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Abstract

A door closer is a device that closes a door in a controlled manner after
it has been opened. This can be beneficial for many reasons, for example
security purposes, to prevent energy waste and to live up to fire regulations.
This thesis project focuses on the possibilities of using a door closer that has
replaced the hydraulic braking typically used in these devices with an electric
generator. The goal is to have the door closer power added functionality
without connecting the door to an external power source. More specifically,
this thesis has studied the possibility of harvesting energy from the movements
of a swing door to power assisted opening. Unlike an automated door, an
assisted opening would only supply some helping opening force to users in
need of assistance.

The main goal of this thesis was to study and test the energy efficiency of
the electromechanical door closer. This was done through a series of tests on
three different prototypes. By measuring the energy in different parts of the
system, as well as the energy required to open the door, the energy efficiency
of the system could be determined. Furthermore, a comparison between the
results from energy harvesting tests and the results from the assisted opening
tests was made. Another objective was to test and analyze the possibilities
of energy harvesting during opening. After testing and analyzing the data, a
test case was made for the assisted opening, including when and how much
the door should assists and how the door should identify a user with the need
for assistance.

It was concluded that a similar amount of energy could be harvested from
all prototypes but at differing closing times. Furthermore, it was determined
that powering one automatic opening required many more manual openings.
It was demonstrated that while assisted opening required less energy, it was
necessary for the system to be able to differentiate between users with and
without need of assistance.

Based on the results, a solution for how the assisted opening should be
implemented was suggested. The solution was evaluated in a user experience
test. It was found that while the assistance was appreciated, one common
criticism was that it was too difficult to trigger the assisted opening. While it
would be optimal from a user experience perspective to have the door closer
assist every time, this is not possible energy-wise with the current system.
Based on the findings of this thesis, proposals for future studies and improve-
ments were made.



Sammanfattning

En dorrstédngare dr en anordning som sténger en dorr pa ett kontrollerat
sitt efter att den har 6ppnats. Detta kan vara fordelaktigt av méanga skal,
till exempel ur en sékerhetsperspektiv, for att forhindra energisloseri och for
att uppfylla brandsékerhetskrav. Det har projektet har fokuserat pa en ny
dorrstangare dar den hydrauliska dampningen som vanligtvis anvands &r er-
satt med en elektrisk generator. Malet ar att lata dorrstdngaren driva extra-
funktioner, men utan att ansluta dorren till extern stromforsérjning. Pro-
jektet har mer specifikt undersokt mojligheterna att utvinna energi fran en
slagdorrs rorelser for att kunna driva en assisterad 6ppning. En assisterad 6pp-
ning skulle, till skillnad fran en automatisk 6ppning, bara hjalpa anvandaren
i 6ppningen och fortfarande kriava att anvindaren bidrar med viss kraft.

Det huvudsakliga malet med det har arbetet var att underscka och testa
den elektromekaniska dorrstangarens energieffektivitet. Detta gjordes genom
en serie matningar pa tre olika prototyper dér energin i olika delar av sys-
temet och energin som krévs for att 6ppna dorren méattes. Utover det gjordes
en jamforelse mellan resultaten fran méatningarna av utvunnen energi och
métningarna pa assisterad 6ppning. Ett annat syfte med projektet var att un-
derscka mojligheten att utvinna energi under 6ppningsfasen av dorren. Efter
att ha utfort testerna och analyserat denna data definierades ett anvandarfall
som innefattade nar och hur mycket dorren ska assistera, samt hur dérren ska
identifiera en anvandare som &r i behov av assistans.

Slutsatsen ar att mangden energi som kunde skordas var ungefar lika stor
for alla prototyperna, men vid skilda stdngningstider. Vidare kunde det kon-
stateras att det krdvdes atminstone tio ganger mer energi till att genomfora en
automatiskt 6ppning dn vad som gick att utvinna fran en manuell stidngning.
Trots att en assisterad 6ppning krédvde mindre energi an en automatisk, kom-
mer alltsa systemet behdva kunna skilja pa anvandare som behover assistans
och pa genomsnittliga anvindare.

Utifran resultaten presenterades ett forslag pa hur en assisterad 6ppning
skulle implementeras. Losningen utvarderades sen i form av ett anvandartest.
Enligt svaren fran testdeltagarna var assistansen uppskattad men en ater-
kommande kritik var att det var for svart att trigga den assisterade 6ppningen.
Aven om det hade varit optimalt ur ett anvindarperspektiv att dorren assis-
terar varje gang dr det med det nuvaranda systemet inte mojligt pa grund av
energiatgangen. Utifran slutsatserna fran projektet lades forslag pa framtida
arbete och forbattringar fram.
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1 Background

1.1 Door Closers

The door closer is a device that closes a door in a controlled manner after it has been
opened [3]. This can be beneficial for many reasons, for example security reasons, to
prevent energy waste and to comply with fire regulations. Some other purposes for
attaching a door closer might be to suppress unwanted noise and to keep rooms free
of dirt and pests. The traditional door closer consists of a spring that acts to close
the door and a cylinder with hydraulic oil that dampens the closing action [25]. An
example of what the product looks like when installed can be seen in Figure 1.

Figure 1: Door closer [37].

1.2 Problem Formulation

With expanding markets regarding smart buildings, there is an increasing demand on
added functionality around the door such as automation [13]. However, conventional
mechanical and hydraulic door closers are not usually built to be able to power
any added functionality. To achieve a door with added automation, the current
solution is to connect it to an external power source, which increases cost and
maintenance. Furthermore, regulations surrounding accessibility are continuously
increasing, which in the long term might require even more doors to be connected
to external power sources.

1.3 Thesis Purpose

One possible approach to avoid powering the door with an external power source
would be to harvest energy from when the door is closing. Thus, energy that would
otherwise go to waste could be stored and then used to power the added functions.
This could possibly be achieved by replacing the hydraulic braking typically used



in door closers with an electric generator that is controlled to create a door closing
action with the desired behavior. By using the generator as a motor, driven by
stored energy from previous cycles of opening and closing the door, extra opening
functionality can possibly be added. Although the amount of energy that can be
harvested from a closing will not be sufficient to power an automatic opening, it
might be enough to perform an assisted opening. As the name suggests, an assisted
opening would only aid the user in opening the door instead of swinging it open
without any added force from the user. However, with the same door closer mech-
anism being used for both harvesting and opening, the preferred solutions for the
two cases might differ.

This thesis project focuses on a new generation door closer, moving away from
a standard mechanical and hydraulic solution. Specifically, this thesis focuses on
energy harvesting to enable what is referred to as “assisted opening” to supply some
helping opening force to users in need of assistance.

The purpose was to:

e Study and test the energy efficiency of the electromechanical system.

e Compare the results of the energy harvesting tests with the results of the
assisted opening tests. Make an analysis between the two cases including
trade-offs.

e Test and analyze the possibilities to harvest energy during opening.

e Investigate solutions around controlled assisted opening of a door given the
conditions set by the harvesting.

o Write a test case for the assisted opening including when and how much the
door should assists and how the door can identify a user with the need for
assisted opening.

1.4 Methodology

The project was started by studying former research to gain an understanding of the
problem. An electrical system that was capable of energy harvesting had already
been designed and was thoroughly studied before being assembled. Initial tests had
been performed on the mechanical system and three prototypes had been selected
as promising prototypes.

This thesis project was carried out using both a quantitative and a qualitative
methodology. The quantitative part of this project consisted of data acquisition
through testing the energy efficiency of the system. It was also studied how the door
closer behavior depended on a number of different variables. Furthermore, energy
harvesting during opening instead of closing was tested as well as required energy
for performing an assisted or automated opening. The aim of the quantitative work
was to give a broad representation of the system capabilities and was not meant
to have statistical significance. The test results were analyzed and the prototypes
compared. Based on the test results, a test case for how the door should behave was
created and then implemented on the prototype’s firmware.

The qualitative part consisted of an initial user experience test that was per-
formed to evaluate the prototype and the test case.



1.5 Limitations

The scope of this project was not to provide a fully functional product, but rather
to investigate the technical possibilities of a product capable of energy harvesting
and assisted opening. Thus, regulations and standards were taken into some con-
sideration but were not strictly followed. Also, since this thesis work focused on
pre-product development, the tests that were performed on the prototypes were not
meant to be extensive and statistically significant, but more focused on giving an
overall picture of the possibilities and limitations of the project.

It was also out of scope to find the optimal solution taking all parts of the
project (electronics, mechanics, software) into account but rather to continue the
development of the existing prototype and give suggestions that could be iterated
upon. The project in large aimed for a global solution with low cost and high
volumes, and the choices of components were somewhat affected by this. Some
basic tests on mechanical setups had been made before the start of this work, and
these results were used to determine which components seemed suitable for more
extensive testing. Much of the electronics of the prototype were already designed
and only changes necessary for basic functionality, safety and testing were made to
it.



