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ABSTRACT

This paper explores the design space of centimeter-scale micro wind turbines to power wireless sensors
through an experimentally validated modeling and simulation environment. A stochastic optimizer is
used to obtain a functional relationship between the minimum wind velocity required to find a feasible
design and multiple constraints relevant to turbine designers, such as the maximum turbine radius, elec-
trical power required, minimum voltage required and available generators. This relationship is created
from an optimization formulation that uses knowledge from the underlying physics and previous optimi-
zations. It is shown that the design space of micro wind turbines is significantly different than large
wind turbines due to the low Reynolds number regime. Also, a strong coupling exists between the
choice of generator and optimal wind turbine geometry to minimize the wind required to meet the re-
quirements. Smaller generators are more appropriate for micro wind turbines only if a constraint is ap-
plied on the maximum radius of the turbine and if no minimum voltage is required for a fixed power out-

put.
Keywords: Micro wind turbine, Self-powered sensors, Autonomous sensors, Energy harvesting,
Wind energy.
1. INTRODUCTION diagram of self-powered autonomous sensors as de-

scribed by Sardini [4].

The power level generated from the external source
is generally too low to power the sensor and wireless
transponder continuously. A DC-DC converter boosts
the voltage and the power management stores this en-
ergy for transient operation. This component also

Society’s interest for miniature wireless sensors to
monitor environmental parameters has grown signifi-
cantly in the last decade [1,2]. Maximizing the
knowledge about parameters such as temperature,
pressure, wind speed, toxicity of air, location of people
or general building functions are the founding princi-
ples of smart buildings [3], smart cities, and smart grids.
The objective is to install these sensors in large num-
bers, anywhere from the top of a building down to an
air duct to measure air properties or even to detect when
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Installation cost can also be reduced significantly by ' e Py e

transmitting data using wireless signals. This setup
enables the use of thousands of these low cost sensors
within a small area. Figure 1 shows a generic block

Fig. 1 Block diagram of self-powered autonomous
sensors [4]
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distributes the power to the wireless transponder and
other electronic components. This architecture allows
the wireless sensor to transmit data at a variable fre-
quency, depending on the power available. Most uses
of these sensors do not require continuous monitoring.
An average supply of a few milliwatts is usually enough
to power the transponder every minute for duration of
about a second [4], although recent improvement in
technology allows micro transceiver to transmit con-
tinuously with only 3mW [5].

Different energy sources can be used to power wire-
less sensor nodes such as wind, sunlight, mechanical,
thermal [6] and nuclear [7], but the choice of the energy
source is a function of its availability [8], reliability and
cost. Recently, nuclear batteries were proposed to
power sensor nodes due to their reliability and low
maintenance, but their cost is still prohibitive for wide-
spread usage. For indoor and outdoor usages, wind
from air ducts or from the environment is one of the
most promising sources of energy due to its high power
potential. The average wind velocity in the 50 largest
cities in United States is 4m/s (standard deviation of
0.6m/s) [9] while air duct wind velocity can range an-
ywhere between 3m/s and more than 15m/s [10]. If
off-the-shelf components such as small plastic propel-
lers and simple DC generators are used, then the system
can be very low cost and meet the power requirements.

The efficiency of micro wind turbines is significantly
lower than large wind turbines which can operate very
close to the maximum theoretical power using complex
devices such as variable pitch and active load control to
optimize efficiency at all operating conditions [11].
According to the Betz limit !, the maximum efficiency
that can be achieved is 59.3% for an ideal wind turbine.
However, mainly due to the viscous losses and tip loss-
es, the maximum demonstrated efficiency is about
Cp, =48% [12]. The use of gearboxes between the
propeller and generator allows to partially decouple the
design of these two components to optimize the effi-
ciency at the design point. Miniature wind turbines do
not have these advantages; they operate at much higher
angular velocity in an unfavorable Reynolds number
range with fixed propellers and no gearbox.

Although the design of micro wind turbines poses
significant challenges, the first demonstrations of func-
tional micro wind turbines using direct drive electro-
magnetic generators coupled to a plastic propeller of a
few centimeters were done in the early 2000’s by Fed-
erspiel et al [13]. Rancourt et al [14] analyzed the
effect of blade twist on the performance (on and off-
design) of the propeller and the whole system. A 4.2
cm prototype was tested with an overall efficiency of
1.5% at 5.5m/s and 9.5% at 11.8m/s with a convention-
al DC motor. Figure 2 presents the propeller efficien-
cy and a picture of the propellers analyzed. Although
it was demonstrated that low tip-speed > ratio propel-
lers are more suitable for micro wind turbines, no opti-
mization was done to demonstrate how to improve the

The Betz theory predicts the theoretical limit of a wind turbine for an
unshrouded rotor using a momentum approach.

The tip-speed ratio is the tangential tip speed over the free stream
velocity W
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Fig. 2 Propeller efficiency for 3 propeller designs as
a function of tip-speed ratio [14]

efficiency of the whole system or what generator char-
acteristics are favorable.

