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Abstract

Energy storage technologies are increasingly needed. Innovation is therefore welcomed. One
groundbreaking technology is solid gravity energy storage (SGES), which stores energy by
increasing the altitude of a mass. It was examined how energy can be stored using weights, and
how this method compares with conventional energy storage technologies.

A model of an SGES system was constructed and analysed by measuring the motion of the
mass as well as the motor's voltage and its current. The model achieved an ef®ciehcypof 6
and a maximum energy output of88 J. Furthermore, methods were found to save energy
during braking and to achieve constant power more quickly when accelerating at the top. The
®ndings were used to calculate how the model would look in real life. It was found that a
mass of 35t and an altitude of 100 m would be needed to store 5 kWh. By researching SGES
was compared to other energy storage technologies. This research has shown that, despite their
low energy density and lack of maturity, SGES systems have advantages. For instance, they
are sustainable and have no self-discharge. This indicates potential for future development of

SGES systems.
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1 Introduction

Humans are heavily dependent on electricity in their daily lives and everything that is connected
to it, such as the industry and the internet (Zohuri, 2016). Notably, the electricity import and
export of Switzerland was mostly balanced over the last twenty years. Often more electricity
was exported than imported over a year. However, Switzerland imported around 30000 GWh
electricity per year. In particular, in the winters since 2005, Switzerland imported more elec-
tricity than they exported except for one year. (Bundesamt f'r Statistik, 2023) Furthermore, in
the last years renewable energies expanded enormously. Especially wind and solar energy are
well represented. However, these two energy sources have a uctuating output due to changing
natural and meteorological conditions. (Wang et al., 2022) These changes in generation and
demand can be balanced by energy storage technologies over seconds, hours, or even months.
Energy storage can increase self-consumption of solar electricity, and it still provides electric-
ity during a blackout. Additionally, secure and ef®cient operation of the electricity system is

ensured. (European Association for Storage of Energy, 2024b)

There are many different technologies that store electrical energy as chemical, electrochemical,
electrical, thermal, or mechanical energy. An example of mechanical energy storage is the solid
gravity energy storage technology. (European Association for Storage of Energy, 2024a) The
principle of this storage method is to lift masses and let them drop again. Different companies
research how this method could be used commercially. Among others, there was a test program
built in Ticino by Energy Vault. The goal was to have an energy storage system that ®ts almost
everywhere unlike pumped hydropower energy storage and with lower long-term costs as well

as fewer environmental issues than batteries. (Moore, 2021)

This new method to store energy is studied in this paper. On the basis of practical work, the
solid gravity energy storage technology is analysed. Additionally, the technology is compared to
others based on research. In this paper the following question will be analysed: How can energy
be stored using weights, and how does this method compare with conventional energy storage
technologies focusing on pumped storage hydropower plants, hydrogen storage, lithium-ion

batteries, and vanadium redox ow batteries?



2 Theoretical Framework

This section introduces the types of energy storage relevant to this paper. Additionally, im-
portant formulas for the development and the analysis of the model as well as for the com-
prehension of the topic are listed. Furthermore, important components that were used for the

construction of the SGES model are explained.

2.1 Electrical Energy Storage (EES)

The de®nition of energy storage is the capture and holding of energy in reserve for later use.
Electrical energy storage systems support the electric grid. Hence, the electricity demand can
be met, although there is not enough electric energy generated. How long an EES system
can supply electricity differs. There are some EES systems that supply energy only for a few
minutes, such as ywheels. On the contrary, diurnal energy storage systems provide energy for
several hours, as do pumped storage hydropower plants. Depending on their type, batteries are

either short-duration or diurnal energy storage systems. (Gomstyn & Jonker, 2024)

When electrical energy is stored, it mostly is transformed into a different form of energy. There
exist chemical, electrochemical, electrical, mechanical, and thermal EES systems. Each type
contains many different energy storage technologies. (European Association for Storage of

Energy, 2024a) Some of these different technologies are explained below.