2 Theory

2.1 Door Closers
2.1.1 Working Principles

As previously described, a door closer is a device that closes a door in a controlled
manner after it has been opened. Typically, only one is needed per door leaf. The
predominant type of door closer is a hydraulic-mechanical solution, which typically
includes a spring, some hydraulic fluid, stops, valves and a surface mounted arm to
connect the door to the side of a swing door. A swing door is a door with hinges on
one side that is opened by rotating the door around the hinge. An example of the
composition of a conventional door closer is demonstrated in Figure 2. The internal
components are usually covered by a metal or plastic cover. [26]

Steel Piston 7900H shown
Aluminum Alloy Shell  with Rack Pinion Shaft Spring Assembly
Spring Power
Adjustment
Gear Assembly
T"I". ST T
J— i = i A
= (AHRARY

Latch Speed
Regulating Valve
Sweep Speed

Backcheck Regulating Valve
Backcheck Position Regulating Valve

Regulating Valve { Arm
=== —
Held Open Assembly Slider

Figure 2: Door closer mechanism [1].

When the door is opened, the spring is elongated and the force from the spring
acts on the door to close it again. This motion is dampened by the hydraulic fluid
to create a soft closing motion. By opening and closing the different valves, the
motion can be controlled by setting the speed at different angles. By adjusting the
spring tension, the closing force can be adjusted. These settings are used to create
a customized solution with alternatives such as holding the door open for some time
before starting to close or closing at a certain angle velocity. To ensure latching,
the torque acting on the door increases when it is near closing, see Figure 3. This
is achieved by having a decreasing radius of the cylinder attached to the spring.
Usually, the acting torque becomes higher in the interval of 0-20 degrees. Naturally,
the force required to open the door will then also be the highest from 0-20 degrees.
For other angles, the acting torque is relatively constant. Furthermore, the torque
acting on the door during closing is lower than during opening. That is mainly due
to hysteresis in the spring, resulting in a loss of mechanical energy, see Figure 4
[12]. In the figure, the lines describing the actual forces acting on the spring during
compression and release can be seen, as well as the approximated linear relationship
between force and deflection for different stages. While normally assuming that a
spring can be described in terms of a constant, the large deflection of springs in door
closers makes it necessary to also take the difference in force between compression
and release into account. The cause of this difference stems from that during cyclic
loading and unloading of any spring, there will be some losses due to the ends
rotating when the spring is compressed, which leads to friction. As a result of that,

4



the energy required to elongate the spring is greater than the energy released when
the spring is contracted [34]. The difference between the curves is further expanded
by friction in the mechanical system, which increases the torque needed to open the
door while working against the closing motion, which means a lower torque operates
on the door during closing. The efficiency of a door closer can be calculated using
Equation 1.

_ :clositng (1)
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35.0 —
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2650 —
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— Opening Moment
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Figure 3: Example of a power curve [8].
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2.1.2 Automatic Opening

A door closer can also perform more actions than just simply braking the closing
motion of the door. For example, the door closer can be connected to the fire alarm
system or allow accessible opening for elderly and disabled people. A door closer
that can automatically open a door is sometimes referred to as a door opener. This
usually requires the door to be externally powered and with some added components
such as timers, motion sensors and actuators. Automatic door openers will also
include a motor and a gearbox connected to the pinion shaft of the door. Usually, it
will be a direct current motor specified for a maximum power consumption around
a few hundred watts [4]. Automatic opening can be activated in multiple different
ways. Some of the most common are buttons, pressure sensors, motion-detection
sensors, or access control systems. When the automatic opening is activated, the
motor starts to rotate the door which swings open to allow passage. Depending on
where the door is located and the normal use, the automatic opening can vary in
speed, opening degrees and delay time before starting to close again [7].

2.1.3 Assisted Opening

In some cases, fully automated doors might be unnecessary. For example, completely
opening a door every time someone passes can lead to heat leaking in or out of a
room, especially if the door is automatically being held open for a longer period of
time [42]. Another limitation in automated doors is that they can be complicated
to interact with, for example by being too slow or fast, or being difficult to trigger
[17]. Efforts have been made to solve this, for example, it has been investigated how
to make the door-opening action easier for wheelchair users. One study suggests
using a vision-based assist controller to control the relative velocity between the
door and wheelchair user [18]. In some scenarios, the need for automatic opening
can be shifting. For example, one study on passenger car doors proposed a solution
that compensated for the effort of the passenger when the force applied to the door
was unusually low by supplying additional force [16]. An additional study suggested
that depending on the roll and pitch angle of the vehicle, the gravity acting against
the passengers movements would be compensated for [30]. If a car is parked in an
angle and the passenger needs to "push up” the door, they will then be assisted by
a motor and clutch but if it is parked on a flat surface, the opening will be manual.
Although this thesis focuses on fixed swing doors, the idea of assisting only when
necessary can still be translated into this project. However, it will be a matter of
identifying which users need assisting rather than identifying which environment
would be cause for assistance. In the case of a swing door, assisted opening could
mean that the door closer aids in opening the door fully or partly, but that a user
is still required to add some force. It could also mean that the assisting force from
the motor can vary depending on how much help the user needs.

Four main test cases with varying degrees of assistance during opening were
identified for swing doors.

Fully automated opening for users in need of assistance would mean that the
door would swing open to 90 degrees whenever a user in need of assistance
was identified. This case would require the system to identify which users are
in need of assistance. If the user needs assistance, the motor would be turned
on and set to a constant opening speed to automatically open the door. When
reaching 90 degrees, the motor would be turned off and the door would start



to close, enabling the energy harvesting mode, which continues until the door
is closed and latched. If, on the other hand, the users are identified as being
capable of opening the door themselves, the system would work as a conven-
tional door closer. When the user lets go of the door and it starts to close,
energy harvesting would be enabled until the door is latched.

Semi-automatic opening would follow the same logic as the fully automated door
closer but would swing open to an angle less than 90 degrees after detecting
a user in need of assistance. This would require less energy than the fully
automated door.

Assisted opening during entire opening would make the opening less heavy
by letting the motor provide some extra torque to decrease the force needed
from the user to push open the door, see Figure 5. The user would still need
to contribute to the opening, similarly to the car door previously described.
This would require less energy than the fully automated opening since the
contribution from the motor could be adapted depending on how much force
the user adds. The door closer would only assist as long as the user is actively
contributing with force and would harvest energy during closing.

Assisted opening to overcome initial torque could be described as a mixture
between a semi-automatic opening and assisted opening. The motor would
contribute with some torque to ”even out” the power curve the first 20 degrees
and then the user would have to manually open the door the rest of the
way. Similarly to a semi-automatic door, this test case would make the first
part of the opening less heavy while using less energy than having assistance
during the entire opening. Unlike the semi-automatic door, this would still
require that the user applies some force during the first 20 degrees, which
could possibly make it smoother to go from being assisted the first 20 degrees
to opening manually with no assist after 20 degrees.

Torque for Different Test Cases of Assisted Opening
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Figure 5: Conceived power curve from a user perspective during assisted opening.



2.2 Energy Harvesting

Energy harvesting is the practice of capturing energy from external sources such as
solar power, heat, motion or radio signals. With an increasing demand for clean en-
ergy, research into harvesting energy from everyday appliances has been expanding.
One reason for wanting to use energy harvesting is to eliminate the need for batter-
ies in products, such as digital locks [2]. Another reason could be to avoid relying
on power from the grid. Numerous attempts have been made in the past years to
harvest energy from door movements. Studies on energy harvesting from doors have
focused mainly on low power applications [41]. It has been estimated that around
10 J could be expected from a single action on a swing door while a revolving door
could result in about 40 J from one use [22]. Some attempts have also been made
to design commercial door closers that are simple and cheap to manufacture and
can power low-energy appliances [38]. A generator and a converter can be used to
harvest the energy and prepare it for storing. However, not all the energy acquired
from the closing motion of the door can be used due to energy losses, see Figure
6. Ultimately, neither the mechanical parts (spring, gear box) nor the electronic
parts (motor, harvesting circuit) have 100 % efficiency and the actual amount of en-
ergy that can be used to add features will be drastically lower than the theoretical
amount. Naturally, this also works in reverse so that friction increases the amount
of energy needed to open the door. To maximize the energy that can be harvested,
and minimize the required energy to open, it is necessary to design a system that
limits the energy losses due to friction as much as possible.

Su ppl ied Ge;rs Harvesting Energy
Energy Motoe Circuit Storage

Figure 6: Energy losses in the system.

The previously mentioned studies, have mainly focused on harvesting during the
closing movement of a swing door. A door closer that harvests during closing will
behave similarly to how a conventional door would behave. However, there is also
the option of harvesting energy during the opening. Since this would add resistance
to the door it would require more force from the user when pushing or pulling the
door open.

