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Our Principals (Hedgehog Concept)

= To create a durable, modular heliostat system with two axes of rotation that is easy to
manufacture and easy to install

= We're passionate about creating something new and challenging to push what is possible

Durable

Installed Manufactured
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MECHANICAL AND AEROSPACE ENGINEERING

Design Overview

= Mirror Subsystem

= Controller subsystem

= Heliostat Base Subsystem

= Module Base Subsystem

=  Arduino and ESP module
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Design Overview

Mirror Subsystem Controller Subsystem
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Design Overview
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= Limited Shading due to = Entire module rotates about
a central axis

spacing
= Ability to follow the sun for ™~ —J | = Connecting Rod actuates all
four mirrors together

maximum energy collection
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Overall Product Dimensions
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Mirror Subsystem

Borosilicate Glass Mirror

4 Mirror Clips

= Glass Mirror

Mirror Clips Mirror Backing

Mirror Backing

2 V-Shaped Supports

Linkage /
Linkage

- Supports
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Customer Needs Map for Mirror

Subsystem

M2: Total reflective area per module

C2: Collection area < 1 m? 2]

<1m?[m

C11: Parts <= in cost to OTS parts —
M14: Minimize cost of parts [$]

C12: Reflective surfaces are

washable M15: Maximize mirror resistance to

cleaning products [Rating]

C16: Withstand ambient and solar

conditions of Las Vegas, NV \l M20: Withstand winds of 100 [MPH]

F2: Total reflective area per modue =
1 m? [m?]

F14: Mirror cost = $10

F15: Durable mirror suface

F20: Mirror backed by sheet metal

M23: Entire solar field must deliver at
least 1 MW to receiver target [MW]

C17: Entire solar field must deliver at
least 1 MW to receiver target

M24: Provide solar concentration of
108 W/m? [W/m?]

C18: Entire solar field must provide
solar concentration > 1000 suns

M25: Lateral distance of heliostats
from target < 100 m [m]

C19: Heliostats account for
dispersion of reflected light

Mirror Subsystem

F23: Solar field composed of 1500
heliostats assemblies

F24: Mirror shape accurately reflects
light to receiver target

F25: Furthest lateral distance of
heliostats from target = 100 m
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Mirror Subsystem Analysis

Drag Force Calculations

= Assume Mirrors are in the vertical position to maximize frontal area

Cp = 1.98 (For rlat rectangular plate perpendicular to the flow)
1 1 kg m\?
— 2 — = —_ 2) =
Fp =5 pv?CpA 2(1.225 m3> (44.7 S) (1.98)(0.25 m?) = 605.8 N 7
—p
Fnax = Fp X FOS = 6058 N x 2 = 1211.6 N .
Fp
]90°
Mirror Bending Stress Calculations -
= Assume Drag Force acts as a distributed load across the face of the mirror
Epan L2 (1211.6ﬂ)(1 m)?
8 8 Fo
1 1 ik
I =7>bh* = (025 m)(0.00318 M) = 6.7 x 10~ m* N ILILLLLILLLLLLLY
= | |
My 151.45Nm X 6.7 X 0.00159 m A A
op = —— = = 359.44 MPa | |

I 6.7 x 10710 m*

. 10
*Drawings not to scale
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Mirror Subsystem Analysis

Downforce Calculation

= Assume mirrors at maximum lifting angle before the flow separates

C, = 2na (For Flat Rectangular Plate)
a = 15 degrees = 0.2618 radians (Maximum angle of attack before flow separation)

¢, = 2m(0.218) = 1.32

1 1 k m\2
For = —F, = =5pv?CpA = _§<1.225 m—g3> (44.7 ;) (1.32)(0.25 m?) = —402.69 N

Fpax = Fpr X FOS = 402.69 N X 2 = 805.38 N

*Drawings not to scale H
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Maximum Shading

Assumptions
1. Maximum angular offset from horizontal is 8,= 40°
hsis offset from vertical by the angle 90°-8,

2

3. Mirror position at 8 has tracking errors < 0.5°%

4. Aright angle is formed between the shaded
regions and mirrored surfaces

5. Height of mirrorsis 0.25m

Determining height of shaded region: hs

. 0.25m — h,
tan(90° - 6,) = (distance between mirrors)
. . 0.25m — h,
tan(90° — 40°) = (m)

0.1575m x tan(50°) = 0.25m — h,
0.25m — (0.1575m x tan(50°)) = h, = 0.0623m

Determining area of shaded region per mirror: As mirror

As,mirror =Lx h’s

Agmirror = (1m) X (0.0623m) = 0.0623m?

