna-
tors can be calculated in terms of these six measurements, as de-
tailed in Appendix A. The solutions are (2) to (7). As mentioned
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in Section IV, the cooling effect increases when alternator speed
increases, due to the built-in fans on the rotor. The thermal re-
sistances of the alternator, therefore, are functions of alternator
speed. In (2) to (7), the dependence on speed (w) is explicitly
indicated. However, for simplicity, the w symbol is omitted in
the equations afterward.

In the expressions of the six thermal resistances, AT, de-
notes the temperature different between object = and ambient.
The subscripts with (w) denote that the temperature differences
are measured when the stator windings are the heat source. The
subscripts with (d) represent that the temperature differences are
measured when the rectifier is the heat source.

When power of 550 W is injected into the stator winding,
the temperature profile of the alternator under test at different
alternator speeds is measured and shown in Fig. 13. Since the
stator windings are the heat source, they are of the highest tem-
perature. Heat transfers from the stator windings to the diode
rectifier through the alternator case by heat conduction. Fig. 14
illustrates the measured alternator temperatures at different al-
ternator speeds when 200 W of power is injected into the recti-
fier. The rectifier temperature is the highest since the rectifier is
the heat source in this case. From the measured result, the stator
winding temperature is a little higher than the alternator case
temperature because heat transfers from the diode rectifier to
the stator winding with the aid of the air flow from the back-end
windows, through the diode rectifier, and to the stator windings
as indicated in Fig. 1.

By substituting the measured alternator temperatures at dif-
ferent alternator speeds with P,, = 550 W and P; = 200 W, as
shown in Figs. 13 and 14, into (2) to (7), shown at the bottom
of the previous page, the six thermal resistances in the simpli-

AT o) (W) - [ATyaay (W) —

ATga(ay (W)] = ATyqqa) (W) - |ATda(w) (@) —

ATa(w) (w)]

Ry, (w) = 2
! ( ) I:ATka(w) (UJ) - ATda(w) ((U)] ' Pd
de( ) Aﬂia(m) ( ) LAEIH,({i) ( ) ATkﬂ (l) ( )J - Ajﬂdﬂ(d) ( ) LATda,(u;) (w) - ATka(w) (w)J (3)
AT‘da(w) ( ) I)d
Rea(w) = |ATga(ay (w) = AT ya(ay (@) ] Ala(w) (W) = [ATka(w) (w) — ATwa(w) ( )]+ ATaqa) (w ) @
‘ ATa(a) (@) = ATowa(a) (W] [ATa(w) (W) = ATxa(w) (W) de@)
+[ATwa(w) (w)_ATka(w) (w)] [ATda(d) ( ) ATka(d) ( )] de(“-’)
R k(w> — LATka(d) ( ) ATwa (a) \W ( )J ATka(w) ( ) LATka(w) (w) ATwa (w) \W ( )J ATka (d) (w)
~ATka(a) (W) - [ATua(w) (@) = ATkaw) ()] - 7y + ATka(w) (@) - [ATua(a) (@) = ATka@) W)] - oo
%)
_ LAﬂua(m) ( ) Az“’da m) ( )J Aﬂua((l) ( ) LATIU(E(d) (w) - Aﬂia,(d) (w)J - Aﬂua,(w) (w)
Ruu(w) = 1 ®)
Aﬂua((l) (w) - {Pw + I:ATka,(w) (w) - ATll)(l(’ll)) (LU)] : m
_ATwa(w) ((U) : [ATka(d) (w) - A7111)(1(d) (w>:| . #(W)
AT, AT, - AT, AT, — AT, AT 0
Rwa(UJ) _ |_ wa(w) ( ) da( w) ( )J wa(d) ( ) L wa(d) ((U) da(d) (w)J wa(w) ((U) ) (7)

[ATha(a) (W) = AT ) (w)]-{ w0 HAT k(1) (0) AT ) (w)]'m}

+ AT pa(w) (@) = AT a(w) (W] ATka(a) (@)~ AT wa(a) (W 7
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Fig. 13. Alternator temperatures versus alternator speed when power of 550

W is injected into the stator windings.
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Fig. 14. Alternator temperatures versus alternator speed when power of 200
W is injected into the diode rectifier.

fied thermal circuit model can be calculated and are plotted in
Fig. 15.

