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Abstract

This bachelor’s thesis explores the design and implementation of a temperature-
regulated electrically heated jacket prototype. Heat is generated in a nichrome
wire when subjected to power from a Lithium Polymer battery. Power delivery is
managed through a designed synchronous buck converter. A Proportional-Integral
control system is implemented to regulate output voltage and to stabilize the tem-
perature of the heating element. Finally, safety considerations, including insulation,
sensor accuracy, and user interface constraints are incorporated to make the jacket
practical and secure for everyday use.

A 1.5 meter nichrome heating wire was determined to provide adequate heat output.
Thermal testing was conducted on bare, insulated, and integrated setups to under-
stand heat distribution. A custom power stage using a synchronous buck converter
was designed and implemented. An Arduino development board, along with a dis-
play module and a suitable temperature sensor interface, controls and regulates the
power stage. A graphical user interface allows the user to view and set the desired
temperature. The jacket uses a cotton interfacing layer to distribute heat and shield
users from direct contact with heating elements.

The prototype fell short of maintaining target temperatures with moderate accuracy
and stability. Testing showed the temperature being in £5°C' of desired user input
of 45°C" after around 10 minutes. Although limitations exist in battery life and
uniformity of heat distribution, the project provides a viable foundation for future
development and refinement of electrically heated clothing.

Keywords: Electrically heated clothing, Temperature control, Synchronous buck,
Li-Po battery, Thermal jacket, Nichrome heating wire,






Sammanfattning

Detta kandidatarbete undersoker design och implementering av en temperaturre-
glerad prototyp for en elektriskt uppvarmd jacka. Varme genereras i en nikromtrad
da den belastas med effekt fran ett litium-polymerbatteri. Effektleveransen hanteras
genom en designad synkron buck-omvandlare. Ett proportionell-integrerande regler-
system har implementerats for att reglera utspénningen och stabilisera temperaturen
i virmeelementet. Sakerhetsaspekter sasom isolering, sensorers noggrannhet och be-
gransningar i anvandargranssnittet har ocksa tagits i beaktning for att gora jackan
praktisk och siker for vardagligt bruk.

En 1,5 meter lang nikromtrad valdes som varmeelement d& den gav tillracklig varme-
effekt. Termiska tester genomfordes pa rena, isolerade och integrerade uppséattningar
for att analysera varmefordelningen. Ett specialdesignat kraftsteg med en synkron
buck-omvandlare utvecklades och implementerades. En Arduino mikrokontroller,
tillsammans med skarm och ldmpligt granssnitt mot temperatursensor, styr och re-
glerar kraftsteget. Ett grafiskt anvindargrianssnitt gér det mojligt for anvandaren
att se och stélla in 6nskad temperatur. Jackan &r utrustad med ett fodrande lager
av bomull som hjalper till att fordela varmen och skydda anvéndaren fran direk-
tkontakt med viarmeelementen. Sédkerhetsfunktioner sasom en nodbrytare och en
viarmetroskel har integrerats for att forhindra overhettning eller personskador.

Prototypen uppnadde inte de angivna vardena for temperatur med godtagbar nog-
grannhet och stabilitet. Tester reslutera i tempraturer pa £5°C' pa den bestamda
tempraturen 45°C' efter 10 minuter. Trots vissa begrédnsningar i batteritid och
varmefordelning utgor projektet en god grund for vidareutveckling och forfining
av elektriskt uppviarmda kléder.
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Introduction

1.1 Background

Jackets are a must to keep warm in colder climates. Failure to keep warm can result
in health problems and, in the worst case, serious injuries or conditions. Layered
clothing can be used to control the temperature, however, it can be seen as bulky
and hinder regular activities. This applies especially to people working in cold
environments, differently abled, kids and sport-active people. A survey conducted
in [1] amongst differently abled and caregivers reports that almost half struggled
with finding outwear for their needs.

A solution to address this scenario is to use heated clothing. In [2], heated clothing
was divided into four different categories. Solar-heated clothing, chemical-heated
clothing, phase change material-heated clothing and electrically heated clothing.
Electrically heated clothing is seen as the most viable alternative if there is interest
in the user being able to control the temperature. Furthermore, electricity can be
switched on and off by the user or the control system.

Electrically heated jackets are already available on the market, but they struggle
with a few limitations [3]. Fundamentally, having preconditioned heating modes
which lead to pre-defined working temperatures. These lack automatic temperature
control and demand labour to keep the modes in check.