2.1.1 Solid Gravity Energy Storage (SGES)

The basic principle of solid gravity energy storage is lifting a mass up and letting it drop
again. There are different companies with different approaches to using gravity to store en-
ergy. (Moore, 2021)

In Ticino, Energy Vault built towers with six crane arms (Figure 1) that raise and lower bricks,
each of which has a mass of 35 tonnes. These bricks are arranged in concentric rings, and all
together can store up to 35 MWh. It was hooked to the grid in 2020. The system possesses a

control system, which compensates for gusts of wind. (Moore, 2021)
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Figure 1: Energy Vault's project in Ticino, Switzerland (Moore, 2021)

In China, Energy Vault built its two ®rst commercial SGES projects. These have more similarity
to a house but still work with cranes (Figure 2). One project was built in Rudong, and it is

directly connected to a wind farm and the national grid. It has a storage capacity of 100 MWh.
In 2023, they started another project in Zhangye. At the time it is completed, it should store at

maximum 68 MWh. (Energy Vault, 2024b,c)

Figure 2: Energy Vault's project in Rudong, China (Energy Vault, 2024b)



Grawvitricity is another company that uses a similar principle. Unlike Energy Vault, they use de-
commissioned mines to build underground energy storage systems. The ®rst large-scale project
will be located in central Finland. This project will provide up to 2 MW balancing service to

the local grid. (Cuthrell, 2024)

A slightly different approach is SGES aided by water. This technology stores water underground

and keeps it under pressure with the help of a piston made of rock. To store electrical energy,
water is pumped from a surface water body below the piston. For the generation of electrical

energy, the water ows back through a turbine to the surface, due to the pressure created by
the piston. (Zahoransky et al., 2019, p. 535) The company Gravity Storage uses this concept
(Figure 3). For instance, a piston with a diameter of 150 m and a height d& &8Zould store

1:3GWh of energy. (Gravity Storage, 2024)
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Figure 3: Technology of Gravity Storage (Gravity Storage, 2024)



Gravity Power uses a similar concept, with the only diffe

ence being that it operates as a closed-loop system (Fig ‘
pump / _ L

4). The water is pumped from above the piston below it EREEILE
store energy, and the reverse happens to generate elec|

energy. (Gravity Power, n.d.)
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Figure 5: An overview of the different SGES technologies (Tong, Lu, Sun, et al., 2022, p. 929)

2.1.2 Pumped Hydropower Energy Storage (PHES)

A technology that is closely related to SGES is pumped hydropower energy storage. It is
widespread and plays a major role in current energy storage (Schoen®sch & Dasgupta, 2023).

If there is an oversupply of electricity, PHES systems pump water from the lower basin to the
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upper basin with the help of electrical energy. On the contrary, if electricity is needed, the water

“ows down again, and a turbine generates electrical energy. (Zahoransky et al., 2019, p. 529)

2.1.3 Other Energy Storage Technologies

Another widespread storage technology is lithium-ion batteries. They work like normal batter-
ies with an anode and a cathode that store the lithium. The positively charged lithium ions are
transported through the separator between the cathode and the anode. The electrons cannot ow
through the battery due to the separator. Hence, the movement of the lithium ions leads to a
current owing through the connected device during discharging. When the battery is charging,

the lithium ions are moved back. (U.S. Department of Energy, 2023)

The ow batteries differ from conventional batteries in two main points: The reaction does
not occur between the electrolyte and the electrode but between the two electrolytes. Thus,
there is no loss in electroactive substance. Furthermore, the electrolytes are stored in external
tanks, which require a circulation and a control system. These batteries are distinguished by
the chemistry of their electrolytes, an example being the vanadium redox ow battery. (Blanc,
2009, pp. 22-23)

An energy storage technology that is considered to have potential for the storage of electrical
energy over weeks and years is hydrogen. It can be gained by electrolysis of water with elec-
tricity. Then it is stored in tanks, and ®nally, fuel cells can be used to produce electricity again.
(Zahoransky et al., 2019, p. 545)

2.2 Fundamental Concepts

In this chapter the fundamental concepts necessary to understand this paper are explained
(Urone et al., 2022, pp. 153-154, 198-199, 203, 270, 275, 278, 293, 296, 408, 873-874). First
of all, it is important to note that energy is always conserved. It can change its form, and it
might be transferred from one system to another, but the total energy always remains the same.

Different types of energy are listed below.

To get the potential energy, the gravitational force is needed. This is the force accelerating a
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falling object with massn. It is also called weightv, the formula of which is as follows:

w=m g; (1)

whereg is the gravitational acceleration on Earth, which amountsSChg (Wetzel, 2019, p.
6).

The work done against the gravitational force means the work done when lifting an object with
massm through a heighh. If the object is lifted straight upwards with a constant speed, the
force needed to lift the object equals the weight. The formula to calculate the work done against
the gravitational force is:

W=mgh (2)

This is the gravitational potential enerdgyHg) put into an object-Earth system.

