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This paper presents the characterization and modeling of a permanent-magnet (PM) microgenerator oper-
ating at high temperatures. Due to the thermal dependence of the relevant properties of the conductor and
magnetic materials, degradation of the output electrical power with increased temperature is expected.
Each material of the PM microgenerator is magnetically or electrically characterized up to 375°C. For a
rotor designed for high temperature operation using SmCo magnets, 2.7 W of DC power has been obtained
at100°Cand 210,000 rpm, which is a 35% drop as compared to the output power at room temperature. This
result is in good agreement with theory. Calculations showed that this PM generator is capable of 2.4 W
of DC output power at an operating temperature of 300°C if the rotational speed is increased up to the
300,000 rpm, as achieved with previous room temperature devices. This work demonstrates that MEMS-
based permanent-magnet microgenerators are good candidates as a component of a heat-engine-driven
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1. Introduction

The power requirements of modern electronic devices are
rapidly outpacing the power density and energy of the best bat-
teries. This has led to the development of small-scale, watt-level,
electrical power sources intended for power electronics. Accord-
ingly, heat-engine-driven MEMS-based systems are very attractive,
and consist of a cm-scale gas-fueled turbine engine [1], and
an electrical generator [2-4] as the chemical-to-mechanical, and
mechanical-to-electrical converters, respectively.

Recently, there has been much work in the development of
microscale mechanical-to-electrical generators as essential com-
ponents of these heat-engine-driven electrical power sources for
portable electronics. However, in such compact systems, the gener-
ators must function in the relatively high temperature environment
adjacent to the heat engine. Although a number of small-form-
factor microgenerator systems ultimately intended for integration
with heat engines have been presented [2-4], less attention
has been paid to their high temperature performance. Indeed,
microgenerators typically use low temperature magnetic materi-
als [2,3] to obtain better performance rather than high temperature
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compatible magnetics. Performance requirements are further exac-
erbated by the compact nature of these microsystems and the
difficulties involved in maintaining large internal thermal gradi-
ents.

This paper reports the high temperature operation of axial-
flux, permanent-magnet (PM) microgenerators. These devices are
capable of delivering watt-level DC power to an external load
at an operating temperature of 300°C. First, the microgenera-
tor design is presented, and considerations on the temperature
range of operation of these microgenerators integrated with heat
engines are detailed. The magnetic materials used in the PM micro-
generators are characterized up to 375°C, and the temperature
dependence of the electroplated copper windings is also inves-
tigated. A phenomenological model is introduced to express the
power degradation based on the measured material properties as a
function of temperature. Finally, measurements of electrical power
for several microgenerators at high temperatures are reported and
discussed.

2. Generator design

As shown in Fig. 1, previously reported high-speed rotors [5]
and optimized stators [4,6] are used for these high temperature
experiments. The generators are three-phase, eight-pole, axial-flux,
synchronous machines, each consisting of copper stator windings
[7,8], and a multi-pole permanent-magnet rotor [9]. An external
air-driven turbine spins the PM rotor, which creates a time-varying
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Fig. 1. Optimized winding geometry stator and rotors: (a) Three-dimensional (3-D)
rendering, and (b) 3-D view of the stator and two rotors with different permanent-
magnet materials.

magnetic flux. As aresult, AC voltages are induced in the coils. When
a load resistance is connected to the windings, electrical power is
generated.

The stator is fabricated using conventional microfabrication
approaches, and consists of two layers of electroplated copper coils
with an SU-8 epoxy interlayer dielectric on top of a ferromagnetic
NiFeMo (moly-permalloy) substrate. The stator is designed as an
eight-pole, three-turn/pole device and exhibits a resistance per
phase of approximately 170 m€2. Simulations have previously been
performed and have shown that this configuration yields the high-
est output power [4]. Per phase, open-circuit voltages are varying
in the 0.5-2Vgys range at room temperature. The rotor includes a
ferromagnetic material (FeCoV - Hiperco 50) to serve as a back iron,
and a permanent-magnet material. Rotors operate at speeds of up
to 400,000 rpm.

3. Temperature considerations of small-scale gas engines

Such electromagnetic generators are intended for integration
with heat-engine-driven, high-speed turbine systems. Fréchette
and coworkers are developing a MEMS-based, Rankine cycle steam
turbine [10,11]. Their current efforts are focused on the develop-
ment of the high-speed rotating system, but considerations on the

electrical generator have also been introduced. It must withstand
high rotational speeds (rotor tip velocity of 100’s of m/s), and sus-
tain high temperatures. The rotor should reside at an average of the
minimum and maximum cycle temperatures, which corresponds
to temperatures varying between 200 and 400 °C.