Because the thermal resistance Ry, represents the heat
transfer between the diode rectifier and the stator winding by
means of air flow, its value highly depends on the alternator
speed. When the alternator speed increases, the rates of air flow
and, thus, heat transfer from the diode rectifier to the stator
windings increase. Since thermal resistance is inversely pro-
portional to the heat-transfer rate, the thermal resistance Ry,
decreases as the alternator speed increases. Similarly, because
the object-to-ambient thermal resistance R,, represents the
heat transfer from an object to the ambient with the aid of air
convection, the values of object-to-ambient thermal resistance
R,, decrease as the alternator speed increases. Because the
alternator case has the largest surface area exposed to the air,
the case-to-ambient thermal resistance R, is the smallest
among the three object-to-ambient thermal resistance.

Due to the high thermal resistance of the metal bar structure
separating the rectifier assembly from the alternator case, the
diode-to-case thermal resistance Ry is relatively high. Since
the metal bars are cooled by the air flowing through the win-
dows between them, the heat transfer between the diode recti-
fier and the alternator case is affected by the air-flow volume
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Thermal Resistance Vs. Alternator Speed
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Fig. 15. Thermal resistance of the Lundell alternator under test versus

alternator speed.

and temperature. Empirically, the value of Ry decreases as the
alternator speed increases.

The winding-to-case thermal resistance R, represents the
series connection of the stator winding-to-core R,,. and the
core-to-case 2. thermal resistance. As shown in Figs. 2 and 3,
the stator windings are installed inside the slots of the stator core
which is tightly surrounded by the alternator case. Besides, the
heat-transfer path from the stator windings to the alternator case
is very short, so the winding-to-case thermal resistance R, has
the smallest value among the six thermal resistances.

The simplified thermal circuit model for Lundell alternators
in Fig. 9 cannot only describe the heat flows between different
parts of an alternator but can also predict the temperature distri-
bution of an operating alternator. This is valuable for the design
of alternator systems incorporating switched-mode power elec-
tronics, as it enables the alternator and converter temperature
distributions to be predicted under conditions that can vary sub-
stantially from these encountered with diode rectification.

Consider the thermal circuit model in Fig. 9.

At node Ty
1 1 1
—+ — | ATy, — — ATy, = Py. 8
<Rda + de> da = BTk d ()
At node T},

1 1 1 1 1
—— AT+ | —+—+— AT e ——— ATy =P..
dat < + Rka, + ka) F

Rax Rax wh
9
At node T,
1 1 1 1 1
—— ATy — — ATy, ATye=P,.
Rdw ¢ ka » +<Rdw + Rwa + ka)
(10)

By solving (8)—(10), the diode-to-ambient ATjy,, the
case-to-ambient AT},, and the winding-to-ambient AT,
temperature differences can be calculated and expressed in
(11)—(13), respectively. From (11)—(13), the temperature dif-
ferences can be obtained when the six thermal resistance
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Output Power Versus Output Voltage
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Fig. 16. Measured output power of the Lundell alternator versus alternator
output voltage with different alternator speeds.

values, the stator winding loss P, the rectifier loss Py, and
the stator core loss P. are known. Here, the proposed method
for acquiring the thermal resistance parameters is based on
temperature measurement of an actual alternator. Nevertheless,
to the extent that reliable thermal FEM [9]-[11] predictions for
alternator temperature rise can be made, FEM predictions for
specific test conditions can be used as the inputs to generate the
parameters in the proposed model.

VI. VALIDATION OF THE THERMAL MODEL

In this section, we validate the developed thermal model using
the alternator of Fig. 1. In particular, we are interested in tem-
perature profiles that occur at maximum load-matched alter-
nator power [5], [6]. The load-matched power is the maximum
power obtainable with a diode rectifier at a given speed across
output voltage. It is of interest because it represents the max-
imum power achievable at fixed output (battery) voltage for
some types of switched-mode rectifiers. We validate the model
by comparing the measured alternator temperatures under load-
matched conditions to those predicted by the thermal model (11)
to (13), with model parameters established as described here.