In terms of kinetic energy, there are two types. The translational kinetic energy is the energy of
a translationally moving object with a massat a speed:
1
KEtrans: E m V2 (3)
The rotational kinetic energy describes the energy of a rotating object with a moment of inertia
| and an angular velocity:

KEoi= = | w? (4)

NI =

Considering the work done against friction, it is relevant to know that friction occurs when two
surfaces are in contact and there is relative motion. The friction force opposes this motion.
In a static situation there is static friction. When an object is moving, it is affected by kinetic

friction, the magnituddy of which is calculated as demonstrated below:

fk=m N; )

whereny is the coef®cient of kinetic friction, and represents the magnitude of the normal

force.



On a horizontal surface the normal force has the same magnitude as the weight. Due to the
de®nition of work and weight, the work done against frich#nis de®ned by the following

formula:

We=m mgd (6)

Moving on to the electrical energy, the relationship of endtgynd powelP depends on time
and is shown below:

E=Pt (7)

The electrical poweP is de®ned by curremi voltageDV, and resistancR with the following
formula:
=1” R (8)

Even though the total energy is conserved during an energy conversion process, the output of

useful energy or work\pyt is smaller than the energy inplf,. The de®nition of the ef®ciency

h is:

h= Wout
Ein

(9)

The product of the ef®ciencies of the different subsystems gives the ef®ciency of the whole

process (The Pennsylvania State University, 2023).

2.2.1 DC Motor and Generator

One of the essential components of the SGES model is the DC motor. It converts electrical
powerR, into mechanical powep, ;. The total power losBpss during the conversion consists
of frictional and copper losses, losses due to heat rise, and, if the DC motor is not coreless, there

are iron losses. Thereforg,, is de®ned as follows:

Pn = Pout* Foss (10)
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The mechanical power of a DC motor can be calculated with the following formula:

Pout= M =M n — 11
out Wrad 60 ( )

Where:

- Pis the power in W

- M is the torque in Nm

- Wiaq IS the angular velocity irﬁ%JI
. nis the speed in min*

(Faulhaber, n.d.)

Brushed DC motors can operate as DC generators. The moving winding segment causes the
induction of a sinusoidal voltage. The brushes turn the induced voltage into a DC voltage at the

terminals. The voltage generated is proportional to the shaft speed:
DVind = k- kg n (12)
Where:

- DVing is the induced voltage in V
- nis the speed in rpm
- kn is the speed constant of the motor gt

- kg is the generator constant of the motorlfy

If a generator is unloade@Vi,q is obtained at its terminals. When the terminal is loaded with a
current, the terminal voltageV; is reduced by the voltage drop at the motor resistdtgs for
a given load curreri :

DV = ! Rmot I (13)
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The resistance of the motor is de®ned as follows:

(14)

(Kafader, 2019)

2.2.2 Gear Unit

Another key component of the SGES model is the gear unit. In gearboxes, the torque and the
speed are converted by gears of different sizes. The transmission ratio describes the change of

speed between a driving and a driven wheel:

j= (15)

Where:

- 1is the transmission ratio
- Ny is the rotational speed of the driving wheel

- Ny is the rotational speed of the driven wheel
The transmission ratio of a gear staggdetermined as follows:
i= === (16)

Where:

- zis the number of teeth

- d is the operating pitch circle diameter

The total transmission ratio over all gear stages is calculated like this:

it=11 I i3 i a7

Ltwo gears meshing together

12



The tooth anks of the driving gear press at the pitch circle on the tooth "anks of the driven
gear with a certain force. Due to the different diameters of the gears, the torque is converted in
this way:

Mz = My i, (18)

whereM is the torque.

This formula only applies if the power is constant throughout the gearbox. In practice, there is

always a loss due to friction. This is taken into account in the following formula:

Mz= My i hg; (19)

wherehg is the gear ef®ciency. (H# er, 2018)

2.2.3 Photovoltaic (PV) Cell

The photovoltaic cell, also called a solar cell, is another important component of the SGES
model. It converts sunlight into electricity, and it is the basic building block for a PV sys-
tem. Sunlight consists of photons that contain energy. The photons can be re ected by the PV
cell, pass through it, or they are absorbed by the semiconductor material of which the PV cell is
made. When enough solar energy is absorbed, electrons are detached from the material's atoms.
The electrons migrate to the surface of the PV cell due to special treatment during manufactur-
ing. The difference of electrical charge between the front and the back results in a voltage.
The electricity generated by PV cells is direct current (DC) electricity. By 2024, the ef®ciency

of PV cells to convert from sunlight to electricity is around 25%. (U.S. Energy Information
Administration, 2024)
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3 Materials and Methods

This chapter lists the used materials and shows the development of the self-constructed SGES
model. It explains also how the results were measured, it shows the research methodology, and

it lists the criteria utilised for the comparative analysis.