In 2010, Xu et al [15] proposed a model to analyze
the efficiency of a coupled propeller/generator using an
equivalent circuit approach with a simplified friction
model for the generator. The model was validated
using off-the-shelf components, including a 7.6cm pro-
peller and DC generator. An overall efficiency of
14.8% was predicted and the operating range was be-
tween 3 and 4.5m/s. The same year, Carli et al [16]
performed a theoretical analysis to optimize the cou-
pling between the generator and AC-DC converter to
maximize the power conversion over a wide range of
operating condition. Vlad et al [17] proposed some
controls solution to maximize the mechanical to elec-
trical conversion for generators used at partial loads.
These optimization efforts demonstrated the necessity
to take into account the efficiency of the propeller, the
generator and the electronics at full and partial loads to
access the efficiency of the overall system. However,
no work was done to better understand the design space
to help designers select the appropriate components for
specific applications.

Sardini [18] and Flammini [19] both demonstrated
the feasibility of a fully autonomous system that in-
cludes the wireless data transmission powered by a mi-
cro wind turbine. Wind velocity and air temperature
readings were transmitted over a few meters once every
2 seconds [18]. They both used commercially availa-
ble components but Flammini [19] compared the effi-
ciency of three different motors around a fixed propel-
ler design. To get this stable power supply, a DC-DC
converter is usually used to either step up the voltage or
reduce it. Flammini [19] proposed that it is possible to
step up a voltage as low as 0.6V. As electronics im-
prove, this number is likely to decrease. Recent de-
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velopments in electronics allow voltages as low as
20mV to be increased using a resonant circuit [20] with
an efficiency that is highly dependent of the input volt-
age. Any voltage below this threshold cannot be used
by the system and is therefore lost.

Although most research used off-the-shelf compo-
nents and optimized a subset of the whole system,
Holmes et al proposed a sub-centimeter [21] diameter
micro wind turbine with an integrated generator. A
few years later, Howey et al [22] designed an optimal
wind turbine and generator combination for on-design
performance able to operate with an airflow as low as
3m/s, producing 80uW and 2.5mW at 7m/s. Ad-
vanced manufacturing techniques were used in both
cases to create the optimal propeller and generator.
Although the designs are very efficient for their size,
the manufacturing techniques could not be used for
large-scale production.

A critical parameter to be minimized in the design of
micro wind turbines is the wind speed required W given
a set of constraints such as power required, minimum
voltage, maximum blade radius, and generator proper-
ties. One the minimum wind velocity is obtained for
this specific application and generator selection, the
optimal wind turbine can be obtained using a modeling
and simulation environment and a simple optimizer.

This paper presents the design space exploration of
micro wind turbines coupled with an electromagnetic
generator to provide guidelines on the design of pro-
pellers and selection of generators. The objective is to
evaluate the feasibility of micro wind turbines under
constraints such as the maximum diameter, minimum
voltage, power required, and generator properties using
an optimization formulation that minimizes the number
of function calls. First, the optimization formulation
based on surrogate models and a stochastic optimizer is
detailed. Then, the physics-based modeling and sim-
ulation environment and the experimental validations
are presented. Finally, the results section is separated
into two parts. The aerodynamic performance of mi-
cro propellers is analyzed first followed by the study of
the sensitivity of the minimum wind required to the
generator selection and requirements.

It is shown that the design space of micro wind tur-
bines is significantly different than that of large wind
turbines due to high airfoil drag. First, on and off-
design performance of the wind turbine only is pre-
sented. Second, constraints on the geometry of the
turbine such as the maximum diameter allowable are
shown to significantly affect the optimal generator for a
minimum wind velocity design. Finally, this paper
shows that large generators are more suitable for wind
turbines optimized for minimal wind velocities and low
power only if no constraint is applied on the diameter.

2. METHODOLOGY

The proposed methodology aims at obtaining a func-
tional relationship of the minimum wind required to
obtain a feasible propeller design that can meet a set of
requirements under constraints. This relationship is
complex and expensive to obtain as it is not the output
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of most available aerodynamic and generator codes.
The methodology uses surrogate models [23], design of
experiments and a specially-formulated optimizer to
minimize the computational cost to obtain the relation-
ship.

Most aerodynamic codes provide a relationship of
the torque produced by a wind turbine as a function of
the turbine geometry and operating conditions. These
results are then inputs to a generator model to obtain the
electrical power and voltage produced by a wind tur-
bine in a specific operating condition. The modeling
and simulation environment used in this project, de-
tailed in Section 3, can provide the power and voltage
produced as a function of a set of design variables such
as generator properties, wind turbine geometry, and
operating conditions as presented in the following
equations. The blade chord and blade twist are both
implicit variables: They are optimized to maximize the
efficiency at the design condition.