The alternator output powers versus output voltage with dif-
ferent alternator speeds from 1800 to 6000 r/min are measured
and plotted in Fig. 16. As the alternator speed increases, the
output voltage at maximum output power condition increases.
The relationship between the maximum output power and the
corresponding output voltage, with different alternator speeds,
is approximately linear as indicated by the straight line shown
in Fig. 16 [5], [6]. The output voltage and current at maximum
output power condition, as well as the maximum output power
are plotted against the alternator speed in Fig. 17. The output
voltage and maximum power increase approximately linearly
from about 14.5 to 50.8 V and from about 881 to 3583 W, re-
spectively, as the alternator speed increases from 1800 to 6000
r/min. It implies that the output voltage and maximum power
increase by about 250% and 307%, respectively. However, the
output current, at maximum output-power condition, increases
from 61.3 to 70.6 A when the alternator speed increases from
1800 to 6000 r/min. The increase of output current is about
15%. Therefore, at the maximum output-power condition, the
increase of the stator winding conduction loss is relatively small

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 20, NO. 1, MARCH 2005

Output Power Current and Voltage Vs. Speed (Max. Output Power Condition)

80 [ 4000
|

70 3500
<60 3000
]
E
3 50 2500 %
2 B
< 40 2000 &
b= 5
g g
£30 1500 &
5
2
320+ 1000
2
o

10 500

0+ ; + + [

1000 2000 3000 4000 5000 6000

Alternator speed (rpm)

Fig. 17. Output current, voltage, and power of the Lundell alternator versus

alternator speed at maximum output-power condition.
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Fig. 18. Measured temperatures of the Lundell alternator versus alternator

speed at maximum output-power condition.

as the alternator speed increases. The measured temperature
distribution of the Lundell alternator at load-matched condi-
tions versus alternator speed is illustrated in Fig. 18. Because
the increase of stator winding conduction loss is relatively
small and the cooling effect increases as the alternator speed
increases, the temperature increase of the stator winding is
relatively small, from 131 °C at 1800 r/min to 140 °C at 6000
r/min. See (11)—(13), shown at the bottom of the next page.
We now apply the proposed thermal model to the load-
matched case. The formulas for the six thermal resistances have
been expressed in (2) to (7) and their values versus different
alternator speeds have been plotted in Fig. 15. The winding
conduction loss P, can be obtained by measuring the line
currents and the winding resistance, as described in (14)

P, =I3Rs+I%Rp +I2Rc (14)
where R4, Rp, and R¢ are the ac winding resistance of phase
A, B, and C, respectively (see Appendix B) and 74, Ip, and
I¢ are the root-mean-square (rms) line currents of phase A, B,
and C, respectively. It is also possible to predict these using the
alternator model of [8], or through simulation.

The power dissipation of the diode rectifier can be obtained by
summing the power loss of each individual power diode which
is equal to the time average value of the product of the instan-
taneous diode voltage v, and diode current 74 in one cycle. By
measuring the instantaneous values of v; and 74 with a digital
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Fig. 19. Measured stator winding conduction loss P,,, diode rectifier loss

P,, and estimated stator core loss P, of the Lundell alternator at maximum
output-power condition.

oscilloscope, the power loss of one diode Pyjoqe can be calcu-
lated as

N
Pgiode = %Zvd(i) X iq(%) (15)
=1
where N is the number of samples in one cycle taken by a digital
oscilloscope. Again, this could alternatively be predicted using
the model [8] or via simulation.

Since there is no direct method to measure the stator core loss
of the alternator, the core loss can be obtained by subtracting
the stator winding loss from the total stator loss, as described in
Appendix C. Alternatively, core loss can be predicted using the
Steinmetz equation [12] and knowledge of the alternator con-
struction.