This project will explore and create a prototype of an electrically heated jacket with
an automatic temperature-controlled system.
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1.2 Aim

The project aims to develop a prototype of an electrically heated jacket with auto-
matic temperature control.

The desired prototype should include the following:
o An appropriate heating element which is powered from a rechargeable battery.

o DC-DC converter stage, controlled by suitable controller to regulate the heat
produced in the heating element.

o A user interface with a display unit displaying the current temperature as well
as the desired temperature for added user controllability.

o Temperature sensors mounted suitably on the jacket to detect and control the
heat produced, thereby achieving the desired temperature.

The prototype will also aim to implement easy detachment and reconnection of
electronics, to support washing, daily wear and eventual reparations.

1.3 Scope

This project focuses on the development of an automatic temperature control sys-
tem. Thus, the fabric and aesthetic of the jacket will not be considered. The jacket
will be bought and the only qualities of importance are durability and strength. The
environmental impact of the materials and jacket production will not be considered.
Since this is only a prototype and not intended for mass production, its impact is
deemed negligible.

Complex machine learning is another aspect that could be explored further, but not
in this project. It could, for instance, be used to learn user behaviour, thus creating
a more efficient heating pattern and even being able to predict the user input. This
would in turn result in a better user experience and further increase the energy
efficiency. For simplicity’s sake as well as time limitation, a more arbitrary system
with temperature limits will be implemented.

Mobile app connectivity is another feature of interest. However, it is beyond the
scope of this project. Considering the time and resource limitation, an user interface
with a display unit and physical buttons will be employed to set and monitor the
temperature.
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1.4 Previous work

A temperature-controlled jacket designed to both cool down and heat up the user
has been made using Peltier modules [4]. When a current is passed through a Peltier
module one side heats up while the other cools down. The study used multiple Peltier
modules in the jacket, where the input from a temperature sensor was compared to
the desired temperature, set by the wearer on an LCD screen. With this information,
the central processing unit would either enable the modules with the cooling side
towards the user, or the heating side.

Flexible printed heaters designed to be used in clothing have been tested for washa-
bility [5]. The heaters were pinned between pieces of fabric and washed in a washing
bag. Initially, the heaters consumed 2.1 A at 5 V, and after 20 washes, both had
decreased slightly. Thermal images also revealed that there was minimal breakdown
of the electrical connectors on the heaters.

Another prior experiment is the introduction of Phase Changing Materials (PCMs)
in clothing [6]. A PCM is a substance that transitions between solid and liquid
states and releases or absorbs heat in the transitioning process. This enables an
article of clothing, not only able to heat the user, but also cool the user down.

Another commonly used method when it comes to producing heat is a chemical
heating system. A chemical heating system is more commonly used to alternate and
give an option to electrical heating, for instance, if access to electricity is limited
or to support in emergencies [7]. Despite their ease of access and reliability, use
cases outside of single-time use are scarce because of their baseline properties. The
chemical heating system generates heat by chemical reactions, and such reactions
are hard to repeat.

A rather recent implementation is that of graphene in electrically heated jackets [8].
It has been shown to increase the temperature of the clothing while also maintaining
comfort at lower temperatures. However, it seems that higher levels of heating can
cause uneven distribution of the heat, thus affecting the comfort.

The research of heated jackets has come quite far, with researchers recently im-
plementing a user interface that lets the wearer control the temperatures of specific
body parts [9]. This was mostly done to achieve better human performance, but also
to reduce energy expenditure. This offers what is called a personal microclimate,
and its intended use is everyday clothing.
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Theory

In this chapter, the theoretical aspects of the temperature-controlled jacket are
outlined. A general system-level block diagram of the jacket is presented in Figure
2.1. The theoretical aspects involved in the selection of various subsystems are
presented as follows.

Battery
current
> . Heating
Drive current element
1 Power stage >
—_— DC_DC CO nverter Control logic signal (PVWM signals)
Input source, > J aCket
Battery - Sensed converter
put voltage
A

A\ Sensed
temperature

User interface

Manual Reference
On/off switch temperature User input
3
»

Control stage
Arduino

Display <
Display control

Figure 2.1: The system level diagram of the assembled system

2.1 Heating elements

There are different methods that can be used to electrically heat garments. A few
of those are discussed below.