P = P(generator properties, r, ®, W, b) (D)
V =V(generator properties, r, o, W, b) 2)

However, these relationships do not inform the en-
gineer about the sensitivity of the design to a change in
the requirements, or help them to select the optimal
generator for their applications, because these parame-
ters are mixed between the design variables and the
responses. An inverse of Egs. (1) ~ (2) would directly
provide the engineers the effect of a change in the re-
quirements of the optimal turbine. However, such a
functional relationship does not exist as there are mul-
tiple solutions for a fixed set of requirements. An al-
ternative is to obtain an equation of the minimum wind
velocity W required to find a feasible design as a func-
tion of the salient requirements and constraints met by
engineers, as presented in Eq. (3). Once it is found
that a feasible design exist by comparing the the mini-
mum wind velocity required W and the wind available
for a specific application, it is relatively easy to obtain
one or multiple designs that can meet the requirements.

W =W(generator properties, Py, Vi s Moy ) 3)

One must note that this equation is not an equivalent
to efficiency conversion of the wind turbine, as the disk
area is an implicit variable. A structured design of
experiments (DoE) where each experiment (denoted i)
is the result of a single objective optimization problem,
as detailed in Eq (4). A design of experiment consists
of purposeful changes to the inputs (design variables) to
a process in order to observe the corresponding changes
in the outputs in an intelligent way.

Given(generator properties)i, Preqi> Vininji> Mmax.i
Minimize W,

with respectto r, ®, W, b

P-Preqi=0

IMmax,i-T <0

Viini-V <0

Bounds of the model variables (4)

subject to
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There are three continuous variables and one discrete
variable (number of blades). The quasi-inversion of
Egs. (1) ~ (2) is expensive and requires a very high
number of function calls due to the multiple optimiza-
tions. Therefore, a surrogate model of Egs. (1) ~ (2)
should be used by the optimizer instead of calling the
aerodynamic and generator codes directly, which are
significantly more expensive to run.

The optimization formulation stated thus far does not
reuse the results from previous optimizations (each ex-
periment of the DoE is independent). It is known that
an optimized turbine which is designed for a higher
power output leads to a non-decreasing wind velocity if
all the other design variables are kept fixed:

W(Feq) 2W(Reg2) &)

if (Pegi > Peg2)

If a full factorial design of experiments [23] on Pyeq
is run in an order such that all the parameters are kept
fixed and the power required is increased between two
experiments (Pyeqi > Pregio1), an extra inequality con-
straint is added which reduces the design space to find a
feasible design.

Upw 2W W, (6)

In Eq. (6), i represents the index of the case in the
design of experiment, Uy, is the upper bound on the
wind velocity and W,_; is the wind velocity found in the
previous experiment. For the degenerative case for
which no feasible design is found for experiment i (a
higher wind velocity would be required than the upper
bound), all the following experiments with fixed pa-
rameters (except the increasing power requirements) are
simply removed.

Figure 3 presents a conceptual view of the design of
experiments for 10 levels in the power required Pyeq and
associated responses (W,i) with all the other parameters
fixed. The dashed line represents the minimum veloc-
ity needed to obtain a feasible design for a fixed power
required. For the lowest value of power required, the
whole range of wind required is included in the optimi-
zation. However, for Prggjiy1, the lower bound on wind
velocity in the optimization becomes W, the minimum
wind velocity from the previous optimization. This
process is repeated until the maximum value of Pye or
that the design space collapses. It the latter case, the
experiments with a higher power required are discarded
as they are unfeasible.

In summary, the power and voltage equations are
converted to a single objective function, the minimum
wind velocity required to find a feasible design as a
function of a set of requirements, such as minimum
voltage and power required. This proposed method-
ology recycles the results from previous experiments to
shrink the bounds on the wind velocity during the opti-
mization and in some cases, infer that a specific ex-
periment is unfeasible without performing the experi-
ment.
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Fig. 3 Effect of using the results of the prior experi-

ment on the lower wind velocity bound for the
next experiments

3. MODELING AND SIMULATION
ENVIRONMENT

3.1 MicroWind Turbine Performance Prediction
M odel

The modeling and simulation environment used to
analyze the mechanical power produced by micro wind
turbines uses two open-source codes, QMILL and
QPROP°. The first code provides an optimal propel-
ler geometry given the design conditions and general
propeller characteristics (design tool). The second
code analyzes the propeller with different angular ve-
locity and wind velocity given you provide the details
of the blade geometry (analysis tool). Both codes are
based on an extension of the classical blade-
element/vortex formulation with radially varying self-
induction velocity and circulation. This method is
well adapted for heavily-loaded actuator disks [24] such
as wind turbines. The change in airfoil drag coeffi-
cient in the code is considered through Eq. (7):

Cd(C,, Re) = (Cd, +Cd, (Cl _Cl"d")z)(RZe J )
ef

where the coefficients can be calibrated experimentally
or using aerodynamic codes on airfoil sections. Figure
4 details the general modeling and simulation architec-
ture built around these codes to predict the shaft torque
produced by the wind turbine. This generic architec-
ture allows on-design and off-design analyses of micro
wind turbines.