The measured powers of stator winding loss P,,, diode rec-
tifier loss P, and approximated stator core loss P, of the Lun-
dell alternator versus alternator speed at maximum output power
condition are plotted in Fig. 19. Substituting the three power
losses in Fig. 19 and the six thermal resistance in Fig. 15 into
(11)—(13), the diode temperature T}, the case temperature T},
and the winding temperature T, of the Lundell alternator oper-
ating at the maximum output-power condition can be calculated
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T, and stator winding temperature 7", of the Lundell alternator at maximum
output-power condition, and measured ambient temperature T, .

and illustrated in Fig. 20. The match between actual and pre-
dicted temperatures is found to be quite good. Because the un-
derestimated stator core loss is used, the calculated alternator
temperatures are less than the measured temperatures. From
Fig. 20, the maximum error of the calculated winding tempera-
ture, compared with the measured winding temperature, is about
6—14.6 °Coutof 136.7 °C. For purposes of integrating an SMR
circuit into the alternator, the ability to accurately predict the
diode plate temperature is of special importance. Note that the
model predicts diode temperature quite well, with a maximum
error of 8.2%.

VII. CONCLUSION

Temperature profiles of a typical Lundell alternator with
both 14-Vdc load and maximum load-matched output-power
conditions have been investigated. Major heat sources of the
alternator have been identified. A simple thermal model for
Lundell alternators is proposed. Procedures for acquiring the
model parameters (i.e., power losses and thermal resistance),
have been detailed. Using the thermal model, the temperature
profile of a Lundell alternator can be predicted analytically. The
thermal model has been validated by comparing the calculated
temperature distribution with measurement. It is expected that

ATdu =

[((Ria + Rar)Raw + (Ruwk + Rak)Rika + Rak Ruwk) Rwa + ((Ruwk + Rak)Rika + Rak Ruwi) Raw)] Pa } R,

+ ((Pc + Pw)RkaRdw + RkaPCka) Rwa + RkaPcRdwak

[(Rka + de + Rd(l,) Rdm + (Rka + Rd(l, + de) Rmk + deRka,] Rma

Y

+Raw [(Ria + Rak) Ria + (Rka + Rar + Raa) Ruwk]

ATk(l, =

[((de + ka + Rdw)Pd + (ka + Rdw)Pc + Rdew) Rwa + Pdewak + Pchdew] Rda } Rk

+ ((ka + Rdw)Pc + Rdwpw) deRwa + PcdekaRdw

[(Rka + Rar + Raa) Riw + (Rika + Raa + Rak) Ruk + RakRia] Ruwa

12)

+Rdw [(Rda + de) Rka + (Rka + de: + Rda) ka]

ATwa = {

[((Rka + Ruwk)Pw + (Pa+ Po)Rya) Rio + ((Ruwk + Rar) Rk + RaxRuk) P + PeRakRia] Raw } R
+ [((Ruwk + Rar)Pa + RurP:) Rio + PiRak Ruk] Raa wa

[(Rka, + de + Rda) Rdw + (Rka, + Rdﬂ, + de) ka + deRka] Rwa

13)

+Raw [(Raa + Rar) Ria + (Ria + Rar + Raa) Rk
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TABLE 1
THERMAL AND ELECTRICAL ANALOGY

Electrical Circuit

Resistance, R

Current, /

Potential (or Voltage) Difference, AV
Electrical Conductivity, o

Thermal Circuit

Thermal Resistance, R,
Heat Power Flow, O
Temperature Difference, AT
Thermal Conductivity, &

the presented models and measurement procedures will be of
great value in designing alternator with embedded power-elec-
tronic controls. From the measured temperature distribution of
an alternator, it is envisaged that embedding switching power
electronics into the Lundell alternator with low manufacturing
cost is possible by thermally isolating the power-electronics
assembly from the alternator machine.

APPENDIX A
THERMAL AND ELECTRICAL CIRCUITS ANALOGY AND
SOLUTION OF THE THERMAL RESISTANCE

A. Thermal and Electrical Analogy

In a thermal circuit, the path for heat transfer is represented
by a thermal resistance, which is analogous to a resistance in
the electrical circuit. Heat power flowing through and tempera-
ture difference across a thermal resistance is respectively anal-
ogous to the current and potential difference across the resis-
tance in the electrical circuit. The thermal and electrical analogy
are tabulated in Table I. There are three modes of heat transfer:
heat conduction, convection, and radiation. However, in the al-
ternator system, the heat transfer is mainly due to heat conduc-
tion and convection, and the effect of radiation can be neglected.
The following describes how the paths for conductive and con-
vective heat transfer can be represented by thermal resistance; a
more detailed theory of heat transfer can be found in [13].