2.1.1 Metal wire

Metal wire heating elements are composed of a metal wire encased in an insulation
material [10]. These heating elements operate on the principle of Joule heating,
where heat is generated when a current flows through the wire. For electrically
heated garments, materials such as nichrome, an alloy made of nickel and chromium,
aluminium-chrome, and tungsten are suitable to use, because of their efficient heat
generation [11] [12].
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The main purpose of the insulation material is to prevent heat loss [13]. By retain-
ing the heat in the system, the effectiveness of the heating elements is maximised.
Another important role of insulation is to protect the metal wire from coming in
contact with the neighbouring conductive material, components and the user. This
layer also acts as a shield against moisture and physical damage. Some commonly
used insulations are silicone rubber and fibreglass sleeves. While silicone rubber is
a softer and more flexible material, fibreglass can withstand higher temperatures,
and it is more robust [14][15].

2.1.1.1 Heat transfer with metal wires

It is ideal to place the wires in a wave pattern to increase the heating elements’ area
and maximise heat transfer [16]. According to Newton’s law of cooling,

0= 7{ hAT(t)dA (2.1)

where, @ is the rate of heat transfer out of the body, h is the heat transfer coefficient,
A is the heat transfer surface area and AT(t) is the time dependent temperature
difference between the environment and object. The larger the area, the better the
heat transfer [17]. The wires alone have a limited area, but if the wires are laid out
in a wave format, they can be aggregated into a heat transfer surface area. Such a
pattern can be seen in Figure 2.2.

Figure 2.2: A wave format wire where D > d

This avoids greater heat spots due to the uneven heat distribution of metal wires.
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The foldability of wires is limited, easily bending and deforming on the long side
D, see Figure 2.2 [18]. The short horizontal wire lines d need more applied force to
bend [19]. Thus, the long side D must be oriented to the side that bends the least.
Figure 2.3 illustrates the impact of bend stress on the wire.

dF
fr/jf,_‘:l ﬂ |
[ | { |, [ | 1 S {

et =l

Figure 2.3: a wave format wire’s bend stress depending on a horizontal or
longitudinal force F

2.1.2 Carbon fiber

Carbon fibre heating elements, similar to metal wire heating elements, also operate
based on Joule heating [10]. This process is efficient because of the high electrical
conductivity and thermal stability of carbon material, making it a strong choice for
consistent and controlled heating applications.

Carbon fibre has been integrated into wearable technology, particularly in clothing
designed for cold environments, such as gloves and knee pads [20]. They have
features such as being lightweight, having high flexibility and breathability, which
is critical for the heating elements used in clothing [21].

However, there are some challenges in the production and integration of carbon
fibre heating elements. The process of embedding these fibres into textiles can be
complex and time-consuming, which may lead to higher production costs [22]. In
addition to this, working with carbon fibre can release respirable fibres into the air,
which could pose health risks if inhaled [23].

2.1.3 Silicone heating pad

A silicone heating pad is a flexible metal heating element [14][24]. It uses both
resistance wire and etched foil embedded in silicone rubber. This combination en-
sures a precise and uniform heat distribution. The silicone rubber provides added
durability, mechanical flexibility, and high thermal resistance, making it ideal for
applications such as heated jackets. However, silicone heating pads are limited in
customisation since they come in predefined sizes, and resizing them is not possible.
This can be a limiting factor when trying to tailor the pad to specific needs. The
price can also be a concern, especially with the larger sizes, as they can be quite
expensive.
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2.2 Lithium polymer battery

A Lithium Polymer (Li-Po) battery is a type of rechargeable battery, commonly
used in portable applications because of its lightweight, flexibility and high energy
density [25]. Li-Po batteries lack metal, which gives them these properties [25].
Most Li-Po batteries consist of a graphite anode, a cathode made of metal oxides,
and an electrolyte consisting of a polymer along with a lithium-ion-conductive liquid
electrolyte, which forms a gel configuration [26][27]. There is typically a separator
that prevents the anode and cathode from coming in contact.

The operation of Li-Po batteries involves the movement of lithium ions between
the anode and cathode[25]. During the charging process, lithium ions move from
the cathode to the anode. When discharging, the ions move from the anode to the
cathode instead, generating electrical energy. Li-Po batteries tend to have good
cycle life because of their flexible construction, allowing the electrodes to expand
and contract during the cycle.

Relevant safety measures need to be considered when using the LiPo batteries,
especially for wearable applications. Different injury thresholds on the human body
based on the subjected current are described in [28].