3.2 Generator Model

The generator model assumes a simple DC motor
model [24,25] which demonstrated its applicability in
previous work [14]. This model relates the angular
velocity, torque and generator properties to the electri-
cal power and voltage. The internal resistance is

3 http://web.mit.edu/drela/Public/web/qprop/
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Fig. 4 Modeling and simulation environment archi-
tecture for torque prediction

assumed to be constant as the coil temperature does not
increase for these low power settings. Two sources of
friction are considered: Constant friction and viscous
friction as shown in Eq. (8).

T, (W) =T, + oKg (®)

A wind turbine produces axial loads on its bearings
as a function of wind velocity, disk area, and design tip-
speed ratio. In a simple experiment where the axial
load is varied for multiple angular velocities, it was
demonstrated that the thrust affects the friction by up to
25% for a propeller with the largest disk area, operating
in the upper range of the wind velocity considered in
this study. However, high thrust loads are also corre-
lated to a high power generated by the propeller, mini-
mizing the relative importance of the increase in fric-
tion to only a few percent on the electrical power.
Therefore, this parameter can be neglected in this pre-
liminary analysis. The current produced by the gener-
ator can be derived from Eq. (9) and the voltage at the
motor terminals from Eq. (10).

To-T

V(i,0)=k, o—Ri (10)

4. MODEL CALIBRATIONS

4.1 Motor Characterization

The internal resistance R of the motor is the average
of the measured resistance at 6 different angular posi-
tions. The voltage constant k, is obtained by spinning
the generator by another motor and dividing the open
circuit voltage by the angular velocity. For brushed
DC motors, ki and k, are approximately equal [25].
The relation between the friction and angular velocity is
obtained from a no-load run, where all the torque is
dissipated into friction. The speed was measured from
the frequency of the electrical pulses using an oscillo-
scope (Agilent Technologies DSO6014A 100Mhz).
Appendix A presents the list of motors considered in
this study with their respective parameters and Fig. 5
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Fig. 5 Constant friction term as a function of the
electromagnetic constant for the analyzed mo-

tors

illustrates the relation between k, and the constant fric-
tion term T,. All these motors are low cost, off-the-
shelf components mainly used in mobile phones or
model airplanes. It is observed that k, is dependent on
the internal friction of the motor mainly due to the in-
crease in size of the motors.

4.2 Aerodynamic Coefficients

The modeling and simulation environment is cali-
brated by minimizing the errors between the power
predictions and the experimental validation for one
propeller. Then, the performance of another propeller
is predicted and compared to experimental results to
validate the calibration.

4.2.1 Experimental Set-up

The propellers are manufactured from plastic (ABS)
using a 3D printer (Dimension Elite) with a resolution
0of 0.005 in. No improvement on the propeller finish is
done or rebalancing. Propellers are held on the gener-
ator by a simple interference fit assembly. The wind
tunnel is open-loop with a test section of 0.6m by 0.6m.
The wind velocity is measured using an anemometer
(ALNOR GGA-26) with a precision of 0.1m/s. The
wind turbine assembly is held in the middle of the test
section by a single 3/8 in diameter shaft.

To control the angular velocity of the propeller and
measure its torque for a fixed wind velocity, the Speed
265 generator was used as sensor. The control on the
angular velocity is done by varying the load on the
generator and the angular velocity is measured using an
oscilloscope. The torque generated by the propeller is
derived using Eq. (9) given that the generator internal
friction T¢ (®) is known from no-load spin tests. Table
1 details the salient characteristics of the propellers
where propeller #2 was used for the calibration and #1
for the validation. The airfoil is a 5% cambered plate
with a constant thickness of Ilmm. A drawing of the
two propeller geometries is presented in Fig. 6.
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Table 1 Main characteristics of the 2 propellers de-
veloped for the calibration and validation of

the model
1D R (cm) b Ad
1 4.49 5 2.59
2 3.78 5 1.99

/) I

449

(a) Propeller # 1

;
3

(b) Propeller # 2

Fig. 6 Propeller geometries for the calibration and
validation (dimensions in mm)

4.2.2 Calibration

The aerodynamic parameters are calibrated using
two sources of data: Low speed wind tunnel tests on
airfoils and the wind tunnel tests of propeller #2. All
the parameters in Table 2 except Cd, are obtained by
analyzing the work of Sunada [26], Pelletier [27] and
Shyy [28] on low speed airfoils in the Reynolds number
range of 4,000 ~ 60,000. At the design condition, the
airfoil at 50% of the radius of propeller #1 operates at a
Reynolds number of 7,000 at 2,200rpm. Propeller #2
operates at approximately a Reynold number of 6,000 at
the design condition. Both propellers were also oper-
ated at over 5,000rpm. The design lift coefficient is
assumed to be 0.5, which is approximately the maxi-
mum lift-to-drag ratio of the airfoil.