Stevens et al. discussed several design issues of a fuel-based
micropower generator [12]. To overcome the temperature-related
issues in the magnetic generator, the permanent magnets must
be integrated at the lowest temperature side of the turbine (i.e.,
compressor side), and extra cooling should be provided through
passing air across the magnets. The PM generator is located in an
environment with temperatures varying between 200 and 300°C.
To surmount the detrimental effects caused by high temperatures,
and because the output power delivered by the machine varies as
the square of the rotor speed, high rotational speeds are required in
order to fabricate microgenerators with high power density capa-
bilities.

As a result of the temperature-related considerations reported
by Fréchette and Stevens with regards to the integration of
PM microgenerators with heat engines, the fabricated devices
must be able to operate at temperatures around 200-300°C.
Detrimental temperature-dependent material effects consist of
increased winding resistance and decreased magnetic properties,
including decreases to both permanent-magnet remanence, and
ferromagnetic saturation magnetization. Consequently, the PM
microgenerators and their temperature-dependent materials have
been characterized in this temperature range.

4. High temperature characterization
4.1. Magnetic characterization

The thermal dependences of the small-scale magnetics have
been investigated using a Vibrating Sample Magnetometer (VSM)
with an integrated furnace. The temperature ramp is set at 25°C
per 1.5 min. For each measurement, the system is stabilized for a
few minutes before recording any data. Both PM materials and fer-
romagnetic materials in the geometries and size scales of interest
have been tested. SmCo and NdFeB PM materials are 0.5 mm thick.
FeCoV and NiFeMo back iron materials are of a thickness of 1 mm.

Both, SmCo and NdFeB are characterized as possible permanent-
magnet materials. Although SmCo has a lower room temperature
remanence (B;=11.5kG) compared to NdFeB (B;=13.9kG), it
possesses a much higher Curie temperature (T¢ ~ 800 °C) and maxi-
mum operating temperature (Tmax ~ 300 °C) as compared to NdFeB
(Te ~300°C, Tmax ~ 100°C). At high temperatures, SmCo will likely
be preferred. However, high rotational speeds or directed airflow
may provide sufficient cooling to use the better performing but
more temperature-sensitive NdFeB magnets at moderate temper-
atures.

The temperature-dependent remanence of microscale rotor
magnets have been experimentally determined as depicted in Fig. 2.
These results for the different materials are presented as normal-
ized to their respective room temperature values. Neglecting any
potential cooling effects due to high rotational speeds of the PM
rotors, these microscale NdFeB magnets cannot be used above
approximately 150°C due to a nearly complete remanence loss at
high temperatures. From the experimental data, an approximate
curve fit for the temperature dependence for microscale permanent
magnets is defined by

Br(T) = By250c) x (1 4+apm x (T - 25)) (1)

where B;(T) is the measured remanence of the permanent-magnet
material at a temperature T in °C and apy is a linear coefficient
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Fig. 2. Measured remanence of saturated SmCo and NdFeB magnetic rotors as a
function of temperature, normalized to their respective measured room tempera-
ture remanences.

of temperature dependence. Hence, the coefficient of tempera-
ture dependence for microscale NdFeB magnets (ongrep) iS about
—0.6%°C~! over alow range of temperatures (25-100 °C). This coef-
ficient is much higher than macroscale NdFeB permanent magnets
(~0.1%°C~1) [13]. We believe this to be because of the absence
of nickel coating around the small-scale NdFeB magnets during
testing. Because such small-scale magnets have a much higher sur-
face/volume ratio than macroscale magnets, the volume of oxidized
material can become a large percentage of the total volume at ele-
vated temperatures. As a result, the irreversible losses are much
higher for microscale magnets than that of bulk magnets. SmCo
magnets are less sensitive to temperature. Hence, the coefficient
for microscale SmCo magnets (asmco) is much lower and equals
—0.07%°C~1 over a wide range of temperatures (25-375 °C).

Fig. 3 shows the measured saturation magnetization of both
FeCoV (Hiperco 50) and NiFeMo (Moly Permalloy) as a function
of temperature normalized to their respective room temperature
values. The magnetic saturation of FeCoV is reasonably stable up to
375°C, while the saturation magnetization of NiFeMo drops off by
more than 60%.
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Fig. 3. Measured saturation magnetization of FeCoV and NiFeMo bulk as a func-

tion of temperature, normalized to their respective measured room temperature
saturation magnetizations. The applied field is 10 kOe.
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Fig. 4. Measured and theoretical copper winding resistance as a function of tem-
perature, normalized to the room temperature resistance value (Ry5oc =172 mS).