2.3 DC-DC converter

DC-DC converters are generally employed in battery-powered applications to regu-
late and control the power delivered from the battery to the load. A buck converter
is a step-down DC-DC converter where the average output voltage V, is less than
the input voltage V; [29]. The circuit diagram of a buck converter with a resistive
load is shown in Figure 2.4.

MOSFET ‘ L

IR
50

Lil] I o
. v.d S1
() D ¢ ~~Load

R

Figure 2.4: Circuit diagram of a buck converter

The circuit works by controlling the MOSFET switch ON and OFF at a switch-
ing frequency in the range of 50 kHz to 500 kHz [29]. During 7,,, the MOSFET
conducts and the current flows from the battery with input voltage V; through the
MOSFET, inductor, capacitor and the load. When the MOSFET is off, then the
current flows through the diode, inductor, capacitor and load. Thus, the energy

8
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from the battery is stored in the energy storage elements, the inductor and the ca-
pacitor, and delivered to the load. The duty ratio (D) is the percentage of time that
the MOSFET is ON; mathematically, this is given by,

ton
D= 2.2
T (2:2)

where Ty, = 1/Fy, and Fy, corresponds to the switching frequency at which the
MOSFET operates [29]. The output voltage V, over the load can be calculated from
the input voltage V; and duty ratio as

Voo e [ v " 0de) = v — py 2.3
= Hdt = ¢ 1) = — .
T /0 L< ) Tsw( 0 At ton ) T I ¢ ( )

V, can be varied with constant V; by changing the duty ratio D. The duty ratio
is typically in the range 10 — 90%. A low-pass filter, consisting of a capacitor and
an inductor, on the output side of the buck converter aids in reducing the output
voltage fluctuations and filters out switching frequency noise [29]. Without the low-
pass filter, the output voltage would be a rectangular pulse, alternating between
the amplitude V; and 0V. By selecting the corner frequency f. to be much lower
than the switching frequency, the high-frequency switching noise is filtered, and the
average output voltage is obtained at the load. The corner frequency f. can be

calculated from )

R~ e (2.4)

A synchronous buck converter is preferred over a conventional buck converter, be-
cause of better efficiency, reduced loss and better battery utilisation. The circuit
diagram of synchronous buck is presented in Figure 2.5.

[7)]
(=]
- =
z 2 _ i
Lol
/- /“F\\\ -
(v NMOS ”W c R
\\l’/ M 2 F <//> Load

Figure 2.5: Circuit diagram of a synchronous buck converter

In a synchronous buck converter, the low-side diode is replaced by an active MOS-
FET, ensuring a lower voltage drop compared to the diode [29]. The inductance and
capacitance of the buck converter are designed based on the allowable current (A7)
and voltage ripple (AV},), respectively. D is the duty ratio, Vj is the input voltage,
and V, is the output voltage. Al is the peak-to-peak current ripple (difference

9
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between maximum and minimum inductor currents) passing through the inductor
and should generally be within 20 — 30% of the current. AV, is the peak-to-peak
output voltage ripple and should generally be less than 1%. The switching frequency
fsw is usually in the range of 50 kHz to 500 kH z [30]. The inductance value can be

calculated with
(Va=V,)-D _ VuD(1 - D)

I = - 2.
A]L : fsw AIL ' fsw ( 5>
and the capacitance C' is calculated with
Al
S —— 2.
¢ 8- AV;) ' fsw ( 6)

To drive the MOSFETs and control the output voltage, Pulse Width Modulation
(PWM) needs to be implemented [29]. A PWM signal is a rectangular wave with
the ability to vary the duty cycle. Generally, a suitable controller is used to output
a variable PWM signal[31]. A MOSFET driver IC can be used to drive the gate
of the high-side MOSFET in the synchronous buck converter over V; and drive the
low-side MOSFET with the complementary signal.

2.4 Sensing and Control system

An appropriate temperature sensor is critical in designing a temperature-controlled
jacket. The temperature sensor provides an analogue signal or voltage to the master,
corresponding to the detected temperature. A traditional sensor IC sends a certain
voltage to the analogue pin, corresponding to the temperature measured [32]. An IC
sensor can also provide a digital output with certain bits, equivalent to a voltage and
can be communicated via 12C (Inter Integrated Circuit) or SPI (Serial Peripheral
Interface) protocols.