The reference drag coefficient Cd, is calibrated by
minimizing the sum of the square of the errors of the
electrical power generated by propeller #2 while the
other coefficients are kept constant. The error is
minimized with a Cdy 0of 0.07. The lift at zero angle of
attack Cly did not need calibration. Figure 7 presents
the power predicted versus the wind tunnel tests for
propeller #1 after calibration. The validation of the
code using the wind tunnel tests of wind turbine #1 is
presented in Fig. 8.
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Table 2 List of calibrated acrodynamic coefficients

Aerodynamic parameters Values
Cd, 0.09
Clgo 0.3
Rerer 20,000
Reexp -0.3
Cl 5.4
Clges 0.5
Cd, 0.07
Cly 0.25

0.18

Model
Experimental

0.16 * e 7.6m/s

0.14

0.12

0.1

Power (W)

0.08 6.1 m/s
.06

0.04

4.8 m's
0.02
35 mis *
AT TR " " ”
0 1000 2000 3000 4000 5000 G000
RPM
Fig. 7 Calibration of the model using propeller #2
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0.2 ) A76m's
- 157
g
g
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P i i 4 3
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Fig. 8 Validation of the model using propeller #1

For propeller #2 at 4,000rpm, normal atmospheric
conditions and an axial velocity of 7m/s, the Reynolds
number is approximately 13,500 at 50% of the radius,
which translates to an actual airfoil parasitic drag of
0.078. From Eq. (8), the same airfoil at a Reynolds
number of 4,000 would have a parasitic drag coefficient
of 0.11, which is about 50% higher than what was pub-
lished by Sunada [26]. It must be noted that the losses
associated with viscous drag on the wind turbine hub is
included in the parasitic drag of the blade. For Reyn-
olds number around 50,000, the predicted drag coeffi-
cient falls a few percent beside the experimental values
obtained by Pelletier [27].
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This calibration assumes a fixed thickness-to-chord
ratio. However, Sunada [26] demonstrated that a
change in the thickness ratio from 2.5% to 5% increases
the parasitic drag coefficient by up to 35% for a cam-
bered plate. If the thickness to chord ratio has to be
increased due to manufacturing constraints for high
tip-speed ratio designs and small diameter, the refer-
ence parasitic drag coefficient should be adapted ac-
cordingly.

5. MECHANICAL AND ELECTRICAL POWER
5.1 Implementation of the Surrogate M odel

A surrogate model of the mechanical power is re-
quired for two reasons. First, it significantly reduces
the computational expense of the optimizer presented in
Eq. (4) and it allows the designers to easily visualize
the trends and sensitivity to a change in the constraints.
A surrogate model of the mechanical power is preferred
to a surrogate model on the electrical power and voltage
to reduce the dimensionality of the problem, as the
mechanical-to-electrical power conversion relationship
is known. Table 3 presents the bounds of the design
variables. The reference parasitic drag coefficient Cd,
(see Eq. (5)) is added to calibrate the model but as-
sumed fixed for the later optimization.

A total of 50,000 uniformly distributed experiments
were initially created without considering the design
tip-speed ratio and operating tip-speed ratio constraints.
Then, a filter was applied to enforce the tip-speed ratio
constraints, which reduced the number of experiments
down to 12,000. Although this number is still rela-
tively high, the computational time to run the experi-
ments was under 6 hours. An artificial neural network
(ANN) surrogate model form is selected for its capabil-
ity to represent highly non-linear problems. SAS In-
stitute JMP™ statistical software was use to fit a two
layer surrogate model with 11 hyperbolic tangent nodes
per layer. The training and validation data sets had a
R* 0f 0.994 and 0.990 respectively with a mean absolute
error on the mechanical power prediction under SmW
(2% of the range).

5.2 Results
5.2.1 On-Design Propeller Efficiency

The turbine is designed and operated at a given de-
sign tip-speed ratio Aq. A wind velocity of 5m/s and a
turbine radius of 3.5c¢cm are assumed fixed and the tip-
speed ratio is modified by varying the angular velocity.
Although this method includes the effect of Reynolds
number, the effect was found to minimal for the pur-
pose of capturing general trends.

Figure 9 shows the propeller efficiency as a function
of the design tip-speed ratio and Cd,, where the optimal
design tip-speed ratio as a function of Cdy is represent-
ed by a dashed line. It must be mentioned that each
coordinate on the graph is a different propeller design,
always operated at the design condition. The conver-
sion efficiency from wind power to shaft power of mi-
cro wind turbines is generally low due to the highly
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Table 3 Bounds on the design and operating parame-
ters for the mechanical power surrogate model

Characteristics Lower bound | Upper bound
Design wind velocity 3 3
Wy (m/s)
Operating wind velocity 3 3
W (m/s)
Design angular velocity
1,000 10,000
g (rpm)
Operating angular velocity 1,000 10,000
® (tpm)
Propeller radius R (cm) 2 5
Number of blades b 3 6
Reference parasitic drag coef. 0.04 01
Cd,
Design tip-speed ratio Ag 0.8 3.8
Operating tip-speed ratio A 0.40q 2hq
0.1
0\22 Out-of-range
0.09 \