*Geometry not to scale

Determining total shaded area: Asiowml

Astorar = 3(L X ) o shaded mirror area 0.4987m? 100 = 18.7%
— - x = X = .
Agrorar = 3(0.0623m?2) = 0.187m?> " total mirror area 4(Im x.25m) 0

12
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Controller Subsystem

= Connecting Rod

= 16.7 RPM Cytron Motor with Encoder

. Connecting Rod 16.7 RPM Motor

\ with Encoder

= Protective Brush

i \ ===

- Ii N €

= 0.071” thick Zinc-Galvanized Low-Carbon Steel [
Sheet Metal

LI lelt SWitCheS Protective Brush

- Limit Switches
= 2 Rod Guides Rod Guides

13
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Controller Subsystem Close Ups

= Motor
= Protective Case
= Brush

= Connecting Rod

= Limits Switches
and their Stoppers

12
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Customer Needs Map for Controller

Subsvstem

M4: Reflective efficiency > 60% [%]

M5: Tracking errors <= 0.25
[degrees]

C4: Optical losses < 40%

M6: Heliostat has at least two axes
of motion [#]

| C5: Modules track sun over the day |/"'

— | M8: Maximize reflected light range
b/w 0-100 m in height [m]

| ©8: Cost per module < $100/m? | [M10: Controller Zulllssgem < $60 per
module

C7: Sunlight redirected to target

C9: Heliostats automated and
computer controlled

M11: Minimize latency b/w onboard
controller and signals [Rating]

C11: Parts <= in cost to OTS parts

M12: Maximize controller subsystem
actuation [Rating]

C15: Operational lifetime > 20 years

C16: Withstand ambient and solar s e e

conditions of Las Vegas, NV

M18: Operational lifetime > 20 years
(w/ maintenance) [yr]

C13: Factor of safety > 2 for all
mechanical features

M19: Withstand temps b/w 0-150
[degrees]

C14: Each mirror must move

independently in at least one axis M16: Factor of safety > 2 for all

mechanical features [FOS]

M17: Maximize independent axes of
motion [Rating]

F4: Onboard controller actively
corrects heliostat position

F5: Motors are accurately actuated

F6: Heliostat has at least two axes of
motion

F8: Range of reflected light exceeds
100 m in height

F10: Controller subsystem cost
minimized

F11: Minimal structure surrounding
onboard controller

Controller Subsystem

F12: Large pivot range for mirrors
and 360 rotation about vertical

F14: Cheapest OTS parts used
where applicable

F18: Material choices have lieftime >
20 years under present conditions

F19: Material choices suitable for
extreme temperatures

F16: Designed to have factor of
safety > 2 for all components

F17: Each mirror has an
independent axis of motion

15
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Controller Subsystem Analysis

Motor Torque Calculations
= Assume reset takes 600 seconds, starting from rest

©) ©)

0 %[ dpicen = 0.0254m m

A

1=02517m -

Al 0.2517m

Vrod = T = “o0s = 4.195 X 107 m/s?

. Avyoq 4195 x 107* m/s?
rod T ¢ /2 300 s

= 1.398 X 1076 m/s?

Froa = Mroalroq = 0.97899 kg(1.398 x 107 m/s?) = 1.369 x 10™° N

Apitch 0.0254

M=F,g = (1.369 x 10~¢ N)( m) = 1.739 x 10~8 Nm
Vrog _ 4195x107*m/s

Tpitch 0.0127 m

= 0.033rad/s

Power Calculation
Ppin = Mw = (1.739 x 1078 Nm)(0.033 rad/s) = 5.265 x 1077 W
16
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Controller Subsystem Analysis

jSmall opening for rack*

Heat Transfer Analysis of DC Motor Surface

Assumptions —Teur = 50°C

¥

1. Surface Thermal Emissivity £ = 0.83 I I

2. Motor L=0.0762 m, Motor D = 0.0508 m Air Qaa G

3. Steady-state system Teo = 48°C | / / |

4. System Efficiency ~ 0.8 h =25 W/m?**K | .................................................. . |

5. Air travels trough small opening for rack —Ts=7?

6. Outer casing heated to T, = 50°C from solar radiation I I
| : Motor o |

Conservation of total energy (Fro nt)
dEL"

— Er_tot _ E‘-tott : H
dt in ou Protective casing

Conservation of thermal/mechanical energy

Application of Rate Equation

Ein = Eoue + E‘g‘gn =0 q = Qrad + Qeonv = A[q"rad + q"conv]

Relationship between mechanical/electrical power
Mechanical work _—— - Heatleaving motor
=\W - .