2.2.1 Energy Generation Using BLDC Motor and Gear Box

To be able to harvest the mechanical energy in the movement of a door, it is first
necessary to transform it to electrical energy. For this project, brushless direct cur-
rent motors (BLDC motors) were used. BLDC motors are relatively high-efficiency
synchronous motors that can deliver a relatively high torque compared to their size.



Using the motor as a generator, electrical energy can be generated from mechanical
energy, which in this case will be the rotating motion of the door. When the door
moves, the permanent magnets on the rotor rotates inside of the stator and moves
the magnetic field which will induce a flow of electric current in the windings. This
current can then be harvested [39]. Using the same principle backwards, the motor
can be used to create a torque that opens the door automatically. Since the amount
of energy that can be used is limited, a type of BLDC motor called gimbal motor
was used. Gimbal motors require a smaller current to produce torque than other
brushless motors. This stems from that the stators of gimbal motors are wound
many turns and thus have higher resistance and inductance. To simplify the trans-
mission of the motor’s rotations to that of the door and increase the torque on the
door, a gearbox was added.

The maximum velocity of the motor is dependant on the constant velocity (Kv)
rating of the motor and the supplied voltage, see Equation 2. The supplied voltage
can be varied while the constant velocity is an inherent property of the motor that
could be read from its data sheet. The Kv rating describes the revolutions per
minute (RPM) the motors makes when 1 V is applied with no load. [5]

Umax,motor = Ko * Usupplied (2)

However, since the motor also needs to drive a load, its actual speed will be
lower than the maximum velocity. The total opening time of the door can then
be calculated from the motor’s actual speed if the gear ratio (GR) of the gear box
is known. Assuming that the door will open to 90 degrees and that the motor’s
velocity is constant the opening time is derived in Equation 3.

SIE

topen = *GR (3)

Umotor

2.2.2 Flyback Converter

One method that can be used to multiply voltage ratios while at the same time
isolating the system when harvesting energy is a flyback converter, see Figure 7.
The flyback converter has been used previously for these types of implementations,
for example, in a study where energy was harvested during walking or jogging [40].

A flyback controller shifts between storing and releasing energy depending on
whether a switch is open or closed. While the switch remains closed, the primary
side of the transformer is connected to the input voltage source. In this state, the
current and magnetic flux in the transformer increase, and energy starts to be stored
in the transformer. Since the voltage induced is negative, the diode becomes reversed
biased. This leads to the output capacitor supplying energy to the output load. After
the switch is opened, the current and magnetic flux starts to drop. The voltage
becomes positive, which allows the current to flow from the transformer through
the diode, which recharges the capacitor that supplies the load. The switch that
determines the modes in the flyback converter is essentially controlled by a pulse-
width modulation (PWM) signal. The PWM signal will be set to a certain frequency
and duty cycle. The frequency regulates the rate of one ”store and release”-cycle
while the duty cycle determines the time proportions of each segment. PWM signals
operating at the same frequency with duty cycles at 50, 75 and 25 %, respectively,
are demonstrated in Figure 8. [31]
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Figure 7: Schematic of flyback converter [6].
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Figure 8: Pulse-width modulation signals with 50 %, 75 % and 25 % duty cycle [36].

2.2.3 Energy Storage

The energy that can be transferred to the capacitor in the flyback converter will
discharge over time, at differing rates depending on the material, quality, and age of
the capacitor [35]. In this project, an aluminum electrolytic capacitor was used [19].
As the regularity of a door being open and closed can be lacking, it is necessary to
store the energy in a separate device, such as a battery.

2.3 1ISO standards

There are many regulations regarding the functionality of a door closer defined by
the International Organization for Standardization (ISO). The regulations set by
ISO are often recognized by national entities as well, for example by the Swedish
Institute of Standards (SIS). The ISO standard SS-EN 1154 determines the allowed
torque to be used when manually opening or closing a door at certain angles [32].
This is both to ensure that it is possible to open the door and to prevent the door
from slamming shut in case of for example wind. Depending on the size and weight
of the door, the required force varies. The standard also states that the closing time
from 90 degrees to the end zone should be less than 20 seconds at room temperature.
For door closers that automatically open or are used as fire/smoke doors, ISO SS-
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EN16005 applies. It regulates the safety of power-operated doors for pedestrians for
both normal use and use in escape routes. It applies to electromechanical doors as
well as electrohydraulic and pneumatic doors [33]. For some geographical regions,
additional standards also apply and need to be taken into consideration.

2.4 Initial Door Closer Prototype

By combining the concepts of a conventional door closer, energy harvesting, and
assisted opening, the initial prototype including both mechanics and electrical parts
had already been developed. The prototype can be seen in Figure 9.

Figure 9: The initial door closer prototype.

2.4.1 Mechanical Design

The design originated from a standard hydraulic door closer and included a spring
but no hydraulic oil to dampen the closing of the door. Instead, the door opening
lever was attached to a brushless DC motor with an added gearbox to allow con-
trolled closing motion. The door closer was designed to be mounted on a swing
door. An external encoder needed to be connected to the motor to read and control
its position. Based on the preferred type of motor and the Kv-value of different
motors, two motors were chosen as promising candidates; EMAX GB2808 [10] and
EMAX GB4114 [11]. A comparison between the two is demonstrated in Table 1.
Gear boxes were chosen to follow ISO standards regarding torque and closing time
and to allow for a timely opening based on Equation 3. Two of the gear boxes with
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1:150 and 1:200 gearings were from Panasonic [21], while the one with the highest
gearing, 1:225, was from Dunkermotoren [9]. Initial tests on the motors combined
with spur gear boxes ruled out some combinations that did not meet the criteria
on maximum torque specified by the ISO standards. The ones that met the tech-
nical specification and seemed promising to test for energy harvesting were further
evaluated in this project.

Motor GB2808 GB4114
Kv [rpm/V] 70 42
Weight [g] 64 143
Dim [mm] | @ 35x 223 | @ 46 x 31.4

Table 1: Comparison motors.

2.4.2 Electronics Design

In addition to mechanical parts, the prototype contained a circuit board for control-
ling the motor and the harvesting. The previously described principle of the flyback
converter was used to allow energy harvesting with an added possibility to connect
a battery. However, a DC power supply was used instead of a battery to power
the system in the initial product development phase. The system was controlled
using a RP2040 SoC on a Rasberry Pi Pico [24], and was in addition to that used
to sample data from the circuit, such as encoder values, toggle switch values, and
potentiometer values. The potentiometer was used to get feedback on the angular
position of the door. A linear taper potentiometer was used, consisting of a resistive
element with a constant cross section. This meant that the resistance was propor-
tional to the distance between the contact and the end terminal. Consequently, in
this application the potentiometer readings were assumed to be proportional to the
angle of rotation of the door shaft.

2.4.3 Programming and Control Theory

As mentioned previously, the actions of the door closer and motor were controlled
using a micro controller mounted on the Rasberry Pi Pico. All code was developed
using the Visual Studio Code integrated development environment (IDE) with an
Arduino extension to be able to use the built-in serial monitor in the Arduino IDE.
To regulate the motor, an open source field oriented control library was used to send
signals to a motor driver (BLDC driver) [27]. The library was chosen partly because
it could be used with the gimbal motors in the project, and partly because it was
straightforward to implement but could still be used in a more advanced way to
optimize the hardware functionality in the future. The library was mainly used to
read the position of the motor’s rotor and calculate the appropriate phase voltages.
This was achieved through a low-level control algorithm that calculated the phase
voltages u,, up and u. needed to create a magnetic field, which was 90 degrees offset
the rotor’s permanent magnetic field. The desired phase voltages were then sent as
control signals to the motor driver mounted on the board, which in turn controlled
the motor [28]. The low-level control loop for the system is described in Figure 10.

The library also includes a PID (proportional, integral, derivative) controller
to keep the motor at constant velocity or torque during operation [29]. A PID
controller uses feedback to calculate an error value, which is the difference between
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Figure 10: Field oriented control loop [28].

a desired set point and a measured variable. In this system, feedback from the
encoder attached to the motor was sent back to the controller, which calculated the
error between the desired and actual angle velocity; see Equation 4. In the default
setup, a torque control loop was used, and the control signal would be the target
voltage, see Figure 11. If instead implementing the velocity control loop, the error
will translate to a target current. This was desirable since the supplied voltage was
set to be constant, while the supplied current could vary. The target current was
initially set to zero. If the desired velocity was set to anything above zero when
the door was still, the target current would start increasing until the power to the
motor was sufficient to make it run at the desired velocity. Then, the system would
continue to increase or decrease the current to stay at the desired velocity. The
current setpoint was calculated using Equation 5.