4.2. Electrical characterization

The copper winding resistance has been assessed as a func-
tion of temperature using a four-point measurement system. The
two-layer stator coils are electroplated on a 1 mm thick NiFeMo
substrate using conventional microfabrication approaches. The
total thickness of the fabricated windings is approximately 200 wm.
In practice, the stator is placed on a hotplate, and the resistance
variation of a single phase of the 3-phase stator coils is measured
as a function of temperature, which is monitored by the digi-
tal controller of the hotplate and a thermocouple placed on top
of the winding substrate. At room temperature, the single-phase
winding resistance (Rys-c) is about 172 m€2. In the first approxi-
mation, experimental data exhibit a linear dependence of copper
winding resistance with temperature, and are slightly higher than
theory, as presented in Fig. 4. The winding resistance at 225°C is
approximately 1.8 times higher than at room temperature. The coef-
ficient of temperature dependence (8) of the stator coils is defined
by

R(T) =Ras0¢ x (14 B x (T —25)) (2)

where R(T) is the single-phase winding resistance at a tempera-
ture T (°C), and Rys5-c is the resistance at room temperature. As a
result, the measured coefficient of temperature dependence of the
electroplated copper windings is 0.0042°C-1.

5. High temperature modeling

Calculations of the delivered output power at high tempera-
tures from the above-mentioned magnetics and conductor heating
characterizations are performed. The output power at high tem-
peratures can be expressed as a function of the power at room
temperature and the temperature-dependent parameters that have
been defined previously (i.e., the operating magnetic field and the
coil resistance).

First, the output voltage delivered by the machine is pro-
portional to the magnetic flux density established in the
machine, which is itself proportional to the remanence of
the permanent-magnet material [14]. As a consequence, the
temperature-dependent output voltage varies linearly with the
temperature-dependent remanence expressed by Eq. (1). Secondly,
assuming that power varies as the square of magnetic flux density
established in the machine, and inversely as the winding resis-
tance, and further assuming a linear degradation of both properties
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with temperature as demonstrated in section 4, the temperature-
dependent output power can be phenomenologically modeled
as

(1 +apm x (T — 25))
1+ B x (T —25)

where P(T) is the DC output power at the operating temperature
T, Py5-c is the DC output power measured at room temperature,
apy is the negative coefficient of temperature dependence for
the permanent-magnet materials defined by Eq. (1), and g is the
coefficient of temperature dependence for the copper windings
determined by Eq. (2). Both coefficients are experimentally identi-
fied as presented above.

Fig. 5a and b detail the theoretical power degradation of SmCo
and NdFeB microgenerators as a function of temperature. The sole
contribution of each material (i.e., copper windings, and PM materi-
als)is also represented. In this regards, the contribution of the stator
windingresistance is calculated by assuming that the PM material is
not subjected to high temperatures. Similarly, power losses that are
exclusively attributable to the permanent magnets are calculated
by assuming no temperature-dependent losses of the stator coils.

P(T) = P25 x (3)
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Fig. 5. Theoretical temperature-related power degradation for (a) SmCo microgen-
erators, and (b) NdFeB microgenerators. The sole contribution of each material (i.e.,
copper windings, permanent magnet materials) is also represented.

Because the practical air gap between the rotor and stator is small
(~100 wm), it is experimentally impossible to isolate and measure
separately the temperature-related power degradation caused by
each material. However, such analysis emphasizes different behav-
iors for the two microgenerators. While the power degradation
of SmCo machines at high temperatures is dominated by the coil
resistance increase, the temperature-related power losses of NdFeB
generators are mainly due to the drop of residual magnetization of
NdFeB.

6. Power generation

Direct heating experiments of operational microgenerators have
been conducted up to 100°C. Shown in Fig. 6a, a custom 15 mm
inner diameter heater has been fabricated, and consists of a copper
wire wound around a copper ring. A current source is connected to
the copper wire, and temperature is measured using a conventional
thermocouple. This heater is used to selectively heat the stator and
the rotor, without affecting the plastic turbine blades and ball bear-
ings of the turbine drill. Note that the copper wire is wound and
counter-wound to avoid induced fields in the heater region that
would corrupt the performance of the generator. Uniform temper-
atures of up to 100 °C have been achieved inside the oven itself. A
rendering of the experimental configuration setup is depicted in

. A
+—=>
15 mm

4

\

\

PM rotor

Fig. 6. (a) View of the custom oven for localized heating of rotor and stator, and (b)
3-D rendering of the experimental configuration setup.
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Fig. 6b. A commercially available Kapton insulated flexible heater,
which consists of a copper coil encapsulated between two layers of
Kapton films, is also used underneath the stator substrate to ensure
a uniform level of temperature within the substrate. Such heaters
are rated up to 200°C. The operating temperature is monitored by
a thermocouple placed inside the custom oven.