wD?
q= []ITDL + T] [ea (T —T2,) + h(T, — To)]
P=20
Electrical power

- 0.0508)
q=W-—F 435 % 1077W = [n(0.0508m)(0.0762m) +u][ o(T¢ — Tiy) + h(T; — T,)]
P= anotor W W w
*Minimum power needed to start movement 3.06 x 10_5m [(0 83) (5 67 x 10~8 ) (T4 ~1.088 x 101°K%) + ( ) (T, — 321K)]
1
=P ("motor o 1) T, = DC motor surface temp.= 321.4K = 48.4°C
- - - = C ti t at risk of heati
g = (174 x 10-5)) (ﬁ_l) _435%10-7W omponent is not at risk of overheating

17

*Drawings not to scale
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Heliostat Base Subsystem

= Heliostat Base Plate

Heliostat Base Plate
]

18
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Customer Needs Map for Heliostat
Base Subsystem

C1: Uses innovations to reduce
heliostat size

G

M1: Minimize heliostat size [m F1: Heliostat base size of 0.736 m2

M7: Minimize shading of other
C6: No shading of heliostats |—’/ heliostats [Rating]

F7: Heliostats spaced out
appropriate distance

Heliostat Base Subsystem

C3: 4-16 heliostats per module M3: 4-16 heliostats per module [#]

F3: Supports 4 heliostats

M13: Module area < 1.5 x reflective
area [m2/m?]

F13: Module area to reflective area
ratio of 0.736

C10: Module area < reflective area

19
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Heliostat Base Subsystem Analysis

) L=353.5mm ” §

L=3.5mm \

F=%+402.5N F=50.7N F=50.7TN §
N\

| L=464.5mm ‘ §

I N\

Conservative Cantilever Beam approximation of the heliostat base

F, and F, are forces from the weight of heliostats. F, is the max downforce
experienced by the mirrors by the wind.

Mpax = XFx = Fixq1 + Foxy + Fgxg = 160400 Nmm

Mpin = ZFx = Fixq + Fyx, — Fgxq = —124200 Nmm

*Drawings not to scale 20
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Heliostat Base Subsystem Analysis

A

15 mm thickness = 1.8 mm

L |
‘ I 485 mm l J

r 550 mm 1

Cross sectional diagram of weakest point

Centroid calculation
_ Ayy1 — (Ay; + Asys) Az
y = = 3.066 mm Ly
Ay — (Az+A3) Al
_ | |
y=15-y =11.93 mm
\AS
Second Moment of Inertia
I —ib h3 + Adi — (ib h3 + A,d? +ib h3 + A3d3) = 99413.99 mm*
= 119 1041 2N 203 3M3 3d3) = .
12 12 12
Bending Stresses
M M M.,
o= Ty Omax = m}“"y = 19.26 MPa Omino = m}”‘y = —14.91 MPa

*Drawings not to scale 21
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Heliostat Base Subsystem Analysis

Cyclic Loading Sut = 635 MPa

Equivalent Completely Reversed Stress (g4R)

— s . Oq
o, = Jmax —Omin _ 47 00 Gy = max = Imin = Imin _ 5 47 AR = Om 17.14
2 2 TS
Y Y
b=15 mm x=tf = 1.8 mm Marin Factors and Endurance Limit Calculation

S, = 0.5S,; = 317.5 MPa

a=550 mm k, = 4.51S,, %% = 0.816

Diagram for equivalent diameter d, = 0.052xa + 0.1tf(b — x) = 53.9

ky, = 1.24d,7%1°7 = 0.809

E Limi
ndurance Limit Factor of Safety for Infinite Life

S, = Sikgk, = 209.5 MPa

Se
n=—=12.23
OAR

*Drawings not to scale 22
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Heliostat Base Subsystem Analysis

P N — — Nl — I N

HIRdN e b

| o  mo— ‘7,.t ‘——;I'f“’—ﬁj—“ X =

23
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POWERING THE NEW ENGINEER TO TRANSFORM THE FUTURE

Module Base Subsystem

Module Base Support

= Lazy Susan

= 16.7 RPM Cytron Motor with Encoder
= Circular Module Base

= Control Panel

= Concrete Cylinders
= Shielding Case

16.7 RPM
Module Cytron Motor
Base with Encoder
Support Lazy Susan Circular
Module

Base

Shielding Case

Control Panel

Concrete Cylinders

24
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Module Base Subsystem Close Ups

= Motor
= Lazy Susan

=  Circular
Module Base

Limit

Switch
and its
Stopper

Control Panel

= Accuracy < 0.5°

=  Wi-Fi Capabilities
= Encoders to track

Position 21
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Customer Needs Map for Module
Base Subsystem

M9: Minimize cost of module base

subsystem
C8: Cost per module < $100/m?