1) Heat Conduction: When temperature gradient V7' exists
within a body, heat power () flows from the high-temperature re-
gion to the low-temperature region, as described by the Fourier’s
law of heat conduction

q=—kVT (A.1)
where k& (Wm™'K~") is the conductivity of the body, and ¢
(Wm™?) is the heat flux (i.e., heat power flows per unit area).

Consider an object with cross-section area A and length [,
as shown in Fig. 21, heat power transfers from one end, with
temperature 77 to the other end, with temperature 75, is related
by

Q=" r - ) =

T =Ty

(A2)
Rth(cond)

where Rip(cona) = I/k-A (K- W 1) represents the thermal
resistance by heat conduction.

When the thermal conductivity k is analog to the electrical
conductivity o, (A.2) becomes the Ohm’s law analogy de-
scribing a current I flowing through the object

oA

I===(i-Vo)=

ViV,

7 (A3)
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where V7 and V5 are the voltage across the two ends.
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Fig. 21. Heat power transfer in a rod by heat conduction.

2) Heat Convection: Heat transfer by convection occurs
when heat energy is carrying away from the surface of a body
by a moving fluid. From the Newton’s law of cooling, heat
power flowing from the surface of a body can be expressed as

Q = hAs (Tsurf - Tﬂuid) (A4)

where h is the film coefficient or heat transfer coefficient, and
Ay is the area of the body surface from which the fluid carries
heat away from the body (the “wetted” area).

From (A.4), the path for heat transfer by convection can be
represented by a thermal resistance

1 Tsurf - Tﬂuid

R = — A.
th(conv) }LAS Q ( 5)

B. Solution of the Thermal Resistance in the Alternator Model

The six unknown thermal resistance in the thermal model
shown in Fig. 9 can be solved by setting up six independent
equations. By using nodal analysis in electric-circuit theory,
three equations can be set up when the stator windings are the
heat source and no current is flowing through the rectifier.

At node 1}

1 1
(AT = Ataqw) o + Alaaw) - = 0. (A6)
At node T},
1 1
(ATiuw) = ATaaw)) 7 + (Aka(w) = ATuwa(w)) 75—
1
+ATka(w)E =0. (A7)
At node T,
1 1
(ATlna(u/‘) - ATkar(“’)) R—wk + (Aﬂua(w) B Aﬂla(w)) Rdw
1
+Aﬂu(1r(w)R— = Pw' (Ag)

Similarly, three more independent equations can be set up
when the rectifier becomes the heat source and no current is
flowing through the stator windings.

At node T},

(Aia(o) = M) 1 + Aluaga 7= = P (A9

dk
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At node T3,

1 1
AThaay = ATuagay) —— + (AThu(a) — ATwagay) ——
(M) = ATua() 75—+ (Alkaqa) @) 7

+ATka(d)

1
=0. (A.10
R (A.10)
At node T,

1 1
AT oty = ATvatay) =— + (ATwa(a) — ATuaqay) =
(ATwa@ = ATkata) 7+ (ATwa(@) = ATua) 7—

F AT 0. (A1)

1

Rua

Ry, and Ry, are solved from (A.6) and (A.9) and shown in
(2) and (3), respectively. By substituting R4y in (3) into (A.7)
and (A.10), Ry, and R, are solved and shown in (4) and (5),
respectively. Similarly, R4, and R,,, can be solved by substi-
tuting R, in (5) into (A.8) and (A.11), and are shown in (6)
and (7), respectively.

APPENDIX B
ALTERNATOR WINDING RESISTANCE

The measured stator dc winding resistance is 26.58 and
37.96 mQ2 at 21 °C and 150 °C, respectively. The dc re-
sistance values of the three stator windings are found to be
approximately identical. Since the dc resistance of copper
wire increases linearly with temperature, the stator dc winding
resistance is given as

R4.(T) = 0.08822T,, 4 0.631 (B.1)
where R, is in m£2, and T}, is in Kelvin.