3.1 Materials Utilised

Most of the used material had been bought: a DC motor with suitable screws, a propeller hub,
two servo motors, seven ball bearings, an LED spotlight (8250 Im), four solar cells, an Arduino
UNO with a 9 V-battery and a corresponding connection cable, a bistable relay, a breadboard,
jumper cables, normal cables, and two buttons with twdVIrksistors. Other components
were provided by the school: four white LEDs and four Y0@esistors. Additional utilised
materials were cables to connect the spotlight to the wall socket, a connection cable to program
the Arduino, and two multimeters. The model was built with the help of wood slats and wood
plates as well as 3D-printed parts. Some of these materials are more closely described in the

following subchapters.

3.1.1 PVCell

The used mini solar cell panel has the following characteristics:

- Solar cell type: polycrystalline

- Maximum power: 039 W

- Rated voltage\(mp): 6V

- Rated currentlp): 0:065 A

- Open circuit voltage\(oc): 7:13V
- Short circuit currentlgg): 0:081 A

- Dimension: 60 x 60 mm

(Conrad Electronic, n.d.-a)
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3.1.2 DC Motor

Furthermore, the utilised DC motor possesses the following characteristics:

- Voltage range: AL8V -6V
- Rated voltage: 2V
- Rated load: 3¢ cm

At rated voltage and rated load, the motor has these speci®cations:

- Rated load current::07 A
- Rated load speed: 1700 rpm

And at rated voltage and no load, these characteristics are valid:
- No load current: @18 A

- No load speed: 2300 rpm

(Conrad Electronic, n.d.-c; Shenzhen Hua Chuang Sheng Motor Co., 2014, pp. 1, 3)

3.1.3 Servo Motor

Moreover, the employed servo motors of type HD-1800A possess the following speci®cations:

- Stall torque at locked (at:8V): 1:0kg! cm
- Operation speed at no load (aB4/): 0:11%$

(Power HD, n.d.)

3.1.4 Bistable Relay
In addition, the used bistable relay of the type G6AK-274P-ST-US 5 VDC possesses the fol-
lowing characteristics:

- Rated voltage: 5V
- Rated current; @36 A

15



- Set and reset time: approx:322ms, max. 5ms

Using these materials, a model of a solid gravity energy storage system could be developed.

(Conrad Electronic, n.d.-b; Omron, n.d., pp. 111, 113)

3.2 Development of the Model

The basic idea to build this model was to have a rhgsslled vertically up by solar cells, and

when the mass goes down, it makes LEDs shine. It is therefore most similar to type b in Figure

5.
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Figure 6: Model with clamping blocks

Initial ideas for the model emerged by utilising plastic clamping blocks, one LED, and a hand-
operated power source (Figure 6). The key ®ndings indicated that a gear unit is necessary
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pulling the main mass up. Additionally, it could accelerate the main mass at the top. How

exactly this could be useful will be examined in this paper too.

Then calculations were conducted to gain a better understanding of the physics behind the
model, and therefore to be able to estimate the correct sizes for the parts of the model. For this
purpose, the formulas from Section 2.2 were utilised. In the case of the gear, the choice settled
on a radius of M5 m and @005 m for the two gear wheels and two translations for the gear
unit. The spool used to wind up the rope on which the main mass hangs shoul®ipen2

diameter.

The next step was to ®nd ®tting components. The motor had to be a brushed DC motor (see
Sec. 2.2.1) that would start to work already with a low power supply. Additionally, the maximal

voltage of the solar cells and the motor had to ®t, such that the motor did not break.

The construction of the model started with the gear unit and its frame. The gear wheels were
constructed using a costum feature in Onshape (Neil, 2023). The other parts were also designed
utilising Onshape and then printed on the 3D printer. The small gear wheel was attached at the
motor axis with a propeller hub. The rest of the gear unit was ®rst only ®xed in a wood rod
(Figure 7). Because it had too much friction, ball bearings were used. To ®x them better, the

frame was also made with the 3D printer (Figure 8).
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Figure 7: First prototype

Figure 8: Second prototype
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75! 90 65! 80

2! 5 0:13! 05
3 0:.01! 0:12
seconds minutes
35! 50 years 30! 60 years
0 0
2.2 26 31 37

Table 1: Figures of different mechanical energy storage systems (Tong, Lu, Chen, et al., 2022,
p. 24), (He et al., 2021, p. 8)