€(t) = Wdesired — Wactual (4)

¢
itarget = Kp* e + K| x / e(t)dr (5)

In the library, there was also an option to set a maximum value for the allowed
current, voltage and other parameters. Since the electronics of the system had been
designed to allow 1 A, this was set as the maximum current allowed in the control
loop to match the actual conditions. Likewise, the desired velocity should be set
in the range possible to achieve by the motor described in Section 2.2.1 if the goal
is to have the motor run at that velocity. This means that if the target velocity is
set higher than the motor can spin according to Equation 2, the target current and
voltage will supply the maximum amount of power until the door is fully open and
starts closing. Furthermore, the derivative part of the PID-controller was not used
and the other parameters were set to Kp = 0.2 and K; = 20/s, which were the
default values. A digital low-pass filter was also set up with the default settings to
remove any outlier values from the encoder.

The first version of the code only supported energy harvesting during closing,
but was developed to be able to test energy harvesting during the opening phase
as well. Furthermore, only automatic opening was at first implemented, and the
code was therefore developed to also support a simple implementation of assisted
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Figure 11: PID controller [29].

opening that could be tested. On a high level, the original software read door angle
values from the potentiometer with the highest frequency possible. If the door angle
surpassed a low angle, for example 2 degrees, an automatic opening would begin
where the motor was set to a target velocity that could not be overridden by the
user. It would open to a set degree, specified as 90 degrees and then start to close
while simultaneously harvesting energy until closed. While the PID controller was
a suitable control algorithm to use when the door was operating automatically, any
interference with the opening would affect the motor’s behavior. If, for example,
the motor was set to open the door at a certain speed and a user tried to pull the
door open at an even faster speed, the motor would start braking the motion.
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3 Tests and Data Acquisition

To get an idea of the total amount of energy in the system and where energy losses
occurred, a test rig was set up to measure the amount of generated energy that were
available in different parts of the system. Tests were also conducted to measure
the energy required to perform an automated door opening to be able to make a
comparison. The behavior of the door during the tests was also studied to map out
boundary values for different parameters and to find out under what circumstances
the door was able to operate correctly and within the specifications.

3.1 Test Rig

All tests were performed in a combined electronics and user experience lab. The
door closer system was mounted on a wooden door with a width of 0.85 m. All
tests were carried out at room temperature (18-20°) using calibrated equipment.
Instead of connecting an energy storage solution to the capacitor in the harvesting
circuit, power was supplied through an external DC power supply. This eliminated
the effects that a non-optimal storage solution might have had on the test results.
The different door closer prototypes presented in Table 2 were tested and compared.

Motor | ~pogos | GB4114
Gear
1:150 X
1:200 X
1:225 X

Table 2: Tested prototypes.

The prototypes were tested with three spring settings each, 1, 3 and 5, according
to the ISO standard SS-EN 1154 [32]. The spring was set to meet the torque require-
ments for the closing moment between 0° and 4° in accordance with the standard,
which is further described in Appendix C. Normally, the spring tension would be
selected based on the weight of the door but in these tests the spring settings in-
stead "simulated” different door sizes. Hereafter, these tested spring settings will be
referred to as ”iso 17, ”iso 3” and "iso 5” and should not be interpreted as referring
to an ISO standard in any other way than has been outlined above and in Appendix
C. Since one of the main goals of the tests was to determine where energy losses oc-
curred it was important to minimize sources of errors by mounting and dismounting
the prototypes more than necessary. Therefore, all relevant tests were performed on
one prototype at a time before switching it to the next. This meant that all three
spring settings were tested on one prototype before changing it out for the next. As
a consequence, the spring settings were not identical between the prototypes.

3.1.1 Sensors

Mainly two sensors were used to receive feedback from the system, the encoder
attached to the motor and a potentiometer. The encoder was used to gather data
on the motor’s angle and angle velocity, while the potentiometer gave feedback on
the door shaft angle, i.e. the opening angle of the door.
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3.1.2 Calibrations

To accurately control the behavior of the door while testing the closing and opening,
it was necessary to get accurate angle readings from the attached potentiometer.
Firstly, a calibration was done noting the potentiometer readings for 0 degrees and
90 degrees. The relation between the door angle and the potentiometer values was
assumed to be linear. Secondly, an analog low-pass filter was added to the circuit
to filter out inaccurate values.

3.1.3 Alterations to Electronic board

Before and during testing, issues with transient protection were identified. The first
prototype included a diode that would lead away excess voltage if the voltage to the
motor surpassed 20 V. However, with the higher spring settings, it was discovered
that a voltage above 20 V was required to open the door. Therefore, the diode was
exchanged for one with a maximum capacity of 30 V. Furthermore, several diodes
were connected to the input power to lead away excess voltage if the power supplied
to the voltage regulator spiked.

3.1.4 Test Program

While performing the energy tests, a test program was used to get digital readings of
the door shaft angle from the potentiometer and the motor angle and angle velocity
from the encoder connected to the motor. The test program was uploaded to the
Raspberry Pi Pico and the values together with a timestamp was reported back to
the computer using serial communication through a USB cable.

3.2 Energy Tests
3.2.1 Force Measurements

To validate that the mechanical parts work properly and to investigate mechanical
energy in the system, force measurements were made. The estimated mechanical
energy could be used to determine the potential amount of energy in the system,
while also showing whether the prototype followed the mandatory regulations spec-
ified in the ISO standards. A Sauter FL100 force gauge [14] was used to measure
torque during different opening and closing stages. The hook attached to the force
gauge was hooked to a cable tie, that in turn was fastened to the door handle. To
be able to sample continuously, a program was written in Python. The original
test program was running on the Raspberry Pi and therefore it was possible to use
serial communication to retrieve data from both the Raspberry Pi and the force
gauge while they were connected to the computer through USB. The Python pro-
gram retrieved data approximately 200 times per second, which seemingly allowed
simultaneous sampling of the door angle and forces. The test setup can be seen in
Figure 12.

For every prototype-spring setting combination, the door was manually opened
five times from 0 to 90 degrees and then slowly closed. This was done to reduce
the errors that could appear from manual handling of the force gauge. Using the
average values from these measurements and the door’s geometry, the torque could
be calculated using Equation 6.

T=Fr (6)
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From this, the accumulated mechanical energy required to open the door 90
degrees as well as the mechanical energy that could potentially be harvested for
each prototype could be calculated, see Equation 7.

/2
E:/ 7 df (7)
0

Figure 12: Setup to measure the torque of the door during opening and closing.

3.2.2 Raw Electrical Energy from Closing

To determine the total amount of raw electrical energy that could be generated
during the door closing, resistances in the range 0-100 €2 were added as load to the
motor. The added loads corresponded to varying closing speeds and were tested
using approximately 10 € steps; see the exact values measured by a multimeter in
Table 3. Thus, 10 measurements were taken for every prototype-spring combination.
To measure the energy, an oscilloscope was used. Three probes were connected to
the board’s three phases and one was connected to the potentiometer for door angle
readings, see Figure 13. By integrating the voltages over time, the energy generated
within each phase could be calculated. The total raw energy was calculated using
Equation 8.

(R () [0.7]11.1]20.5[30.6 | 40.7 [ 49.1 [ 60.8 | 71.9 [ 8.1 [ 91.2 [ 1015 |

Table 3: Tested resistances.

2 2 2
By = / Wdt (8)
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The test was performed by releasing the door from a 90 degree angle and measur-
ing until it was still while supplying the motor with a voltage of 20 V and maximum
current of 1 A from a DC power supply. The oscilloscope was set to note the voltages
at a frequency of 100 000 times/s while the test program noted angles and velocities
approximately once every 30 milliseconds.

1IN

Figure 13: Setup to measure raw energy.

3.2.3 Harvested Electrical Energy from Closing

To determine the harvested energy that would go into an energy storage device, the
voltage and current over the capacitor in the flyback converter were measured using
a DC power analyzer, Keysight N6705B [15], see Figure 14. In this setup, load was
added to the motor through the PWM signal generated from the Rasberry Pi going
into the flyback harvester. The duty cycle of the PWM signal was varied from 0 to
100 %, with 10 % increment steps during testing.

Figure 14: Probes to measure harvested electrical energy.

As an initial test, different frequencies were also tested: 1 kHz, 10 kHz, 20
kHz, 100 kHz and 1 MHz. Because of similar behavior for all frequencies above
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10 kHz, a frequency of 20 kHz was chosen to perform the rest of the tests since
anything below this is audible to the human ear [23]. As in the test described in
3.2.2, power was supplied from a DC power supply but three different voltages were
tested initially: 15 V, 20 V and 24 V. The maximum current was constantly set
at 3 A, as to not initiate over-voltage protection in the power supply if the current
momentarily exceeded 1 A. These variations showed similar behaviors as could be
seen with varying frequencies and therefore only 20 V supplied voltage was used to
test the prototypes onwards.

