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ABSTRACT 
 
This paper presents the design, fabrication, and characterization of 
permanent-magnet (PM) generators for use in microscale power 
generation systems.  The generators are three-phase, axial-flux, 
synchronous machines, each consisting of a multi-pole surface-
wound stator and PM rotor.  The microfabricated windings, with 
small inter-conductor gaps and variable width geometry, are the 
key enabler for high power density.  At a rotational speed of 
120,000 rpm, one such generator demonstrates 2.6 W of 
mechanical-to-electrical power conversion and, coupled to a 
transformer and rectifier, delivers 1.1 W of DC electrical power to 
a resistive load.  This Watt-scale electrical power generation 
demonstrates the viability of scaled PM machines for practical 
applications. 
 
1.  INTRODUCTION  
 
Modern battery technologies have not kept pace with the rising 
demand for power by portable electronic devices.  This has led to 
the need for alternative power sources such as MEMS-based 
electric generators that can produce 10–100 W of electrical power.  
Suitable electric generators could be powered by a variety of prime 
movers, including liquid flow, pressurized gas, or small 
combustion engines, such as a microscale gas turbine [1,2]. 

Previous work from this group focused on the use of magnetic 
induction machines [3,4] as potential electric generators.  These 
machines were tested as tethered motors to verify their 
electromechanical performance and have demonstrated a peak 
torque of 2.5 µN-m [4] but were never tested in generating mode. 

PM machines offer several advantages over induction 
machines, especially as the size is reduced [5].  First, the PM 
creates an independent source of rotor flux that is much larger than 
what can be produced by an induction machine of the same size, 
leading to much higher power densities.  Second, since there are no 
eddy currents induced in the rotor, PM machine are more efficient.  

Prior work has been done on planar MEMS PM machines.  
Low–speed, axial-flux PM motors have been demonstrated [6-8].  
PM generators have also been investigated; one as a turbine 
generator for energy harvesting applications that produced 1.1 mW 
at 30,000 rpm [9] and another that has demonstrated high speed 
rotation (270,000 rpm) but has not yet generated power [10].  This 
paper focuses on the design, fabrication, and characterization of 
three-phase PM generators capable of spinning at high speeds 
(100,000+ rpm) and generating Watt-level power. 

 

 
Figure 1. Multi-pole PM rotor and back iron mounted to shaft. 

2.  DESIGN    
 
The generators are three-phase, eight-pole, axial-flux, synchronous 
machines [11], comprising a rotor with an annular PM and soft 
magnetic back iron and a stator with multi-turn surface windings 
on a soft magnetic substrate (back iron). 
 The rotor contains an eight-pole annular SmCo PM and a 
ferromagnetic FeCoV (Hiperco50) back iron (Fig. 1).  The SmCo 
PM and FeCoV back iron are 500 µm thick, have an outer diameter 
of 9.525 mm, and inner diameter of 3.175 mm.  

SmCo was selected for its combination of high energy 
product (BHmax ~ 240 kJ/m3) for high energy conversion and high 
operating temperatures (Tmax ~ 300°C).  Although NdFeB has a 
higher energy product (BHmax ~ 400 kJ/m3), it does not provide the 
necessary operating temperatures (Tmax ~ 150°C) for integration 
with a combustion-driven microengine.  However, it would be 
suitable for a low-temperature turbine generator. Hiperco50 was 
selected for the rotor back iron for its combination of high 
saturation flux density (Bs ~ 2.4 T) to prevent saturation and 
reasonably high permeability (µr > 3000). 

Using this combination of high-performance magnetic 
materials (PM, rotor and stator back iron), the air gap can be made 
very large (300–500 µm).  This allows the stator windings to 
occupy space in the air gap by placing them on the surface of a flat 
stator back iron rather than being embedded in slots and closed 
over with hats, as in the case of induction machines [3], greatly 
simplifying fabrication. 

 

 
Figure 2. Conceptual drawings of (a) 1-turn/pole, (b) 2-turn/pole 
and (c) 4-turn/pole surface wound stators.  The measured phase 
resistance and inductance is indicated for each type. 
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The surface wound stator has two other advantages over a 
conventional slotted stator.  Since there are no slots, there is more 
surface area for the windings, which reduces conduction loss.  
Also, cogging, where the poles of the PM tend to align themselves 
with the gaps between the stator hats, producing torque pulsations 
and associated loss, is avoided.   

The stator uses interleaved, three-phase, multi-turn 
electroplated Cu windings that are dielectrically isolated from a 1-
mm thick NiFeMo (Moly Permalloy) substrate by a 3 µm spin-on-
glass layer and/or 5 µm polyimide layer.  NiFeMo is selected as 
the stator back iron (substrate) material for its combination of high 
permeability (µr > 1x104), low coercivity (Hc ~ 0.16 A/m) to 
minimize hysteresis losses, and commercial availability in sheets 
of suitable thickness.   