Pumped hydropower energy storage (PHES) is the most mature energy storage technology. On
the contrary, there is solid gravity energy storage (SGES) as an emerging large-scale technology.
(Tong, Lu, Sun, et al., 2022, pp. 927-928)

The ®rst criteria of comparison are visualised by Table 1. Regarding the round-trip ef®ciency,
the SGES lies on average ten percentage points ahead. However, the best PHES systems are
superior to the worst SGES systems. Furthermore, when considering the energy density and the
power density, the SGES performs better. Considering the response time, it is visible that the
SGES responds within seconds, while the PHES needs some minutes to react. Regarding the
lifetime, the PHES has a wider range. That implies that there are more short-lived as well as
more durable PHES than SGES. With regard to the self-discharge rate, there is no recognisable
difference due to the fact that both technologies have nearly no standing losses. And ®nally, the

compared levelized costs of electricity show that SGES is slightly cheaper.

SGES systems have a versatile energy-to-power ratio. This means that they can provide a high
power over a short time or less power over more time. The technology of Gravitricity has a ratio
of 15 minutes to 8 hours, while the ratio of Energy Vault's technology is 4 to 24 hours. (Energy
Vault, 2024a; Gravitricity, 2024) On the contrary, the typical energy-to-power ratio of PHES is
two to eight hours (Blank et al., 2015).

Focusing on the depth discharge limit, the research shows that PHES can be discharged up to

80! 100%. These values lie in a de®ned water level range with a minimum and a maximum
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1 75 - 90 65 - 85 10 - 40
- — ] 100 - 500 16 - 30 500 - 3000
5 permonth 0.1-0.4 per 0

Table 2: Figures of various energy storage systems (Tong, Lu, Chen, et al., 2022, p. 24), (He
etal., 2021, p. 8), (Elalfy et al., 2024, p. 12), (IEC, 2020)

A key strength of SGES is that it has no self-discharge (Table 2). Whereas the self-discharge
rate of LIB is 5 % per month, and for the RFB it islGto 04 % per day. Only the HES can keep
up with the SGES.

However, in terms of ef®ciency, HES is far behind SGES at 10 to 40 % (Table 2). The ef®cien-

cies of LIB and SGES are similar, while the redox ow batteries are only slightly behind.

On the contrary, a major weakness of SGES is the small energy density. Withk%"*b(EEable
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17:935 0:774
25570 0:874

Table 3: Upward motion (position data)

321 0:1465 0:470265
19 3:21 0:1465 0:470265
20 3:32 0:1436 0:476752
21 3:37 0:1438 0:484606
22 3:19 0:1466 0:467654
23 3:33 0:1457 0:485181
24 3:38 0:1423 0:480974
25 3:19 0:1466 0:467654
26 3:29 0:1457 0:479353

Table 4. Upward motion (power data)

40:005 0:757
43972 0:657

Table 5: Downward motion (position data)
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2:37 0:0233 0:055221
41 2:42 0:0239 0:057838
42 2:36 0:0235 0:05546
43 2:42 0:024 0:05808
44 2:38 0:0239 0:056882

Table 6: Downward motion (power data)

Calculation of the Ef®ciency of the Operation With an Assisting Mass

10:002 0:584
16:602 0:684

Table 7: Upward motion (position data)

3:45 0:1497 0:516465
11 3:47 0:148 0:51356
12 3:6 0:1473 0:53028
13 343 0:149 0:51107
14 35 0:148 0:518
15 3:58 0:1461 0:523038
16 3:42 0:1506 0:515052
17 3:46 0:1499 0:518654

Table 8: Upward motion (power data)
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42:005 0:867
46:105 0:767

Table 9: Downward motion (position data)

2:43 0:0241 0:058563
43 2:43 0:0241 0:058563
44 2:43 0:0241 0:058563
45 2:44 0:0241 0:058804
46 2:4 0:024 0:0576

Table 10: Downward motion (power data)

Calculation of the Acceleration at the Top

2:167 0:512
6:335 0:540

Table 11: Upward motion (with assisting mass, position data)

2 4:67 0:1175 0:548725
3 3:6 0:1384 0:49824

4 2:54 0:1638 0:416052
5 2:31 0:1663 0:384153
6 2:32 0:1664 0:386048

Table 12: Upward motion (with assisting mass, power data)
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4:000 0:582
5:968 0:610

Table 13: Upward motion (without assisting mass, position data)

3:39 0:1435 0:486465
5 3:33 0:1459 0:485847
6 3:21 0:1487 0:477327

Table 14: Upward motion (without assisting mass, power data)