For power measurements, the air gap between the stator and
the rotor is set at 100 wm. A passive AC/DC converter is used to
provide DC power to a resistive load [8]. It should be noted the
power converter is separate from the generator and maintained at
room temperature. The converter includes a three-phase A /wye-
connected transformer (1:6 turn ratios) that steps up the AC output
voltages, and a three-phase diode bridge rectifier to convert the
3-phase AC signal to a DC output. To minimize the effects of the
Schottky diode voltage drops (~0.3-0.4 V), the stator windings are
connected in a wye configuration, and coupled to the A-connected
primary side of the transformer, giving an overall step-up ratio of
18. The resistances of the three-phase transformer are about 20 m§2
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Fig. 7. (a) DC output power measured from a SmCo machine and delivered to exter-
nal load as a function of speed for several temperatures. The points represent the
experimental data, and the lines indicate the calculated output power. (b) DC output
power normalized to the room temperature value, as a function of temperature, and
for any given speed.

and 225 m£2 on the primary and secondary sides, respectively [15].
Experimentally, the output power is calculated by measuring the
voltage and current across an external load resistance connected to
the diode bridge.

Fig. 7a presents measured and calculated DC output power to
an external load using a SmCo rotor as a function of speed for sev-
eral operating temperatures. A maximum output power of 2.7 W is
measured at 100°C and a rotational speed of 200,000 rpm, while
the predicted power is approximately 2.9 W. As compared to the
4'W of power generated at room temperature, this represents a 35%
drop of power at 100°C. Neglecting temperature-related satura-
tion effects associated with the back iron, the phenomenological
model shows good agreement with experimental data over the
temperature range 25-100°C (the maximum measurement tem-
perature). At 300°C, a 70% drop of electrical power is predicted for
any given speed, as shown in Fig. 7b. For instance, at a rotational
speed of 305,000 rpm, the calculated power is 2.4W at 300°C,
and the measured power is 8 W at room temperature. However,
even at such a high temperature, axial-flux, SmCo microgenera-
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Fig. 8. (a) DC output power measured from a NdFeB machine and delivered to an
external load as a function of speed for several temperatures. The points represent
the experimental data and the lines indicate the calculated output power. (b) DC out-
put power normalized to the room temperature value, as a function of temperature,
and for any given speed.
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tors are still capable of generating appreciable amounts of electrical
power.

NdFeB microgenerators have also been tested up to 100°C.
As shown in Fig. 8a, an output power of 1.25W is achieved
across a resistive load at a rotor speed of 215,000rpm and
an external temperature of 100°C. This corresponds to a 74%
drop of output power, as presented in Fig. 8b. While the NdFeB
machine outperformed the SmCo machine at room temperature, at
100°C and 215,000 rpm, the output power delivered by the SmCo
machine is twice higher. Furthermore, there is a good agreement
between the temperature-dependent model and the experimental
data.

Fig. 9 presents the calculated DC output power delivered across
a resistive load as a function of temperature for both, SmCo and
NdFeB microgenerators, applying the phenomenological model to
the maximum measured output power at room temperature. At
25°C, the highest measured DC output power for NdFeB micro-
generators is 10.8 W at a rotational speed of 400,000 rpm. Higher
speeds could not be achieved because of the turbine perfor-
mance. For SmCo microgenerators, a maximum DC output power
of 8W has been measured at 305,000 rpm. At this speed, the
rotor suffered catastrophic failure. The power is then calculated
as a function of temperature using the phenomenological model
previously presented. The assumption that the rotational speeds
can remain constant at elevated temperatures is made. Although
NdFeB outperforms SmCo in microfabricated generators at room
temperature because of higher magnetic performance and higher
rotational speeds, NdFeB microgenerators are less efficient than
SmCo devices at operating temperatures above 60 °C. High power
density, permanent-magnet microgenerators operating in high
temperature environment are therefore feasible, and an attractive
choice for mechanical-to-electrical converters that are tightly inte-
grated with heat engines.

Future work will focus on high temperature compatible sta-
tors, as well as studying further degradation that may occur in the
highly stressed, high-speed rotor, caused by deteriorating mechan-
ical properties with temperatures, as well as coefficients of thermal
expansion issues.

7. Conclusions

With careful materials selection, MEMS-based permanent-
magnet microgenerators capable of multi-watt output power over
a wide range of temperatures are feasible. An output power of
2.7W has been demonstrated at 100°C for a rotational speed of
210,000 rpm with SmCo rotors. Measurements show a good agree-
ment with a phenomenological model that calculations the power
degradation as a function of temperature. Calculations predict that
SmCo permanent-magnet microgenerators operating at a temper-
ature of 300°C are capable of 2.4W of DC output power across a
resistive load at a rotor speed of 300,000 rpm.
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