A suitable controller that takes input from multiple sensors and generates desired
PWM signals to control the MOSFETs is generally employed together with buck
converters. The controller, based on the input sensed signals and implemented
control logic, generates desired PWM signals. The simplest control system that

could be implemented with a buck converter is a Proportional Integral (PI) controller
[29].

For modelling the delay of a temperature sensor, a First Order Time Delay (FOTD)
is stated in the laplace domain as

Ka'in _
gum sk (2.7)

P(s) = T4 5T

where, Ky, is the gain constant that scales the output, T is the time-constant, and
L is the dead time before changes in the system can be seen [33]. The model takes
into account the sensor’s response time before changes can be seen of the generated
values. FOTD is commonly found in the process industry, where there are inherent
delays between inputs and outputs.

10
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Method

This chapter discusses the method followed in the design, selection, and implemen-
tation of the various components of the temperature controlled thermal jacket.

3.1 Selecting battery

When selecting the battery, the most important parameters were the weight and
nominal voltage and battery capacity. The battery needed to be lightweight and safe
to be implemented in the wearable application. The Li-Po battery SUNPADOW
SW256415 was chosen. Its specification values can be seen in Table 3.1. The se-
lection of a 5400 mAh capacity for the battery is discussed in a later section of
3.3.5.

Table 3.1: The battery specifications and capacity

Nominal voltage | Capacity | Weight
11.1V 5400mAh | 0.327 kg

Some aspects to note when using the electrical source in a wearable jacket are: if
there is body contact with the circuit through dry skin, a barely noticeable current
will flow through the body [28]. If there is body contact with the circuit through
wet skin, there will be a slight tingling shock. Meanwhile, if the circuit is in contact
with an open wound or inside a human body, it will result in a painful shock.

11



3. Method

3.2 Selecting heating element

When selecting the heating element, two solutions were considered. First, a silicone
heating pad was considered. However, silicone heating pads were expensive and not
within the budget, and thus, they were deemed an unviable option. Alternatively, a
more cost-effective solution was to employ heating wires, where the thickness of the
wire and resistance per meter were important. A nichrome wire with a diameter of
0.711 mm and resistance of 2.71Q/m was selected.

The length of the wire was the most deciding factor of the resistance, which needed
to be balanced to reach the needed power output. Since the battery has an output
voltage of V, = 11.1 V and the maximum duty cycle the buck operates with is 95%,
the wire could be powered with at most 10.5V. It was decided to use a current of
2 — 3 A because it corresponds with the typical wattage of a heated jacket[34]. The
length of the wire can then be calculated as

v

l=——
[-R

[m] (3.1)

where, [ is the length of the wire, V' is the voltage over the wires, I is the current,
and R is the resistance per meter. The wire should be between 1.2 and 1.8 meters to
get an appropriate power output. The length chosen was 1.5 m as a middle ground.

12
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Tests were performed on a 1.5m cable to determine heat output from different in-
put voltages. There were four cases: a naked cable, a shielded cable, the shielded
cable sewn into the interfacing pad, and the interfacing sewn into the jacket. The
use of shielding, an interfacing pad and the implementation into the jacket is ex-
plained in Section 3.4. The temperature was measured at three points on the cable
after 60 seconds with a Fluke IR thermometer 62 max+. This thermometer has
a measurement error of £1°C[35]. Since the measurement area was so thin, the
wire had a diameter of 0.711 mm, this measurement error is in practice higher. The
temperature was measured by aiming the laser directly at the heating wire. On the
jacket, the wire was not visible. Instead, three temperatures were noted that were
high enough to be presumed to be close to the heating wire. This also increases the
measurement error. The results of each test can be seen in Figure 3.1.

Pure wire temperature Shielded wire temperature

80
70 70
€
60 a 60
50 e 50 8
O, 5
- ot ____,L}""' ]
40 B et B 40 Gyl 8
e it C) __Q_,»"'@ o]
}i, 55 - & i
30 8- i (o] ) o 30 B
- > @ 8-
D 20 20
ot 4 6 8 10 4 6 8 10
e
=
*
feb]
j=5
g Interfacing pad temperature Jacket temperature
L 80 80
0
70 . 70
5 o o
60 o 60 o
,-" 9]
- O -
50 8 o) 50 o) q o}
/Q’ - < o)
40 /@, O 40 'ég G
30 Q 30
20 20
4 6 8 10 4 6 8 10

Voltage [V]