Three different winding patterns are developed (1-, 2- and 4-
turn/pole) to explore tradeoffs in output voltage/power and 
fabrication complexity (Fig. 2).  The 1- and 2-turn/pole designs use 
simple single-layer windings with “crossovers” on the inner and 
outer end turns, while the 4-turn/pole design uses a full double-
layer winding with more complicated end turns.  In fact, the 
double-layer interleaved windings used in the 4-turn/pole machine 
match the complexity that is seen in macroscale machines [11]. 

For all three winding patterns, the radial conductors vary in 
width from 225 µm at the inner radius to 550 µm at the outer 
radius, with a 130 µm gap between adjacent radial conductors.  
The end turns of the 1-and 2-turn/pole machines have a minimum 
feature size of 100 µm and a minimum gap of 160 µm, while the 
end turns of the 4-turn/pole machine have a minimum feature size 
of 40 µm and a minimum gap of 40 µm.  The coils are measured to 
be 80-120 µm thick. 
 
 
3.  FABRICATION     
 
The stators are fabricated using electroplated windings (the most 
critical aspect) on 100-mm and 75-mm diameter magnetic 
substrates cut from 1-mm thick sheets of Ni80Fe15Mo5 (Moly 
Permalloy).  The complete winding fabrication process flow is 
shown in Fig. 3.  First, to isolate the coils from the substrate, a 
dielectric layer is deposited (Fig. 3a).  Initially, a spin-on-glass 
(SOG) process was used, where a 1 µm PECVD SiO2 adhesion 
layer was deposited, followed by ~2 µm of Accuglass T-12 SOG, 
and finally, a 1 µm PECVD SiO2 capping layer.  It was later found 
that this layer sometimes suffered from cracking and/or pin-hole 
defects, resulting in shorts from the coils to the substrate, which 
reduced the yield.  Therefore, this process is supplemented or 
replaced by the deposition of ~5 µm of PI-2611 polyimide.  

The windings are constructed using a two-layer electroplating 
process [12,13] that is identical for the three different designs.  
First, a Ti/Cu seed layer is sputter deposited, and Futurrex NR9-
8000P negative photoresist is used to pattern a mold for layer 1 
(Fig. 3b).  Cu is then electroplated up to the thickness of the mold 
(Fig. 3c).  Next, the resist is stripped using Futurrex RR4 resist 
remover, and the seed layers are removed by wet etching (Fig. 3d).  
The via layer is then patterned using SU-8 2025 photosensitive 
epoxy, encapsulating layer 1 and opening vias for layer 2 (Fig. 3e).  
Then, a new Ti/Cu seed layer is sputter deposited, and layer 2 is 
patterned using NR9-8000P (Fig. 3f).  Cu is again plated to form 
layer 2, with vias connecting to layer 1 (Fig. 3g).  Finally, the 
Futurrex resist is stripped, and the seed layers are etched as before 
(Fig. 3h).  The SU-8 is kept to provide additional mechanical 
support.   

Fig. 4 shows examples of the three patterns of windings after 
fabrication.  Note that with an increasing number of turns, the 
winding patterns, particularly the inner end turns, become quite 
complex, and hence more difficult to fabricate. 

 
Figure 3. Stator winding fabrication process flow. 

 
Figure 4. Fabricated stator windings: (a) 1-turn/pole, (b) 2-
turn/pole and (c) 4-turn/pole machines. 
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 The rotor components are conventionally machined, and the 
SmCo PM is magnetically patterned, as shown in Fig. 1a.  Then, 
the PM and back iron are glued into the plastic (PMMA) adaptor, 
which is fit onto a 1.6 mm (1/16 in.) shaft for testing (Fig. 1). 

For characterization, a test stand was developed to support 
spinning rotors in order to demonstrate electrical power generation 
while avoiding the design and fabrication complexities of 
integrated high-speed bearings.  The test stand incorporates a high-
speed, air-driven spindle to spin rotors with a controllable air gap 
over the surface of the stators, as depicted in Fig. 5.  Powered by 
compressed nitrogen, the spindle rotates in excess of 350,000 rpm.   
The rotor/shaft assembly is mounted in the spindle, and the 
rotation speed is measured with an optical shaft encoder or, in the 
case of electrical machine tests, using the frequency of the 
generated output. 

 

 
Figure 5 Spinning rotor test stand, depicting the air-powered 
spindle spinning a magnetic rotor over the surface of the stator. 
 
 
4.  RESULTS    
 
The machines are first characterized in terms of their phase 
resistance, phase inductance and open-circuit voltage, Voc.  The 
machines are then connected to power electronics for power 
generation tests, which are conducted at varying load resistances 
and speeds with the rotor/stator air gap set to 100 µm.   

The phase resistances for the 1-, 2- and 4-turn/pole machines 
are 41, 98 and 690 mΩ, while the inductances are 0.18, 0.34 and 1 
µH, respectively.  The resistance of the 2-turn/pole machine is 
about twice that of the 1-turn/pole machine, which is to be 
expected since a winding in a 2-turn/pole machine is twice as long 
as that in a 1-turn/pole machine yet has the same cross sectional 
area.  The 4-turn/pole machine has a much higher resistance than 
the 2-turn/pole machine due to the fact that, in addition to having 
twice as many end turns, each end turn has a much smaller cross 
sectional area. 