0.08

0.07

cd
0
0.25
/
/
Q -Q
O o' N
A =)

RN
0.06 \ QS\
N
0.05 °°
N 0.37
(=) \
[ ﬁ \
0.04
1 1.5 2 2.5 3

Tip-speed ratio /141

Fig. 9 On-design propeller efficiency as a function of
the design tip-speed radio and Cd,

viscous flow at these Reynolds number and due to the
manufacturing constraints. As for large wind turbines
[11], the efficiency of micro wind turbines increases
with diminishing airfoil parasitic drag. The maximum
propeller efficiency is around 26.5% for a Cd, of 0.07
(from the calibration process). The conversion effi-
ciency is maximized at low design tip-speed ratio for
high drag airfoils, while an increase of a few percent in
efficiency can be obtained at higher tip-speed ratio for
low drag airfoil. For Cd, =0.07, the optimal design
tip-speed ratio is about 1.7 with a maximum efficiency
0f 26%. This estimation is also in line with previously
published results from Rancourt and al [14] as shown in
Fig. 2.

Although a high design tip-speed ratio is more ap-
propriate for low drag airfoils, the torque is greatly re-
duced. Figure 10 shows the normalized torque as a
function of the design tip-speed ratio and Cd,. The
effect of the airfoil drag on the torque from a fixed di-
ameter turbine optimized for maximum efficiency is
almost invariant for low tip-speed ratio.
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Fig. 10 Normalized torque as a function of A4 and Cd,

5.2.2 Off-Design Propeller efficiency

Figure 11 presents the effect of off-design operations
on the efficiency of a micro wind turbine with Cdy=
0.07. The geometry of the propellers remains fixed
along the vertical axis, but changes along the horizontal
axis. A value over 1 on the vertical axis means that
the propeller is operated at a higher tip-speed ratio than
the design value.

The optimization of the propeller for a fixed tip-
speed ratio is done with a fixed target airfoil lift coeffi-
cient of 0.5 as this value maximizes the airfoil lift-to-
drag ratio. However, the power losses due to parasitic
drag is reduced slightly if that same blade (optimized
for (G / Cy)max at a given angular velocity) is operated
closer to

C| 3/2
Cq

(11)

by reducing its angular velocity , and increasing the lift
coefficient at each airfoil section. Therefore the effi-
ciency of the wind turbine increases slightly if A/Ay < 1
where A4 assumes that the airfoils operate at the maxi-
mum lift-to-drag ratio. Turbines optimized for high
tip-speed ratio are more sensitive to off-design opera-
tion compared to designs optimized for low tip- speed
ratio. The maximum efficiency, including off- design
operation is 27.4% at A/Aq = 0.88 compared to 26.5%
for on-design operation.

6. MINIMUM WIND VELOCITY REQUIRED
TO OBTAIN A FEASIBLE DESIGN

This section presents the implementation of the
methodology that allows the designers to quickly ana-
lyze the feasibility of using a micro wind turbine as a
function of a set of constraints and power requirements.

6.1 Implementation of the Surrogate M odel

The minimum wind velocity surrogate model is ob-
tained by using an optimizer for each experiment, as
shown in Section 4. The role of this model is to allow
the visualization of the results and observe the trends.
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Fig. 11  Off-design propeller efficiency (Cdy = 0.07)

If the wind available is known by the designer, then it is
not required to go through the process of creating this
second surrogate; the optimization process in Eq. (4)
can be done only once. A full factorial design of ex-
periment with parameters presented in Table 4 is used,
where oy is the average static and dynamic friction co-
efficient ratio compared to the Speed265 generator.
The range on the V,;, is driven by the requirements of
power electronics to be supplied by a minimum voltage.
The range on the generator property variables were se-
lected based on the available generators and the radius
limit based on the manufacturing constraints, as well as
the limits of the model.

A large portion of the design space is infeasible,
meaning that it is impossible to produce a certain power
level with the constraints detailed in Table 3. There-
fore, it is required to capture accurately the wind re-
quired curve as a function of power required while
keeping the other parameters fixed. The number of
cases to be run was reduced by more than 25%, by us-
ing the data recycling methodology for the optimizer
presented in Section 4. Due to previous analyzes it
was possible for the algorithm to infer that that it is not
required to run the case (of the design of experiment),
therefore reducing the computational expense. For
more than 75% of the other cases, the wind velocity
lower bound for the optimizer was reduced by using
prior knowledge (see Eq (6)).

For each of these experiments, a genetic algorithm
with population size of 200 was used with a maximum
of 100 iterations. The tolerance on the electrical pow-
er required is ImW while a tolerance of OV was applied
for the voltage required. The total computational time
on a Intel 17-2600 quad-core computer was 6.3 hours.
It must be noted that optimality is not guaranteed with a
heuristic optimizer, but due to the multimodality of the
response, this type of optimizer is appropriate. The
high population number and maximum number of itera-
tions reduce the chances of significantly missing the
optimum for each experiment.