When the winding temperature is equal to or higher than room
temperature of about 293 K, the term 7, is much larger than the
constant term in (B.1). Equation (B.1) can be approximated as
(B.2) in order to simplify the following ac resistance calculation:

R4.(T) = 0.08822T,, (T, > 293K). (B.2)
From [14], the ac-to-dc resistance factor is given by
R v
P al+ —A* B.3
i t3 (B.3)

where U is a constant depends on the winding geometry, and
A is the ratio of the wire thickness d to the skin depth 6, i.e.,
A =d/band b = 1/\/7fuo.
From (B.3), the ac winding resistance R,.(T'), at temperature
T, can be expressed as
v
Rae(T) = Rae(RT)Kr <1 + §A‘*(T)) (B.4)
where K is the ratio of Ry, at temperature 7' to that at room
temperature RT (i.e., K1 = Rqc(T)/Rac(RT)).
The ratio of the value of A at temperature 7" to that at room
temperature RT can be expressed as
A(T)  6(RT) o) 1
A(RT) — §(T) o(RT) Kr

(B.5)
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Fig. 22.  Powers injected into the stator winding to set either the winding or

the case temperature are the same as that when the alternator is operating at
maximum output-power condition.

Substituting (B.5) into (B.4), the ac winding resistance as a func-
tion of frequency f and temperature 71" can be derived as

R..(T)

~ Ry (RT)Kr 1+ g%A‘*(RT)
3 K2

4
= Race(T) = Rac(RT) K7 <1 + %KL% <5(TdT)> )

= Rae(T) = Rae(RT)K 1 (1 + %%cﬁ [r f/m(RT)]2> :
T
(B.6)

The windings are made of copper, 4 = 47 x 10~ " H/m and o =
5.8 x 107 S/m at room temperature. The measured ac winding
resistance at 600 Hz is about 32.7 m{2 at room temperature.
From (B.2), the dc resistance at room temperature of 21 °C is
about 26 m{2. The diameter of the copper wire is 1.6 mm and the
porosity factor for round conductors is /7 /2. Thus, from (B.6),
the value of W of the alternator under test can be calculated as

3 [RaC(RT) }
U= . -1
d* [ fuo(RT)]" [ Rac(RT)
_ 3
(1.6 x 103 x @)4 [ (600) (47 x 10-7) (5.8 x 107)]?
32.7 x 1073 1
26 x 10—3
~10.13.

APPENDIX C
CORE L0SS ESTIMATION

The total stator loss of an operating alternator is approximated
by injecting a dc current to the stator winding as shown in Fig. 11
and keeping either the stator winding or the case temperature
as the same as that when the alternator is operating. The total
stator loss is approximated by the injected power into the stator
winding.

When the alternator is operating, part of the heat source
comes from the stator core. However, when power is injected
into the stator winding, heat flows from node w to node &k and
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temperature at node k are lower than that at node w. Thus,
when the total power loss of the stator is approximated by
the injected stator winding power P, (same Tk) a8 proposed
above, an additional injected power is required to compensate
the additional temperature drop across R,,; due to the flow of
the core loss component through R, and the total stator loss
would be overestimated.

Based on superposition theory, the heat sources P,, and F,,
can be considered separately. When the alternator is operating
and only P, is considered, some part of P, will flow through
R, from node k to node w and temperature at node w is
lower than that at node k. Thus, when the total power loss of
the stator is approximated by the injected power Py (same Tw)
so that the winding temperature is the same as that of an oper-
ating alternator, the total stator loss would be underestimated.
However, because the thermal resistance value of Ry, is much
smaller than the sum of R, and R, only a small portion of
P, flows through the R,,; branch. Besides, the value of R, is
very small, so the temperature drop across R, is small. As a
result, the magnitude of error of Py, (same 7w) fOr estimating the
total stator loss is less than that of Py (same 7)-

Fig. 22 shows the required powers injected into the stator
winding to set either the winding or the case temperature the
same as that when the alternator is operating at maximum
output-power condition (which is indicated by the straight line
in Fig. 16). Since Py (same 7k) Overestimates and Py, (same 7w)
underestimates the total stator loss, the actual total stator loss
should be between Py (same Tw) a0d Py(same Tk)- Since the
magnitude of error of Pu,(same Tk) for approximating the total
stator loss is smaller, the stator core loss is approximated by
subtracting the stator winding loss from Py, (same 7k)-
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