Figure 3.1: Temperatures of the heating pads layers with different voltages

Since temperature sensors would be mounted on the interfacing pads, an analytical
function was derived from the result of the interfacing pad. The temperature increase
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was approximated as linear and the resulting function can be described by
T=61-V+88[°C]| (3.2)

where, T" is the temperature and V' is the voltage over the wires. The temperature at
10V according to this function is 69.8 °C, higher than the maximum temperature.
This is not a problem for the control system, but an additional emergency switch was
needed to override the control and hardware to stop the system. If the temperature
rises too high, this switch can be used to break the circuit. All tests were carried out
in room temperature. Infrared images of heat distribution in the jacket were taken
with the help of the thermal camera. However, since the camera’s measurement
errors were large in comparison with the fluke thermometer, the results from fluke
thermometer were taken for analytical formulation of relation between voltage and
temperature. These figures are presented in Chapter 4.2.

3.3 Power stage

The power stage consisted of a buck converter, which was connected to the battery.
The power stage is then connected to the heating element and the control stage. To
drive the power stage, an Arduino UNO capable of producing a PWM, among other
functions presented in section 3.5.2, was chosen as a controller[36]. And the output
voltage of the power stage drives the heating element. The design of the various
components of the buck converter was as follows.

3.3.1 Inductance selection

The inductance was calculated by following (2.5). The buck converter’s switching
frequency was first assumed to be 100 kHz. The current ripple was ensured to be
within 30% of I,,;. To ensure a balance between the size of the inductor and the
allowable ripple, the value of the inductance was calculated in mid-operational duty,
which is 50%. AI =0.3- 22 =0.392 A. These values were inserted into (2.5),

I 11.1-0.5(1 — 0.5)
~0.392-100kH =

= 70.8 uH

where the value of inductance was found to be 70 pH. An inductor of 68 uH (part
No: 7447033) from Wurth Electronic was selected for implementation.

3.3.2 Capacitor selection

The output voltage ripple AV, was chosen to be at most 1% of V. With these values
inserted into (2.6)
0.392

T 8-0111-100kH 2

a capacitance of 4.41 uF was calculated. A capacitor model 711-2046 from RS
components with a slightly larger capacitance of 10 uF' was chosen.

— 441 puF
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3.3.3 MOSFET selection

N-channel MOSFETs are preferred for implementation, because of their better
switching characteristics compared to P-channel MOSFETSs [37]. In the synchronous
buck converter, two N-channel MOSFETs were used as the high-side and low-side
switches. MOSFETs of model IRLZ44NPBF were capable of handling the voltage
and current in the converter and were selected for implementation [38].

3.3.4 Driver IC selection

To drive the N-channel MOSFETs with a voltage at the gate greater than the source,
based on the control PWM signals from Arduino, an appropriate driver IC was
required. TR2184 IC includes bootstrap circuitry and is capable of driving the top
and bottom MOSFETs of a synchronous buck [39]. The driver IC’s pins had the
layout as in Figure 3.2. Suitable bootstrap capacitor and diode were connected to
the pins of the IC according to the values specified in the datasheet[39].

/
1| IN VB | 8
2 | sD HO | 7
3| com Vs | 6
4| LO Vee | 5
8-Lead PDIP

Figure 3.2: pins on the driver IC

3.3.5 Dimensioning of the battery

The maximum current required to drive the heating element 4.2 to 60°C" with
10V was 2.3 A. Figure 3.1 showed that a voltage of around 4V was required to
ensure a constant temperature of around 30°C. This corresponds to a current of
around 0.95 A. To continuously discharge for 6 hours, a battery of around 5.7 Ah was
required. However, to maintain the temperature, a lower current could be sufficient.
Thus, a Li-Po battery with a capacity of 5400 mAh was selected.

3.3.6 Simulation of buck converter

A simulation of the buck converter was performed in LT-Spice with SPICE models
of the chosen components. The simulation model can be seen in Figure 3.3. The
load was set to 4.2 €) corresponding to a 1.5m heating wire. To drive the driver IC,
a sub-circuit was connected as per the data sheet’s instruction[39]. The resulting
voltage output from the circuit, along with the gate source voltage of the MOSFET,
and the current flowing through the inductor, is presented in Figure 3.4.
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Figure 3.3: The circuit diagram of the buck with existing components

Figure 3.4: The result of simulating the buck with a 33% duty cycle. The green
V(sw) is the voltage from drain pin of the MOSFET, the yellow V(out) is the
voltage level over the load or heating element, and the blue I(L.1) is the current
going through the 68 pH inductor.