The test was performed by releasing the door from a 90 degree angle and mea-
suring until it was still. The power analyzer continuously measured the voltage and
current while the test program noted angles and velocities approximately once every
30 milliseconds.

3.2.4 Energy Required for Automatic Opening

The energy required for automatic opening was tested by varying the voltage sup-
plied to the motor from the DC power supply. The current and voltage that go
directly from the circuit to the motor were probed and measured with an oscillo-
scope and then integrated over time to calculate the total energy, see Equation 9.
The test setup can be seen in Figure 15.

E= / VIdt (9)

During testing, the voltage was varied from 28 V to the lowest possible voltage
where the door would still swing open to 90 degrees. The maximum limit of 28
V was due to the maximum operating voltage of some electrical components. The
voltage was then lowered after each successful opening using 1 V decrements. The
maximum allowed current was set to 3 A. To create a safe testing environment, the
door needed to be manually opened 2 degrees before automatically trying to open to
ensure that the door does not swing open when not expected to. In this setup, the
test program could not be used since serial communication interrupted the signals
to the motor.

Figure 15: Setup to measure energy required for automatic opening.
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3.2.5 Energy Harvesting during Opening

The potential of harvesting energy during the opening of the door was also evaluated.
Identically to when harvesting during closing was tested, the flyback converter was
used with a PWM signal as input. Initially, all duty cycles were evaluated. However,
the higher ones required a torque much higher than the maximum allowed one
according to the ISO standards to open, and were thus disregarded. Instead of
using the Keysight N6705B DC power analyzer, a specifically designed load was
added, see Figure 16. The load had several diodes attached to it to protect the
circuit from spikes in power.

Figure 16: Load for energy harvesting during opening.

The tests were made on the motor gearbox-combination thought to be the heav-
iest to open seeing as the most energy could be harvested from that one. Previous
tests had confirmed that the GB4114 1:200 prototype would be the most suitable
and was set to an iso 3 spring setting. Data from previous tests had indicated that
the maximum energy could be harvested using a PWM signal with a duty cycle of
53.47 % and a frequency of 20 kHz. The supplied voltage was set to 20 V with a
maximum current of 3 A.

In the first session, five opening and closing cycles were made, with an oscillo-
scope probed over the capacitor. Both the energy harvested during the opening and
the closing phase was recorded. The door was opened approximately 90 degrees and
the opening was attempted to be at constant velocity.

A second test session was conducted using the test program noting door angle
and motor angle velocity and the Keysight N6705B DC power analyzer concurrently.
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3.2.6 Required Energy for Assisted Opening

The same setup was used as in the test of required energy for automatic opening; see
Section 4.1.4. However, this test was only performed on GB2808 1:225 iso 3. The
door was opened ten times to 90 degrees with a supplied voltage of 20 V. To perform
this test, the firmware that had previously been uploaded to the Rasberry Pi was
exchanged for one that executed assisted opening instead of automatic opening.
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4 Test Results and Analysis

As mentioned in Section 3.1, all results were not completely comparable since the
spring settings slightly varied between the prototypes. However, the tests were
conducted only to give an indication of the performance of the prototypes and were
not extensive. Therefore the difference in spring settings was considered negligible
in some of the analyses.

The raw data is visualized using diagrams of which some only include marks,
while some also include linear interpolations between the marks. The marks rep-
resent data points and the lines are only added to better visualize the data. Some
diagrams only include lines since the number of data points was considered sufficient
to support only using trend lines.

4.1 Energy Tests
4.1.1 Force Measurements

The results from the force measurements is demonstrated in Figure 18 where the
average torques during opening and closing are plotted for the prototypes with iso 3
settings. As expected, it can be seen that the torque is higher for the first 20 degrees
and is then quite similar for the rest of the opening. The closing force follows the
same curve as the opening, but requires a lower torque, which follows the theory
explained in Section 2.1.1.

As expected, higher spring tensions result in more energy in the system, see
Figure 17 where this is demonstrated for GB4114 1:150. It can also be seen that
the efficiency remains the same regardless of spring setting.

When comparing the curves between prototypes, it can be seen that GB4114
1:200 has a higher deviation between the opening and closing forces, meaning that
it appears to be less efficient than the other systems.

Torque During Opening and Closing GB4114 1:150 Varying Spring Settings
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Figure 17: Torque with varying spring settings in GB4114 1:150.
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Figure 18: Torque during opening and closing iso 3.
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4.1.2 Raw Electrical Energy from Closing

The raw data from the test can be found in Appendix A. From the tests it could be
seen that different resistances affected the closing times and the amount of generated
energy, see Figure 19 and 20. Furthermore, when comparing the data between the
spring settings, it could be seen that a higher spring tension resulted in shorter
closing times and more generated energy.

The prototypes all showed similar behaviors, see Figure 21. Specifically, the
gearing and motor did not clearly affect the magnitude of energy that was generated,
see Figure 22. However, the peak in energy appeared at different closing times, which
is demonstrated in the same figure.
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Figure 19: Closing times for different resistances depending on load.
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Figure 20: Generated raw energy depending on load.
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Figure 21: Generated raw energy depending on total closing time.
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Figure 22: Comparison between prototypes and spring settings.

4.1.3 Harvested Electrical Energy from Closing

The raw data from the test can be found in Appendix B. The results from the
energy harvesting tests reflected those from the raw energy tests quite well. The
spring tension affected the closing time in the same manner with higher spring
tension resulting in shorter closing times, see Figure 23. As expected, the measured
amount of energy was often lower compared to the raw energy generated at the same
closing time, which would be due to energy losses. However, this was not always
the case and further analyzed in the discussion.

When comparing the results for different spring tensions for each prototype, it
could be seen that a higher spring tension resulted in more harvested energy and
that all prototypes showed similar behavior, see Figure 24. Similarly to the raw
energy, the amount of harvested energy did not appear to be clearly affected by the
gearing and motor as can be seen in Figure 25. However, the peak in harvested
energy appears at different closing times and varies between the prototypes.
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Figure 23: Closing times for different duty cycles depending on load.
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Figure 24: Harvested energy for different closing times.
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Figure 25: Comparison of harvested energy between prototypes and spring settings.

4.1.4 Energy Required for Automatic Opening

When using supplied voltage to automatically open the door to 90 degrees, it could
be seen that a higher supplied voltage resulted in a shorter opening time, see Figure
26. In the same figure, it can be seen that the curve flattens out for higher voltages
and seems to reach a minimum value. Both the value and the time at which this
occurs differ between the prototypes and the spring tensions. In Figure 27, the
amount of energy required to open the door for each voltage level is shown. It can
be seen that the for the lowest voltages, the required energy is relatively high. With
increasing voltages, the energy decreases up until a certain point after which the
energy either stays constant or starts to increase slightly.

The energy required to open the door was in general lower for shorter opening
times. For some combinations it could be seen that the required energy decreased
to a certain limit but then started to increase again for the fastest openings, see
Figure 28. Although this could not be seen for all setups, it is reasonable to assume
that all prototypes would follow this trend when the opening times approaches zero
seconds.

The opening times differed between the prototypes when the same voltage was
supplied, see Table 4. While GB2808 1:225 and GB4114 1:150 followed approxi-
mately the same pattern, GB4114 1:200 consistently had a slower opening time.
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Figure 26: Total opening time depending on voltage.
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Energy Required To Automatically Open Door Depending On Supplied Voltage
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Figure 27: Energy required to open door depending on voltage.
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Average energy required to open the door to 90 deg for different opening times
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Figure 28: Results from testing the harvested electrical energy.

Voltage | GB2808 1:225 | GB4114 1:200 | GB4114 1:150
16 V 7.17-7.39 s 9.7-10.18 s 7.35-7.53 s
20V 5.07-5.69 s 6.4-7.46 s 5.59-6.31 s
24V 4.15-4.35 s 5.77-5.96 s 4.43-4.49 s

Table 4: Opening times for the prototypes set to iso 3 spring setting.

4.1.5 Energy Harvesting during Opening

When opening the door to 90 degrees with constant velocity during the full opening,
it could be seen that a faster velocity resulted in more harvested energy. The
maximum harvested energy during an opening is 38 J according to Figure 29 which
is approximately four times higher than the maximum harvested energy from a
closing. In these test, the harvested energy increased with shorter opening times.

34



Harvested energy during opening for different opening
times
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Figure 29: Results from harvesting energy during opening.

When also collecting data from the test program, it could be seen that the
generated power seemed to increase with an increase in the motor’s angle velocity,
see Figure 30. Given the results from this, together with the data from Figure 29,
it seems like a higher opening speed could generate more energy when harvesting
during opening.
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Figure 30: Relation between generated power and motor angle velocity.