37:138 0:970
41:472 0:881

Table 15: Downward motion (with assisting mass, position data)
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372 0:22 0:0038 0:000836
374 0:22 0:0032 0:000704
376 0:04 0:0038 0:000152
378 0:689 0:003 0:002067
380 0:689 0:003 0:002067
382 1:38 0:0178 0:024564
384 1:38 0:0178 0:024564
386 1:897 0:0223 0:0423031
38:8 1:897 0:0223 0:0423031
39.0 2:49 0:0249 0:062001
392 2:49 0:0249 0:062001
394 2:49 0:0249 0:062001
396 2:5 0:0249 0:06225
39:8 2:5 0:0249 0:06225
40.0 2:5 0:0245 0:06125
40:2 2:43 0:0245 0:059535
40:4 2:43 0:0241 0:058563
40:6 2:44 0:0244 0:059536
40:8 2:44 0:0244 0:059536
41:0 2:44 0:0242 0:059048
41:2 2:44 0:0242 0:059048
41:4 2:44 0:0241 0:058804

Table 16: Downward motion (with assisting mass, power data)

31:703 0:947
36:037 0:858

Table 17: Downward motion (without assisting mass, position data)
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320 0:432 0:0043 0:0018576
325 1:319 0:0142 0:0187298
330 1:615 0:0169 0:0272935
335 1:983 0:0157 0:0311331
34:0 2:17 0:0214 0:046438
345 2:21 0:0222 0:049062
350 2:33 0:0222 0:051726
355 2:38 0:0234 0:055692
36.0 2:37 0:0235 0:055695

Table 18: Downward motion (without assisting mass, power data)

Calculation of the Deceleration at the Bottom

62:973 0:391
64:007 0:423

Table 19: Upward motion (with assisting mass, position data)

63.0 3:62 0:1581 0:572322
632 3:62 0:1581 0:572322
634 4:15 0:1412 0:58598

63:6 4:15 0:1833 0:760695
63.8 4:61 0:1137 0:524157
64.0 4:61 0:1137 0:524157

Table 20: Upward motion (with assisting mass, power data)
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51:572 0:458
54:840 0:489

Table 21: Upward motion (without assisting mass, position data)

516 1:.97 0:1508 0:297076
518 1:898 0:1508 0:2862184
520 1:898 0:1544 0:2930512
522 1:898 0:1544 0:2930512
524 272 0:1577 0:428944
52:6 2:72 0:1577 0:428944
52:8 2:93 0:1518 0:444774
530 2:93 0:1518 0:444774
532 311 0:1463 0:454993
534 3:23 0:1443 0:466089
536 3:23 0:1443 0:466089
538 3:28 0:1439 0:471992
540 3:28 0:1439 0:471992
54:2 3:34 0:1433 0:478622
54:4 3:35 0:1428 0:47838
54:6 3:35 0:1426 0:47771
54:8 3:35 0:141 0:47235

Table 22: Upward motion (without assisting mass, power data)

59:673 0:416
62:973 0:391

Table 23: Downward motion (with assisting mass, position data)

57



598 0:024 0:06
60.0 2:5 0:024 0:06
60:2 2:25 0:0183 0:041175
604 2:25 0:0183 0:041175
60:6 1:275 0:0126 0:016065
60:8 1:275 0:0126 0:016065
610 1:005 0:0088 0:008844
61:2 1:005 0:0088 0:008844
614 0:685 0:0057 0:0039045
61:6 0:685 0:0057 0:0039045
61:8 0:446 0:0035 0:001561
62:0 0:251 0:0039 0:0009789
62:2 0:032 0:0011 0:0000352
624 0:032 0 0

626 0 0 0

628 0 0 0

Table 24: Downward motion (with assisting mass, power data)

50:538 0:482
51572 0:458

Table 25: Downward motion (without assisting mass, position data)
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50:6 2:48 0:0247 0:061256
50:8 2:49 0:024 0:05976

51.0 2:49 0:0248 0:061752
51:2 2:49 0:0248 0:061752
514 1:.97 0:0249 0:049053

Table 26: Downward motion (without assisting mass, power data)

Calculation of the Energy Consumption of the Electronic Control Unit

1 794 0:0555 0:44067
2 794 0:0555 0:44067
3 7:93 0:0555 0:440115
4 7:93 0:0555 0:440115