3.3.7 Buck converter implementation

The components were soldered onto a general-purpose PCB as seen in Figure 3.5.
The resulting circuit had two notable additions compared to the simulation. The
first is a gate resistance, which was chosen to be 100 (2, between the output of the
driver IC and the gate of the MOSFETs. Secondly, the Arduino needed to read
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the output voltage, which was solved by implementing a voltage divider. A PI
controller to regulate the output voltage was designed as discussed in section 3.5.4
and is designed in the Arduino IDE code to generate the desired PWM. Upon testing
with the physical circuit, it was found that a switching frequency of 50 kH z worked
better with the driver IC and MOSFETs. The already dimensioned inductor and
capacitor values ran smoothly with this switching frequency, and therefore were not
changed. An encasing for the buck converter circuit board was designed and then
3D printed. The resulting buck converter is presented in Figure 3.6.
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Figure 3.5: The soldered PCB board of the buck converter

Figure 3.6: The encasing of the buck converter

3.4 Fabric and jacket interfacing considerations

To ensure better heat distribution and protect the user from direct contact with
the fibreglass shielding, which can cause skin irritation, interfacing between the
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heating element and the user was required [40]. A non-woven cotton fabric was
chosen, a standard for many similar products on the market [41]. With this, the
wires were sandwiched between interfacing pads. According to the product ironing
specifications, the interfacing can be ironed on medium heat, around 180°C' [42].

3.4.1 Jacket selection

A robust working jacket with thinner interfacing and a firm outside shell was chosen.
According to the jacket’s ironing specifications, it can withstand around 120°C,
corresponding to the lowest temperature setting on an iron [42]. The wires were
arranged as discussed in Section 2. The pads were placed between the jacket’s
interfacing and inner lining fabric. The User Interface (UI) and buck converter were
placed in the left inner pocket, while the battery was placed in a pocket on the back.
The battery placements were selected to retain balance in the jacket. The jacket
layout can be seen in Figure 3.7.

Figure 3.7: Jacket circuit and component layout
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3.5 Sensing and control

3.5.1 User interface

The user interface has two main functions: to display the set temperature and to
give the user the opportunity to change the temperature. The layout of the interface
is shown in Figure 3.8.

hncreodﬂ Exact fem craduce

J"j “'t““ / Contro

ihoL{ cut S \L 5 .
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{ \
low WMedium \'\ ‘D;‘

Figure 3.8: User interface with display and control buttons

The display component selected for implementation is Adafruit’s 1.8" TFT Display
Breakout and Shield. The buttons include three smaller spring buttons and one
joystick. By moving the joysticks up or down, the exact temperature could be con-
trolled, and the smaller buttons were shortcuts to low, medium and high temperature
settings. The control cannot go below 30°C' or above 58 °C'.

3.5.2 Microcontroller

The controller had to be capable of reading temperature sensors, sensing the output
voltage and producing PWM signals with a variable duty cycle. It also needed to be
able to function with the UI. An Arduino UNO rev 4 model ABX00087 was chosen
[36].

3.5.3 Sensors

Temperature

A few different temperature sensors were initially considered for the control system.
It was decided that a sensor IC would be used because of their low cost, size,
accuracy, and positioning required to be beside the heat source. The first sensor
tested, the LM35, had a thermal response time of approximately 1 minute to reach
63% of the final value [32]. In contrast, the chosen sensor ChipCap 2-SIP had a
response time of 5 seconds to reach 63% of the final value[43]. This made it more
appropriate for the intended control system.
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Originally, the plan was to have two or three sensors, one placed by the back heating
element and the other two on the front heating elements. This was in order to ensure
a balanced average temperature regulation. However, the [12C protocol did not
support controlling multiple sensors individually because multiple sensors needed to
refer to the same address, which made multiple separate data buses impossible. As
a result, only one temperature sensor could be used, which was placed beside the
back heating element.

Voltage

To measure the output voltage from the buck converter, a simple voltage divider
was implemented by placing two resistors in series between the output voltage and
ground, as shown in Figure 3.9. The voltage at the node between the resistors
was scaled down, and a sensing wire was connected at the scaling node to one of
the Arduino ADC channels. This configuration allowed the Arduino to safely read
the scaled down voltage, ensuring it remained within the 0-5V input range and
preventing any risk of exceeding the Arduino voltage limit. Resistors R; = 15k
and Ry = 7.5k(2 were used for scaling the output voltage.