A neural network surrogate model form is selected
with 11 hyperbolic tangent nodes per layer. The train-
ing and validation data sets have a R® over 0.99 with a
mean absolute error on the minimum wind of 0.09m/s.
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Table 4 Bounds on the design variables for the surro-
gate model of the minimum wind required

V]e?r?zs;b%gs Lower bound | Upper bound N"‘f;}gg of
Viin (V) 0 1.5 4
ky (Vs/rad) 0.0008 0.008 4
o 0 1.2 4
Riax (cm) 2 5 4
Preg (W) 0 0.05 20

6.2 Results— Coupled Propeller/Generator

This section presents the effect of the electrical
power required, minimum voltage, generator selection
and radius constraints on the minimum wind velocity
required to get a feasible design. The analysis as-
sumes on-design performance with the calibration pa-
rameters described in subsection 4.2.2. First, the ef-
fect of the minimum voltage and power required on the
minimum wind velocity for two different generators is
presented in Fig. 12.

For both generators, an increase in the power re-
quired leads to an increase in the minimum wind re-
quired to find a feasible design within the bounds of the
model. This observation is in agreement with Eq. (6).
For the RMla generator, the increase in minimum
power from 10mW to 50mW with a minimum voltage
of 0.5V increases the wind required from 3.3 to 5.2m/s.
On the other hand, the RPM2 generator is a lot more

RMla @

15

Minimum voltage (V)

0.03 0.04 0.05

=8 m's out-of-bound

15

Minimum voltage (V)

0.01 0.02 0.03 0.04 0.05
Power (W)

Fig. 12 Minimum wind required (m/s) as a function of
power and minimum voltage for two genera-
tors
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sensitive to changes in electrical power requirements.
For generators with a small voltage constant and high
internal resistance such as the RPM2, a high angular
velocity is required to meet the requirements. How-
ever, as the design tip-speed ratio is bounded by the
strong drop in efficiency, the turbine radius is reduced,
which also reduce the power available from the wind.
Generators with higher electrical constant such as the
RMla generator do not need a high angular velocity
and are therefore less affected by the increase in power
required. The effect of the minimum voltage required
is also clearly seen with the RPM2 generator, where
high angular velocities are required to reach the voltage
requirement, even in open circuit. For the RM1a gen-
erator, a minimum voltage requirement does not signif-
icantly affect the minimum wind required under 0.5V,
as the voltage is not a constraint in this region of the
design space.

Second, the effect of the minimum voltage and a
maximum radius constraint on the minimum wind ve-
locity is presented in Fig. 13 for the RPM2 and the
Speed265 generators with a 20mW power requirement.

The minimum wind velocity is almost invariant with
an increase in minimum voltage required for the
Speed265 due to its highest k, of all the generators con-
sidered in this study. Therefore, the minimum voltage
is not a constraint within the current variable ranges.
However, this configuration is strongly affected by a
constraint on the maximum radius of the turbine. A
large radius turbine allows capturing more energy,
which reduces the minimum wind required, but also

5

Speed265

(em)

R

(em)

R

1.5

Vmin N)

Fig. 13 Effect of the minimum voltage and maximum
allowable radius on the required velocity (m/s)
for 2 generators
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reduces the angular velocity. For generators with a
high electromagnetic constant, such as the Speed265,
an increase in diameter leads to a reduction in the
minimum wind required. For smaller generators such
as the RPM2, the maximum radius is almost never a
constraint; therefore the minimum wind velocity re-
quired is not affected. However, the minimum voltage
requirement imposes a higher angular velocity which
results in a smaller turbine and a significant increase in
the minimum wind velocity.

Third, the effect of the minimum wind velocity as a
function of the minimum voltage and the generator speed
constant is presented in Fig. 14, for 20mW power re-
quirement and using the regression on the generator fric-
tion presented in Fig. 5. The increase in the viscous drag
friction coefficient K¢ is assumed to be proportional to the
change in T, with reference to the Speed265 generator.

High k, generators can allow larger wind turbine at low
angular velocity to reduce the wind required for a fixed
power requirement, extending the design space. Smaller
generators require higher wind velocities and are also af-
fected by the minimum voltage required. Therefore, high-
er K, generators are favorable even with the increase in fric-
tion for this specific case where 20mW is required.

Fourth, the optimal generators as a function of power
required and minimum voltage required with a con-
strained radius is shown in Fig. 15 (R = 2cm), Fig. 16
(Rinax= 2.5cm) and Fig. 17 (Ryax= 3cm). The genera-
tor that leads to the lowest wind velocity required for
each power-voltage combination is selected and pre-
sented in each figure (white font on black background).
The dashed curves bound the regions of the design
space where each generator is optimal. Sharp changes
in the minimum velocity trends can be seen near the
dashed curves due to the discrete change in the genera-
tor properties.

A constraint on the maximum radius significantly affects
the optimal generator map. For a 2cm maximum radius
constraint, the available torque for a fixed wind velocity is
reduced. The optimal generators are small-size with low
friction to extract power at high angular velocity and low
torque, such as the RPM2 and the RPM1. However, it is
impossible to produce over 4SmW without exceeding the
8m/s upper limit on the wind velocity.