4.1.6 Assisted Opening

The energy required to open the door with assisted opening using the GB2808 1:225
iso 3 prototype with different opening times, is demonstrated in Figure 31. In
the same figure, the corresponding values for automatic opening can also be seen.
Although not many data points were recorded during the test, it seems like less
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energy is needed for an assisted opening. There also seems to be an almost linear
relation between the required energy and the opening time.
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Figure 31: A comparison of the results between assisted opening and automatic
opening for GB2808 1:225 iso 3.

4.1.7 Summary Test Results

From the data gathered in the energy tests it can be concluded that:

e More energy exists in the system with increasing spring tension.

e Approximately the same amount of energy can be harvested regardless of which
motor-gear-box combination is mounted on the door.

e The optimal closing time to be able to harvest the maximum amount of energy
does, however, vary between the motor-gear-box combinations.

e The energy required to automatically open the door seems to decrease with
more rapid openings up to a certain point.

e There is, however, a considerable variance in the results when testing auto-
matic opening.

e The motor-gear box combination GB4114 1:200 appears to be less efficient
than the other two.

4.2 Analysis
4.2.1 Energy Losses

With the results from the energy tests it was possible to analyze where energy
losses occurred in the system, see Table 5. The values varied slightly between the
different prototypes but generally it can be said that energy losses seemed to be
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most evident in the mechanical system (gears, motor). It should be noted that
some of the values are not completely coherent, such as the generator efficiency for
GB4114 with gearing 1:150 and 1:200. The harvesting efficiency is also notably high
but varies between the tests, which means that there is probably some uncertainty
in the results. This uncertainty could come from, for example, the handling of the
door during the tests or malfunctioning components and will be further analyzed
in the discussion. Comparing the efficiencies between the prototypes therefore does
not give any clear advantage to any motor-gear box combination over another but
rather suggests that improvements in the mechanical systems can have the most
impact.

Subsystem GB2808 1:225 | GB4114 1:150 | GB4114 1:200 Source
Mech. closing energy 18.06 J 16.63 J 13.67 J Measured
Gear box efficiency 66 % 70 % 70 % Data sheet
Mech. energy to gen. 11.92 J 11.64 J 9.57 J Calculated
Gen. efficiency 1% 74 % 88 % Calculated
Raw elec. energy 8.51J 8.64 J 8.46 J Measured
Harv. efficiency 94 % 98 % 96 % Calculated
Harv. energy 8J 8.5J 8.12 J Measured

Table 5: Energy losses and efficiency for harvesting in prototypes iso 3.

The same analysis can also be made for energy losses during automatic opening,
see Table 6. Combined these tables show the efficiency of the system as a whole.

Subsystem GB2808 1:225 | GB4114 1:150 | GB4114 1:200 Source
Mech. opening energy 34.34 J 36.85 J 4297 J Measured
Gear box efficiency 66 % 70 % 70 % Data sheet
Mech. energy fr. motor 52.03 J 52.65 J 61.39 J Calculated
Motor efficiency. 65 % 66 % 59 % Calculated
Elec. energy to motor 80.04 J 80 J 104.2 J Measured

Table 6: Energy losses and efficiency during automatic opening in prototypes iso 3.

4.2.2 System Efficiency

Based on the results in Section 4.1.3 and Section 4.1.4, the number of door closings
with energy harvesting required to once open it automatically to 90 degrees could be
calculated. To do this, the energy required for one automatic opening was divided
with the harvested energy from one opening, see Equation 10. The harvested energy
was set to the maximum found when letting go of the door from 90 degrees. It
should however be noted that the actual energy that can be used to power the door
would be lower since there will also be losses from energy storage. The required
opening energy was set to be an average of all automatic openings with an opening
time between 5-10 s, except for a few measurement points that were obvious outlier
values, shown in Figure 27. The reason for choosing this time frame was that 10 s
is a relatively slow opening and any opening times above that was not considered
interesting. The lower limit stemmed from the fact that either the prototypes were
unable to open the door faster than that or more energy was required beyond that
point. Furthermore, the energy to open the door automatically was assumed to be
proportional to the accumulated energy calculated from the force measurements in
Section 4.1.1. Based on this assumption, it was possible to calculate the number of
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manual cycles of openings and closings required to once open the door automatically
to any degree.

Eo enin,
cycles = —209 (10)

Eharvested

For GB4114 1:150, the difference between the spring settings was compared,
which is demonstrated in Figure 32. As expected, the number of closings is increasing
at a steeper rate the first 20 degrees to overcome the high acting torque that ensures
latching. While the results are similar to around the first 20 degrees, it appears
as if a spring with higher tension might potentially be more effective under some
circumstances.

It can also be seen that one automatic opening requires many more manual
openings to be powered. Even with assisted opening, which requires less energy, one
closing will not generate enough energy to power one assisted opening.

Number of closings needed to automatically open GB4114 1:150 with different spring settings
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Figure 32: Efficiency comparison between different spring tensions for GB4114
1:150.

4.2.3 System Limitations

While varying the different parameters during testing, some limitations in the system
were discovered. Using Equations 2 and 3 together with the results of 4.1.4, it could
be determined that with 20 V supplied, the actual motor speed ended up being in
the region of 40-70 % of the theoretical maximum speed due to the added load.

From the results from testing energy harvesting during opening, it seems like
harvesting during opening can be an important source of energy with the potential
of harvesting much more energy than a closing. However, the door was perceived to
be very heavy compared to a standard door when harvesting during opening.
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4.2.4 Test Case Feasibility

The test results provided some indication on which of the test cases would be more
suitable to further investigate. One test case was the fully automated opening
where harvesting was enabled during closing and then this energy was used to auto-
matically open the door 90 degrees when a user in need of assistance needed to pass
through. Based on the results of this project, this implementation would require
at least 10 cycles of manually opening the door to 90 degrees and the door fully
closing for one automatic opening. This was considered too inefficient and therefore
this solution was deemed infeasible. A second, less energy draining test case was
the semi-automatic opening where the door would be automatically opened to
an angle less than 90 degrees after detecting a user in need of assistance. According
to the test data, at least three manual openings to 90 degrees would be required
to automatically open the door to 25 degrees (using the GB4114 1:150 prototype),
thus sparing the user of the heaviest part of the opening phase. However, this is
without taking energy losses from the storage into account. This was considered a
more reasonable ratio between manual and automatic openings. The third test case
was assisted opening. According to the test results, this could possibly require
less than half the energy that an automated opening would need. Furthermore, if
combined with energy harvesting during opening, energy harvesting could start if
more energy than deemed necessary was added, while if less energy than needed to
open the door was contributed, the door closer would aid in opening through the mo-
tor. Assisted opening was therefore also considered interesting to test further. The
fourth option, assisted opening to overcome initial torque was not possible to
test due to the control of the motor not being smooth enough for this test case, but
it should require the least amount of energy seeing as assisted opening required less
energy than automated, and semi-automatic required less than automatic.
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5 Suggested Design

5.1 Suggested Prototype

Based on the energy efficiency tests there is no single answer as to which prototype
would have been the most suitable for either energy harvesting or automatic opening.
The motor gearbox combination GB4114 1:200 appeared to be the least efficient of
the prototypes based on torque measurements and might therefore be less suitable to
use. It was also the prototype which required the highest supplied voltage to open,
which was a limitation since the system was designed to use 20 V. Furthermore,
for this prototype, with the lower springs setting iso 1, the closing time when the
maximum amount of energy could be harvested was close to 20 seconds, which is
outside of what is acceptable according to ISO standards. The closing times with
peak energies for the prototypes are demonstrated in Figure 33. Therefore, GB2808
1:225 and GB4114 1:150 appear to be better choices for this application.

With rather similar opening times, GB2808 1:225 and GB4114 1:150 both seem
like reasonable choices if only taking the opening times into account. When it comes
to harvesting during closing, GB2808 1:225 has its peak amount of harvested energy
during a faster closing than GB4114 1:150.

Thus, GB2808 1:225 and GB4114 1:150 seem like the better options, both har-
vesting energy from closings and when using them for assisted opening. Both appear
to be able to fulfill the ISO standards, so depending on the preferred opening and
closing times, both of them would be qualified options.
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Figure 33: Closing times for peak harvested energy.

5.2 Suggested test case

After taking the system efficiency and future development possibilities into account,
the proposed test case to look further into was the assisted opening. The tests made
on assisted opening demonstrate that this solution might be energy efficient enough
to be feasible. However, even with the lower energy consumption than some of the
other test cases, the future product will need to be able to differentiate between
users in need of assisted opening and those capable of opening the door themselves.
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The idea was to implement a state-machine which would shift between five dif-
ferent "modes”, see Figure 34. Firstly, the door is closed and the motor is turned
off. As soon as the sensors detect that the door is moving, the idea was to try and
identify users in need of assistance using the available sensors, which will be further
described in Section 5.2.2. If the user is in need of assistance, the motor will go into
"assisted opening” mode, which is further described below. After the user lets go of
the door it will start to close behind them while harvesting energy. When the door
is closed and latched, the energy harvesting will stop and the motor will be turned
off. If, on the other hand, the user is identified as being capable of opening the door
themselves, the door closer will work as a conventional one, however with energy
harvesting during closing.

door_angle > 0 and angle_velocity > 0

Identify

[NEL N

weak user average user

v .