Table 27: Idle electronic control unit (no buttons were pressed)
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7:92 0:0568 0:449856
8 7:92 0:0562 0:445104
9 7:92 0:0562 0:445104
10 7:92 0:0562 0:445104
14 7:95 0:0499 0:396705
15 7:95 0:0498 0:39591
16 7:95 0:0498 0:39591
20 7:94 0:0506 0:401764
21 7:94 0:0507 0:402558
22 7:94 0:0507 0:402558
25 7:93 0:0507 0:402051
26 7:94 0:0508 0:403352
27 7:94 0:0508 0:403352
31 7:93 0:0508 0:402844
32 7:93 0:0508 0:402844
33 7:93 0:0508 0:402844
35 7:93 0:0509 0:403637
36 7:93 0:0508 0:402844
37 7:93 0:0509 0:403637
38 7:92 0:0509 0:403128

Table 28: Idle electronic control unit (after a button has been pressed)
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118 7:78 0:0953 0:741434
120 778 0:0953 0:741434
12:2 7:88 0:0869 0:684772
124 7:88 0:0869 0:684772
12:6 7:94 0:0607 0:481958
12:8 7:94 0:053 0:42082

Table 29: The dynamic spool frame attaches

280 0:0531 0:41418
282 7:8 0:0831 0:64818
284 7:84 0:0839 0:657776
286 7:88 0:0772 0:608336
2838 7:88 0:0772 0:608336
29.0 7:93 0:0585 0:463905
29:2 7:93 0:0585 0:463905
294 7:93 0:053 0:42029
29:6 7:93 0:053 0:42029
29:8 7:93 0:0514 0:407602
30:0 7:93 0:051 0:40443

Table 30: The dynamic spool frame detaches
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17:2 775 0:0857 0:664175
17:4 7:86 0:0857 0:673602
17:6 7:86 0:079 0:62094
178 7:93 0:079 0:62647
180 7:93 0:0605 0:479765
182 7:93 0:0535 0:424255
184 7:93 0:0535 0:424255
186 7:93 0:0515 0:408395
188 7:94 0:0515 0:40891

Table 31: The brake connects

22:6 7:86 0:0766 0:602076
22:8 7:86 0:0766 0:602076
230 791 0:0734 0:580594
232 7:91 0:0591 0:467481
234 7:91 0:0597 0:472227
236 7:91 0:0534 0:422394
238 7:92 0:0534 0:422928
24.0 7:92 0:0515 0:40788

24:2 7:92 0:0515 0:40788

24:4 7:92 0:051 0:40392

Table 32: The brake releases
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336 7:93 0:0512 0:406016
338 7:93 0:0512 0:406016
34.0 7:93 0:051 0:40443
34:2 7:93 0:051 0:40443

Table 33: The relay switches to the electric circuit with the solar cells

386 7:92 0:051 0:40392
388 7:92 0:051 0:40392

Table 34: The relay switches to the electric circuit with the LEDs
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#include "Servo.h"

Servo servo_w;
Servo servo_b;

int relayset = 5;

int relayreset 6;
int TasterUp = 9;

int StatusUp = 0;

void setup () {

pinMode(relayset , OUTPUT);
pinMode(relayreset , OUTPUT);
pinMode (TasterUp , INPUT);

}

void relay_solar (){

digitalWrite(relayset ,HIGH);
delay (10);
digitalWrite(relayset ,LOW);

} #relay switches to the circuit with

void relay_led (){

digitalWrite(relayreset ,HIGH);

delay (10);
digitalWrite(relayreset ,LOW);

} #relay switches to the circuit with

void loop () {

64
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29

30 if (StatusUp = HIGH){
31 delay (10000);
32 relay_solar();
33 delay (50000);
34 relay_led();
35 delay (20000);
36 relay_solar();
37 delay (30000);
38 relay _led();
39 }

40 }

Measurement With an Assisting Mass

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

#include

Servo servo_w;
Servo servo_b;
int relayset =
int relayreset
int
int
int TasterDown =
int StatusDown =

void setup () {

5;

TasterUp = 9;
StatusUp = 0;

"Servo.h"

6;

10;
0;

pinMode(relayset , OUTPUT);
pinMode(relayreset , OUTPUT);
pinMode (TasterUp , INPUT);

pinMode (TasterDown,

INPUT) ;
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17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

void servowheel back() {
servo_w. attach(8);
servo_w.write (75);
delay (500);

servo_w.detach();

} #dynamic spool frame detaches

void servowheel_forward () {
servo_w. attach (8);
servo_w. write (40);
delay (500);

servo_w.detach();