The open-circuit voltage, Voc, of each machine is measured as 
a function of speed with the air gap set to 100 µm.  A sample time 
waveform of Voc for the 4-turn/pole machine is shown in Fig. 6 
along with its power spectral density.  Due to the large air gap, Voc 
has low harmonic content.  Similar waveforms were obtained for 
the 1- and 2-turn/pole machines.  Fig. 7a shows Voc varying 
linearly with speed and number of turns per pole.  The open circuit 
voltage is also measured as a function of air gap.  Fig. 7b shows 
the open circuit voltage for the same three machines at a rotor 
speed of 100,000 rpm.  The open circuit voltage is a decreasing 
function of air gap due to the exponential decay of rotor flux in the 
air gap.  Experimental measurements of Voc versus speed, 
turns/pole and air gap agree well with analytical models of the 
machines [14]. 

 
Figure 6. Open circuit voltage (a) time waveform and (b) power 
spectral density (PSD). 
 

 
Figure 7. Open-circuit voltages (a) vs. rotational speed for 100 µm 
air gap and (b) vs. air gap at 100,000 rpm.  Points represent 
measurements; curves represent analytical model. 
 

To provide power to modern electronic devices that operate 
off a DC voltage, the AC generator voltages are first stepped up 
using a three-phase ∆/wye-connected transformer (1:6 turns ratio) 
and then converted to DC using a three-phase diode bridge 
rectifier.  Schottky diodes are used because of their small forward 
voltage drops (0.3 – 0.4 V).  The generator windings are connected 
in a wye configuration and tied to the ∆-connected primary side of 
the transformer, giving an overall step-up ratio of 18, to minimize 
the effects of the diode voltage drops.  The generator and power 
electronics are modeled in PSpice [14] to predict power versus 
speed and load.   

Fig. 8a plots the DC output power for the 2-turn/pole machine 
as a function of the speed for a fixed load of 30 Ω and confirms the 
expected quadratic dependence on speed up to 120,000 rpm.  Fig. 
8b shows the DC power delivered to the load as a function of load 
resistance (10–250 Ω) from the 2-turn/pole machine with the rotor 
spinning at 80,000, 100,000, and 120,000 rpm.  At the three 
different rotation speeds, the generator delivered a maximum 
power of 0.46, 0.76 and 1.1 W, respectively.  The machine shows 
the expected power transfer characteristics, with output power 
maximized under a matched load condition of Rl ≈ 25 Ω.  It should 
be noted that though the 4-turn/pole machine produces a higher 
voltage than the 2-turn/pole machine, it delivers less power due to 
its much larger phase resistance. 

Efficiency is an important consideration in the generator 
design.  Direct experimental measurement of the total generator 
efficiency, ηg, is not possible because the input mechanical power, 
Pm, was not directly measurable.  Instead the total input 
mechanical power is estimated by summing the core loss and 
electrical power, Pm = Pcore + Pe.  The core loss, Pcore, is extracted 
from the analytical machine model and consists of both eddy 
current and hysteresis losses.  The electrical input power, Pe, is 
extracted from the PSpice models.   
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Fig. 9 shows the electrical efficiency, ηe = Po / Pe, and total 
generator efficiency, ηg = Po / Pm, for the 2-turn/pole machine as 
functions of load resistance and speed.  The total generator 
efficiency is seen to be substantially lower than the electrical 
efficiency, suggesting the need for stator laminations to minimize 
eddy current loss.  At the matched load condition of Rl ≈ 25 Ω, the 
machine at 120,000 rpm shows an electrical efficiency of 43% and 
generator efficiency of 34%.  Thus, it requires 3.2 W of 
mechanical power, of which 2.6 W is converted by the machine to 
electrical power, to deliver the 1.1 W output power.  The electrical 
efficiency is dependent on speed due to non-linearities in the 
circuit, such as the nearly constant diode voltage drop and the non-
linear transformer core loss as a function of voltage. 

 

 
Figure 8. DC output power across the load resistor for 2-turn/pole 
machine at 100 µm air gap (a) vs. rotational speed for 30 Ω load 
and (b) vs. load resistance at 80, 100, and 120 krpm.  Points 
represent measurements; curves represent PSpice model. 
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Figure 9.  Electrical efficiency, ηe = Po / Pe, and generator 
efficiency, ηg = Po / Pm, for 2-turn/pole machine at 100 µm air gap. 
 
5.  CONCLUSIONS    
 
Three-phase PM generators were designed and fabricated using a 
combination of microfabrication and precision 
machining/assembly.  The machines were characterized using an 
air-driven spindle in generating mode.  At 120,000 rpm, the 2-
turn/pole machine demonstrated 2.6 W of mechanical-to-electrical 
power conversion and delivered 1.1 W of DC power to a resistive 
load.  For an active machine volume of 110 mm3 (9.5 mm OD, 5.5 
mm ID, 2.3 mm thick), this corresponds to a power density of 10 
MW/m3.  These results prove that Watt-level power production is 
achievable using miniaturized magnetic machines and demonstrate 
the viability of scaled PM generators for portable power 
applications. 
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