Manual
Opening

Assisted
Opening

door_angle =0

user_torque <=0

S

angle_velocity <0

T

Energy
Harvesting

Figure 34: Flow chart of the opening and closing process.

5.2.1 Implemented Assisted Opening Algorithm

The proposed solution would be to implement assisted opening during the entire
opening phase as an initial step to test the users’ experience of this. The motor
was controlled by a simple high-level algorithm stating that if the angle velocity
became higher than the motor’s own maximum angle velocity, then the new target
velocity would be set to the actual one, see Algorithm 1. This was done to prevent
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the PID-controller controlling the motor from trying to brake the motion. After the
door has closed and the system has returned to ”closed mode”, the target velocity
would be reset to its initial value. While the algorithm proved to be sufficient to
achieve an assisted opening, it could be developed to be more adaptable and energy
efficient.

Algorithm 1 High-level control of motor velocity

Utarget <~ Umam,motor
if Vactual Z Vtarget then

Vtarget < Vactual

end if

To be able to detect when the user lets go of the door was a more complex task
since the sensors could not differentiate between the torque/velocity coming from
the motor and the torque/velocity added by the user. A temporary solution was
developed, where the motor would stop to assist whenever the angle velocity dropped
to a certain level at the same time as the control signal from the PID-controller was
high. However, this resulted in some delay between the user letting go of the door
and the motor turning off. To achieve a quick transition between assisted opening
and energy harvesting in the state-machine, a better way to differentiate between
the torque added from the user and the motor would be required, for example by
measuring the torque in the motor.

5.2.2 Identifying Users in Need of Assistance

With the prototypes tested in this project, it is clear that the door closer will
be unable to assist every user that wants to go through the door unless energy
harvesting is also widely used during the opening phase. The second option would
be to only allow assisted opening whenever a user in need of assistance is detected.
With the current setup, the sensors that could be used to identify users was limited.
The only input to the controller was the door angle, encoder angle, angle velocity,
and time. For this test case, the angle velocity was used to identify the users. If
a user opens the first degrees of the door slower than a selected time, the user is
assumed to be a user in need of assistance. With the current setup, only integer
values from the potentiometer was used to determine the door angle. This meant
that the door needed to be opened one degree for the state machine to initiate the
"identify user” mode. Then, at least one degree was needed for the identification.
Consequently, this required the user to be able to open the door at least two degrees
without assistance. The solution also relies on the assumption that a user in need of
assistance is also a slow user, which might not be the case. To have a more robust
identification, it is suggested that additional sensors are used, for example a pressure
sensor in the door handle. Another less robust solution would be to at least have a
potentiometer capable of communicating the door angle in decimals.

5.2.3 Decreasing Energy Consumption through Improved Control

With the implemented version of assisted opening, the PID controller is not espe-
cially optimized and the system does not act in an energy efficient way. As soon
as the actual velocity exceeds the motor’s maximum velocity, the target velocity
will remain unattainable for the motor without the added force from the user. This
means that if the user then starts to contribute with less energy, the control signal,
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or supplied current, will be set to its maximum value in order to attain the correct
speed. This waste of energy could easily be eliminated, without noticeably chang-
ing the behavior of the door closer. If instead, the target velocity is continuously
adjusted to follow the user’s velocity, the energy consumption would decrease since
the control signal would not "max out”. A suggestion for this implementation is
demonstrated in Algorithm 2. Another solution for optimizing the energy consump-
tion of the system would be to use a different controller than the PID, seeing as it
is only reactive and is unable to predict how the torque acting on the door might
change. Model predictive control can for example be used to optimize a current
time-slot while keeping future ones in mind. With any of these solution, it might
even be unnecessary to separate users in need of assistance from users without need
of assistance. However, due to time constraints, this suggestion was never tested.

Algorithm 2 High-level adaptive control of motor velocity

Utarget — Umam,motor
while 7,,., > 0 do

Utarget < Uyser
end while
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6 User Experience Test

With the prototype set up to follow the processes outlined in Figure 34, user input
was considered through a minor user experience test. The purpose of this test was
to gather some data that could be used for further development of the system and
functionality.

6.1 Methodology

The test was carried out with ten test subjects without any prior knowledge about
the prototype. The number of test subjects was decided based on findings that
most usability problems can be found when having between five and 15 subjects in
a study [20]. Normally, none of the test subjects would be considered users in need
of assistance, so to be able to test the automatic door opener, the test subjects were
instructed to carry a large box. Each subject was given a brief introduction to the
test and was then asked to walk through the door a couple of times from alternating
directions. Five subjects began the test carrying the boxes and were then asked to
repeat the test without boxes, while the other five began the test without boxes
and were then asked to repeat the test carrying boxes. If no assistance were needed
even with the boxes, an additional item for them to carry was added and the test
was repeated. After the practical part of the test was completed, an interview was
conducted in which the test subject was asked a number of questions about the
experience. The results were then used to suggest future improvements.

6.2 Result

The answers from the test subjects could be summarized in the following list of
opinions, each mentioned by at least one test subject:

e The door is unpredictable and it is difficult to comprehend how the assisted
opening can be activated.

e The sound of the door is loud and unpleasant.

e It would have been desirable to also receive assistance during the first degrees
of opening when the box was carried.

e The door is slightly heavy to open.
e Opening the door manually and without boxes works well.

e It should be possible to close the door manually immediately after walking
through it.

Apart from that, the following was concluded from observing the tests:
o All test subjects were able to get through the door in every test.

e [t seemed to be easier to use the door when pushing it open rather than pulling
it open.
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7 Discussion and Conclusions

7.1 Sources of Error

Various sources of errors affected the test results in this study, some of which are
presented below.

7.1.1 Component Breakage

A few times during testing, an electronic component would become overheated and
break. This was mainly due to the lack of over voltage protection in some stages of
the testing and because some components were only suitable to use at maximum 20
V. The lack of protection was subsequently resolved but it is likely that components
did not work as expected right before the breakage, which would then be a source
of error in the results.

7.1.2 Prototype Assembly

When assembling the motor, encoder and gearbox, it was unavoidable to get un-
wanted friction between the parts, especially since the mechanical parts were not
from the same brand and had to be attached using 3D-printed connections. It was
also difficult to perfectly align all the vertical axes of the system. Therefore, it might
be misleading to compare the prototypes with each other.

7.1.3 Test Methodology

With the current setup, it was not possible to measure the energy losses in different
parts of the system during the same closing. This means that it cannot be guaranteed
that the test environment and test setup were exactly the same for the different
tests, which can lead to differences in the results. Factors such as temperature
of the motor and electric components can affect the result and disturbances and
wear of the mechanics can change between tests. The measurement tools could
also potentially influence the results. To get more accurate results, the number of
samples could be increased and the harvested energy could be tested immediately
before and after the raw energy test to limit the differences. Furthermore, the results
from the automatic opening tests are not fully comparable since the entire voltage
span could not be tested on all prototypes and spring settings. For example, GB2808
1:225 was only tested up until 24 V when a diode broke. It was then exchanged for a
diode capable of withstanding 30 V, which subsequently meant that higher voltages
could be tested on the remaining prototypes. The consequence of this is that it was
not possible to establish a perfect relationship between opening times and energy
consumption.

7.1.4 Test Repeatability

The energy harvesting during opening test was carried out by manually opening
the door and could not be conducted repeatedly in a controlled manner with the
available equipment. This was largely due to the fact that the amount of energy
possible to harvest would vary depending on, for example, the speed and force of the
opening. The test was performed by attempting to open the door with a constant
velocity, but it was not possible to keep the velocity completely constant during all
stages of the opening when opening by hand. Furthermore, the opening in a real
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scenario would very likely not be near constant but rather have a large acceleration
in the beginning of the opening and a lower velocity towards the end of the opening.
By testing a number of different velocities that were assumed to cover the minimum
and maximum velocity from a real scenario opening, the results gave an idea about
how much energy could be harvested during an opening. Correspondingly, the test
result of the required energy for assisted opening would depend on the force that
the user added during the opening and could not be carried out reliably with the
available equipment.