} #dynamic spool frame attaches

void servobrake brake () {
servo_b.attach (7);
servo_b.write (10);
delay (500);
servo_b.detach ();

} #brake connects

void servobrake_release () {
servo_b.attach(7);
servo_b.write (65);
delay (500);
servo_b.detach();

} #brake releases

void relay_solar() {
digitalWrite (relayset, HIGH);
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49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

76
77
78
79

#relay switches to the circuit with the solar

void relay led () {

digitalWrite(relayreset, HIGH);

delay (10);

digitalWrite(relayreset , LOW);

cells

} #relay switches to the circuit with the LEDs or the resistor

void start() {
relay led();
servowheel forward () ;
delay (100);
servobrake_release();
delay (1200);
servowheel _back();

} #acceleration at the top

void stop () {
servowheel_forward () ;
delay (2500);
relay_solar();
delay (5000);
servobrake brake();
servowheel_back();

} #deceleration at the bottom,

assisting mass

ré acceleration ,

void loop () {
StatusUp = digitalRead (TasterUp);
if (StatusUp = HIGH) {
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80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98

#include

Servo servo_w;

Servo servo_b;

int
int
int
int

int

relayset =
relayreset
TasterUp =
StatusUp =

TasterDown

"Servo.h"
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

int StatusDown = 0;

void setup () {
pinMode(relayset , OUTPUT);
pinMode(relayreset , OUTPUT);
pinMode (TasterUp , INPUT);
pinMode (TasterDown , INPUT);

void servowheel_back() {
servo_w. attach(8);
servo_w. write (75);
delay (500);
servo_w.detach();

} #dynamic spool frame detaches

void servowheel forward () {
servo_w. attach (8);
servo_w.write (40);
delay (500);
servo_w.detach ();

} #dynamic spool frame attaches

void servobrake_brake () {
servo_b.attach(7);
servo_b.write (10);
delay (500);
servo_b.detach();

} #brake connects

void servobrake release () {

servo_b.attach (7);
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42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

#tbrake releases

void relay_solar() {

digitalWrite (relayset, HIGH);

delay (10);

digitalWrite (relayset , LOW);

} #relay switches to the circuit with the solar

void relay_led () {
digitalWrite(relayreset ,
delay (10);

HIGH) ;

digitalWrite (relayreset , LOW);

cells

} #relay switches to the circuit with the LEDs or the

void loop () {

StatusUp = digitalRead (TasterUp);

if (StatusUp = HIGH) {
delay (5000);
servowheel forward();
delay (5000);
servobrake brake () ;
delay (5000);
servobrake release ();
delay (5000);
servowheel _back();
delay (5000);
relay_solar();
delay (5000);
relay_led();
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74
75

#include "Servo.h"

Servo servo_w;

Servo servo_b;

int relayreset = 6;
int TasterUp =

1

2

3

4

5 int relayset = 5;
6

7 9
8 int StatusUp = 0;
9

I
=
o

int TasterDown

10 int StatusDown

1
(@)

12 void setup() {

13 pinMode(relayset , OUTPUT);
14 pinMode(relayreset , OUTPUT);
15 pinMode (TasterUp , INPUT);

16 pinMode (TasterDown, INPUT);

19 void servowheel_back (){

20 servo_w. attach (8);

21 servo_w.write (50);

22 delay (300);

23 servo_w.detach();

24 } #dynamic spool frame detaches
25

26 void servowheel forward (){
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27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

#dynamic spool frame attaches

void servobrake_brake (){
servo_b.attach (7);
servo_b.write (0);
delay (300);
servo_b.detach();

} #brake connects

void servobrake release (){
servo_b.attach (7);
servo_b.write (55);
delay (300);
servo_b.detach();

} #brake releases

void relay_solar (){
digitalWrite(relayset ,HIGH);
delay (10);
digitalWrite (relayset ,LOW);

} #relay switches to the circuit with the solar cells

void relay led (){
digitalWrite(relayreset ,HIGH);
delay (10);
digitalWrite(relayreset ,LOW);

} #relay switches to the circuit with the LEDs or the

72
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59 void loop() {
60 StatusUp = digitalRead (TasterUp);
61 if (StatusUp = HIGH){

62 servowheel _forward () ;
63 delay (2500);

64 relay _solar();

65 delay (3500);

66 servobrake brake();
67 servowheel _back();

68 }

69 StatusDown = digitalRead (TasterDown);
70 if (StatusDown = HIGH){

71 relay _led();

72 servowheel forward();
73 delay (100);

74 servobrake release();
75 delay (800);

76 servowheel_back();

77 }

78 }
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