Relaxing the maximum radius constraint to 2.5cm ex-
tends the design space to turbines with higher torque,
higher power, and lower angular velocity. This increase
in available torque at lower angular velocity allows for
high k, generators to be more efficient even with the in-
crease in friction. For high power levels, the wind ve-
locity required drops under 8m/s.

The most favorable motor for a maximum radius
constraint of 3 cm with voltage and power requirements
of 1V and 20mW is the Speed265. However, for small
power and low voltage requirements, small motors such
as the RPM2 are still advantageous due to their low
bearing friction. For unconstrained maximum radius,
the Speed265 generator becomes the generator that al-
lows the minimum wind velocity in the whole design
space. Although counterintuitive, larger-size genera-
tors allows propeller designs to reduce the wind re-
quired, even for power generation of a few milliwatts.
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Fig. 15 Minimum wind required (m/s) and optimal
generator as a function of power and minimum
voltage with R,x = 2cm

15

-

Minimum voltage (V)

o
wn

0.01 0.02 0.03 0.04 0.05
Pow er (W)

Fig. 16 Minimum wind required (m/s) and optimal

generator as a function of power and minimum
voltage with R,.x =2.5cm
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Fig. 17 Minimum wind required (m/s) and optimal
generator as a function of power and minimum
voltage with R,,x = 3cm

7. CONCLUSIONS

This paper presented the design space exploration of
a centimeter-scale wind turbine and DC generators to
power sensors, using a calibrated physics-based model.
On and off-design performances of the propeller alone
showed the strong dependency of the available power to
the airfoil zero-lift drag coefficient, design tip-speed
ratio and operating condition. Several optimizations
using a genetic algorithm are used to obtain a functional
relationship between the minimum wind velocity and
multiple constraints relevant to turbine designers, such
as the maximum turbine radius, electrical power re-
quired, minimum voltage required and generator prop-
erties. The optimization formulation uses the results
of previous optimizations to reduce the number of func-
tion calls based on the knowledge about the physics of
the problem. It is shown that the favorable character-
istics for micro DC generators are a high electromag-
netic constant and low friction. However, as these
parameters are positively correlated, large generators
allow the lowest wind required only when large turbine
can be used, even for low power generation. This ap-
proach to analyze micro wind turbines can also be ex-
tended to larger wind turbines, or even water turbines.

Future research should include the analysis of
brushless AC motors for their high electromagnetic
constant and absence of brushes as they could certainly
increase the reliability and longevity of micro wind
turbines. Also, an increase in the ranges of the design
variables could allow a better understanding of the
lower limit of the wind velocity for which power could
be generated. However, a more detailed aerodynamic
model should be implemented in the modeling and
simulation environment to better represent the Reynolds
numbers between 1,000 and 5,000 with variable thick-
ness-to-chord ratio.

NOMENCLATURES

b Number of blades
ki  Penalty coefficient
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Torque constant

ky  Speed constant
Cd Airfoil drag coefficient
Cdy Airfoil minimum drag
Cd, Airfoil lift-induced drag coefficient
Cl  Airfoil lift coefficient
Cl, Airfoil lift curve slope
Cl, Airfoil lift coefficient at zero angle of attack
Clego Airfoil lift coefficient at minimum airfoil
drag
Clges Airfoil design lift coefficient
C, Power coefficient
i Current
Kg  Viscous torque friction coefficient
P Electrical power
Preq  Electrical power required
Re  Reynolds number
Rers  Reference Reynolds number
Reep Correction factor for Reynolds number
R Generator electrical resistance
r Turbine radius
lmax Maximum turbine radius
To  Constant friction torque
T;  Friction torque
Tm  Torque at the shaft
Upw Lower bound on the wind velocity
V  Voltage
Vinin  Minimum voltage required
W  Wind velocity
Wy  Design wind velocity
Tip-speed ratio (@r / W)
Mg Design tip-speed ratio (g r / Wy)
®  Angular velocity
®g Design angular velocity
APPENDIX A
Table 5 Generator properties
R k T K
Motor (ohms) | (Vs/rad) | (Nm) |(Nms/rad)
Graupner —
Spele):d265 8.11 0.00623 | 1.45E—4 | 9.64E-8
Solarbotics —
TPM2 37.7 0.00052 | 4.37E—6 | 2.33E-9
Solarbotics —
RPM2 10.8 0.00128 | 4.52E—6 | 8.41E-9
Solarbotics — | g 76 | 0.00440 | 1.03E-4 | 7.70E-8
RMla
Solarbotics —
MK 06-30 30.7 0.00124 | 6.30E-6 | 2.95E-9
Solarbotics —
MK04s-10 12.0 0.000443 | 3.99E-6 | 2.57E-9
Solarbotics —
MEK04-40 37.2 0.000869 | 4.47E—6 | 2.23E-9
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