7.1.5 User Experience Test

Firstly, the user experience test was performed on a very small scale, which limited
the amount of feedback received. Secondly, it proved to be more difficult than
expected to make the test persons temporarily in need of assistance. The test was
conducted by temporarily giving them boxes to carry. This did indeed put them in
a situation where they needed assistance to open the door, however, their biggest
problem was how to grasp the handle and unlatch the door. This was not the
problem that was aimed at being solved in this project and would probably be
easier solved with an automatic door triggered by a push button. This test case
was instead aimed to solve the problem for users who struggle to use enough force
to open the door but have their hands free to use the handle, for example, elderly
people. This resulted in some test subjects not finding the assisted door opener very
helpful when carrying the boxes. Even if the intended function was not fully tested
in this test, the test was very useful to verify the manual opening, which operated
as expected.

7.2 Conclusions

One of the goals with the project was to study and test the energy efficiency for the
electromechanical system and motor drive. The energy efficiency of the motor drive
and the harvesting circuit was tested for three different motor gearbox combinations.
Several different variables that were believed to possibly affect the efficiency were also
tested. From the results, it could be concluded that most energy losses occurred in
the mechanical system and that this is where there is most room from improvement.
It was also concluded that the ratio between the manual openings needed for one
automatic opening was around 1:10 for all prototypes, not taking losses from energy
storage into account.

Another goal was to compare the results from energy harvesting tests to results
from assisted opening tests. Since the results from the automatic opening test were
considered to be more reliable than those for assisted opening due to the larger
number of data points and repeatability of the test, the most relevant comparison
was made between the energy harvesting test and the automatic opening tests. From
the results, it could be observed that it was possible to harvest approximately the
same amount of energy from all prototypes. However, the peak in possible energy
to harvest occurred at different closing times. The same principle was applicable to
the energy required to automatically open the door with the different prototypes.
However, in this case, the voltage needed to open the door at a certain time showed
that GB2808 1:225 and GB4114 1:150 were more suitable. The results from assisted
opening were also considered and analyzed. An analysis including trade-offs was
made according to the goal, and based on it, recommendations for future work was
made.
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The third goal was to test and analyze the possibilities to harvest energy during
opening. After some initial tests, it was concluded that it might be possible to
harvest more energy from an opening than from a closing. However, seeing as the
door opener is perceived as rather heavy according to the user experience test, even
without the added load from energy harvesting, this has to be implemented carefully.

The last goal was to investigate solutions regarding controlled assisted opening
and then create a test case for that assisted opening. Four different test cases were
made for assisted and automated opening. Two of them were implemented and
tested with regard to energy efficiency and one of them was used in a user experience
test. The possibility of identifying a user in need of assistance was investigated
and discussed. From an energy budget perspective, it could be concluded that the
system would probably still need to be able to differentiate between users with
and without need of assistance, since the energy from one closing would not be
sufficient to support one assisted opening in the current implementation. However,
with more sophisticated algorithms and possibly energy harvesting during opening,
there is potential for a door closer that can assist every user during some phase of
the opening. From the user experience test it could also be concluded that while
the functionality of an assisted opening was appreciated, any future implementation
needs to be more predictable. One criticism that was common amongst all test
subjects was that it was too difficult to trigger the assisted opening. While it would
be optimal from a user experience perspective to have the door closer assist every
time, this is not possible energy-wise with the current system.

7.3 Future work

Efforts to replace the hydraulic-mechanical door closer with an electric one that
can harvest energy has only just started. Therefore, following this report, there
are multiple areas of interest that could be further explored. An area that plays
a crucial role in a door closer capable of energy harvesting is energy storage. This
needs to be further investigated to determine how feasible any added functionality
actually would be. Different storage methods should be investigated, and the energy
efficiency of the chosen solution should be tested to see how it affects the overall
energy efficiency of the system. It would give valuable insight to test the system as a
whole and evaluating its performance. Apart from the energy efficiency, important
criteria for a storing solution would be size and what voltage would be suitable to
power assisted opening.

Apart from completing the design of the product, some issues where discovered
with the system in general. Based on the feedback from the user testings in Section
6, one important area for future work is the sound, which was found to be loud.
Another conclusion from the user tests is that the door is perceived to be slightly
heavier than other doors. The current ISO standards for door closers are specifically
designed for hydraulic door closers and thus not fully applicable to this prototype.
Future work would need to include investigating what ISO standards apply and
suitable adjustment would have to be made to the prototype.

In this project, no cost analysis was made and at a later stage of this project,
a thorough cost analysis should be performed. Furthermore, the suggested test
case presented in this thesis should be iterated upon. The algorithms developed to
identify users in need of assistance and to control the motor only consist of basic
functionality and in a commercialized product, the assisted opening should both be
more adaptable and predictable. While the current system and algorithms does not
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support assisting every person that wants to pass through the door, it would be
interesting for future studies to see if such an implementation is possible to achieve.
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Appendix A

The figures in this Section are supplementary to Section 4.1.2. The raw oscilloscope
readings from the test on all prototypes and spring settings are demonstrated. The
results are shown for resistances 0.7, 49.1 and 101.5 €. Values in between follow the
general trend demonstrated by those resistances. Note that the magnitudes of the
axes are changing between some of the graphs to fit all data in the same window.
The (in most windows) green line shows the potentiometer output, i.e. the angle of
the door. The door starts at 90 degrees and then closes at 0 degrees. The visibly
purple graph (in most windows) shows the voltage over the three phases connected
to the motor (blue, cyan and purple curves). The vertical lines a and b enclose the
closing period. The red line represents the calculations in Equation 8 and the final
results can be seen in the upper, right window in the figures. The value for the total
energy is found in the lower, right corner of the window. As can be seen in Figure
36a, no energy is generated without a load. However, due to integration errors in
the oscilloscope the results still show up as £ > 0, which is neglected in the rest of
the presentation of the results.
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Figure 36: Oscilloscope readings of raw energy GB2808 1:225 iso 3.
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Figure 35: Oscilloscope readings of raw energy GB2808 1:225 iso 1.
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Figure 37: Oscilloscope readings of raw energy GB2808 1:225 iso 5.
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Figure 38: Oscilloscope readings of raw energy GB4114 1:200 iso 1.
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Figure 39: Oscilloscope readings of raw energy GB4114 1:200 iso 3.
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Figure 40: Oscilloscope readings of raw energy GB4114 1:200 iso 5.
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Figure 41: Oscilloscope readings of raw energy GB4114 1:150 iso 1.
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Figure 42: Oscilloscope readings of raw energy GB4114 1:150 iso 3.
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Figure 43: Oscilloscope readings of raw energy GB4114 1:150 iso 5.
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Appendix B

The figures in this section are supplementary to Section 4.1.3. The raw DC power
analyzer readings for the test on all prototypes and spring settings are demonstrated.
The results are shown for duty cycles 0, 50 and 100 %. Values in between follow
the general trend demonstrated by those duty cycles. The yellow line shows the
current, the upper orange line shows the voltage and the lower orange line shows
the power. The markers 1 and 2 enclose the closing period. The closing time can
be read from the delta time between the markers under ”Measurements Between
Markers” in the bottom of the window. The amount of harvested energy can be
seen under Charge/Energy for A-P1 in the bottom right corner of the window, and
is an integration of the power over the given time.
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Figure 44: DC power analyzer readings of harvested energy GB2808 1:225 iso 1.
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Figure 49: DC power analyzer readings of harvested energy GB4114 1:150 iso
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Figure 50: DC power analyzer readings of harvested energy GB4114 1:200 iso 1.
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Figure 51: DC power analyzer readings of harvested energy GB4114 1:200 iso 3.
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Figure 52: DC power analyzer readings of harvested energy GB4114 1:200 iso 5
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Appendix C

The figure in this section is supplementary to Section 3.1. The spring tensions were
adjusted to fulfill the requirements in column 4 and 5 in Figure 53 for door closer
power sizes 1, 3 and 5.

Table 1
1 2 3 4 5 [6 [7 B 9
Closing moment Opening Door closer
Door closer | Recommended | Test door moment efficiency
power size | door leaf width mass between between any other between 0° | between 0°
0% and 4° 88° and angle of and 60° and 4°
92° opening
mm max. kg Nm Nm Nm min. Nm min. Nm %
min. max. max. min.

1 <750 20 9 <13 3 2 26 50
2 850 40 13 <18 4 3 36 50
3 950 60 18 <26 6 4 47 55
4 1100 80 26 <37 9 6 62 60
5 1250 100 37 <54 12 8 83 65
6 1400 120 54 < 87 18 11 134 65
7 1600 160 87 <140 |29 18 215 65
NOTE 1: The door widths given are for standard installations. In the case of unusually high or heavy doors, windy of
draughty conditions, or special installations, a larger power size of door closer may be used.
NOTE 2: The test door masses shown are only related to door closer power sizes for the purpose of the test procedure.
They are not intended to indicate maximum values for actual use.

Figure 53: Range of door closer power sizes and related parameters according to
SS-EN 1154 [32].
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