M14: Minimize cost of parts [$]

F9: Cost minimized through OTS
parts and bulk discounts

F14: Bulk sheet metal used

C11: Parts <= in cost to OTS parts

M21: Minimize exposure to sand and cle il Fege SUEsEED

C16: Withstand ambient and solar pests [Rating]
conditions of Las Vegas, NV

F21: Plastic Shielding cases

M22: Minimize damage from rain
and floods [Rating]

F22: Cases are waterproof

26
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Module Base Subsystem Analysis

Leg Stress Calculations

Fg = 200N
1.5875 mm

—

G [, = 605.8N

30 mm

Cross Section

I 1.5875 mm

a
v

30 mm

27
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Module Base Subsystem Analysis

Leg Stress Calculations Cont.
= Normal Stress Calculations

Ay, + Ay, (15875 mm)(30 mm)(15 mm) + (30 mm — 1.5875 mm)(1.5875 mm)(1'5§75 mm)

Y= A 4, (1.5875 mm)(30 mm) + (30 mm — 1.5875 mm)(1.5875 mm)

= 8.0899

I = iblh3 +A1d% +ib2h3 +A2d%
12741 127472

1 1
=13 (1.5875 mm) (30 mm)3 + (30 mm)(1.5875 mm) (15 mm — 8.0899 mm)? + 'R (30 mm — 1.5875 mm)(1.5875 mm)?3

1.5875 2
+ (30 mm — 1.5875 mm)(1.5875 mm) | 8.0899 mm — > mm

= 8256.52 mm*

F, 200N

_ g _ _
= 24 = (1.5875 mm) (30 mm) + (30 mm — 1.5875 mm) (15875 mm) _ > 1>68 Mpa

On

28
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Module Base Subsystem Analysis

Leg Stress Calculations Cont.
= Bending Stress Calculations

_ Farag, _ 6058N

M 2 2 (100 mm) = 15145 Nmm
_ My (15145 Nmm)(0.79375 mm) 1456 MP
=TT 8256.52 mm* - ¢
Factor of Safety
Ssy 490 MPa
N = =135.6

~0,+0, 21568MPa+ 1.4559 MPa

29
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Module Base Subsystem Analysis

24 teeth

Motor Torque Calculations

= Assume reset takes 600 seconds at the end of each day
= Assume the motor starts from rest

N; 24teeth 1 P 4

N_O " 72 teeth 3 N\ R -

_A9_27trad_001047 p 72 teeth
o= T 600s rad/s

Aw, 0.01047 rad/s
t/2 300 s

a, = =3.49 x 10™* rad /s?

w; = 3w, = 3(0.01047 rad/s) = 0.03142 rad/s

_Aw; 0.03142rad/s
=2 T T 300s

= 1.05 X 10~ * rad/s?

M =Ia; = 4.02 kg *m?(1.05 X 10~* rad/s?) = 4.2 x 10~* Nm
**Moment of Inertia / Calculated through SolidWorks**
Power Calculation

Ppin = Mw; = 4.2 x 1072 Nm(0.03142 rad/s) = 1.32 X 1072W

30
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Cost Summary — Entire Heliostat Field

m:m

Manufacturing $186.53
Assembly $35.72 -

Raw Material $130.87

OTS $151.68
Modified OTS $0.00 [

Energy $0.02

—
T T

31
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Lifetime Summary

Although our cost is high, our design’s lifespan is predicted to be well over 20 years

Brushless DC Motors have estimated
lifespans of 10,000 hours

Our motors will have lifespans of
approximately 68.5 years

Borosilicate Glass is highly resistant to
thermal stresses
It has an extremely low coefficient of
thermal expansion
Most of our design is made from sheet

metal parts

These parts are designed for infinite
life, as shown in our analyses

32
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Design Highlights and Key Features

Minimal Actuation: The
Connecting Rod makes it
possible to rotate four
mirrors with the use of
only one motor

Modularity: The Mirror Clips
malke it easy to remove and
reattach mirrors

Installation: The module is
mounted simply by pouring
Durability/Manufacturing: cement into four holes where
Most of the design is made from the module base goes into the

the same type of sheet metal ground -,
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Conclusion

Operation Concentration has designed a product that is

= Easy to manufacture due to the simple materials and techniques
= Quickly installed on the site of the solar farm

= Lower cost than heliostats on the market today

= Modular design to allow for faster maintenance

34
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Thank you to the UF Department of
Mechanical and Aerospace Engineering as
well as our corporate sponsors!

“orinaan | &
aurigo’

®
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