R1

Meassured
Voltage

R2

I

Figure 3.9: Circuit diagram of the voltage divider
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3.5.4 Control system

A cascaded-loop is shown in Figure 3.10: the outer temperature controller computes
a voltage reference for the inner buck-converter voltage controller, which in turn
drives the power stage. This was the model the control system is based on.

e e et e et e e e e e e e e a e e eaaeeae e .
: Plant Heating
: Element -
f__J___ I : g@mp
=== . ensor,
. ammm Battery BUCK : ﬂ User Interface
— Vi CONVERTER : \/ Ref Temprature
Y
Inner Loop
Control
Voltage (Vg) | Vo, actual
Voltage y
p mner Error _
Controller +
Contro
Voltage (Vref)
Temp Error
A 2
Pl Quter
Controller
OQuter Loop

Figure 3.10: Inner Loop and Outer Loop of the system

3.5.4.1 Inner-Loop Control

The inner loop regulates the voltage over the buck converter. The input to the inner
loop is the reference control voltage. This reference was from the outer temperature
loop and the output terminals sensed voltage from the buck converter. The inner
loop PI controller was designed from the small signal transfer function of the buck
converter. The model corresponding to Continuous Conduction Mode (CCM) was
used [29]. The buck converters small signal model G,qs) is given by

Vi

= 3.3
LCs? 4 %3 +1 (3.3)

Gvd<8)

where L, C and R were given by the components in the buck converter.

The voltage divider gain, H(s), was also part of the controller. The voltage was
downscaled to be read from the Arduino. The plant process is therefore defined as

1 Vi

— 3.4
3L082+}%S+1 (3-4)

Gtant(s) = H(s)Goals)
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where, H(s)=1/3 was the voltage divider gain from output voltage to the sensor
voltage.

Inserting the values into the transfer function gives

3.7

G an =
pl t(s) 8. 101042 + 1.968 - 1055 +1

(3.5)

where the transfer function describes how small changes in the duty-cycle, D, lead
to changes in the output. In the chosen implementation, the DC-DC converter will
operate in the range of 20% to 95%.

Generally, the controller is designed for switching converters in a way that the gain
crossover frequency is at 1/10 or less than the switching frequency, and the phase
margin is greater than 45° and less than 60° [29]. A MATLAB code was written to
compute the PI regulator values meeting the above constraints. The desired phase
was set to 60° for stability reasons. The buck converter operates on a 50 kHz and
the desired bandwidth is kept at 1/10th of the switching frequency. Therefore, the
cross-frequency was chosen to be w, = 27 - 5 - 10° = 31400 rad/s.

The phase of the controller, ZF(jw.), can be determined by calculating

LF(jw) = —180° + ¢ — ZG(jwe) (3.6)

where /G (jw.) was the phase of the process at the selected cross frequency, and ¢,,
was the phase margin. The PI regulator is usually represented as, Kp+ Ki/s; which
is rewritten as, Kp(1 4 1/ST4i), because Ki is equal to Kp/Ti. The values of Kp
and K are determined to reach the overall system’s desired bandwidth and phase
margin. This can then be tuned to compute Kp and 7% by solving the standard
magnitude and phase equations. The frequency of the system and the step response
of the system is presented in Figure 3.11.
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Figure 3.11: (a) Open loop margin and (b) Inner loop step response of the system

3.5.4.2 Outer-Loop Control

The outer loop performs the temperature control, taking the reference temperature
input from the user and sensed actual temperature from the temperature sensor.
The outer loop is modelled as a FOTD system as shown in

K

gain —[Ls
1+ Ts° (3.7)

Gsens ( S )

The PI controller for the outer loop is designed following lambda tuning [33]. The
outer loop computes the required reference voltage and sends it to the inner voltage
control loop.
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3.5.4.3 Discretization and Implementation

To implement the PI controller in Arduino, the Tustin method is used to convert
continuous to discrete domain. Matlab was used, where the function C2D was called
on the two Pl-regulators described and formulated as

kiTs szs

by = —k
27 1 p+27

ulk] = ulk — 1] + boe[k] + bre[k — 1], by = kp + (3.8)
where k is the current sampled data and k£ —1 is from the previous sample. Suitable
control limits and anti-wind-up is implemented in the code to avoid over accumula-
tions in the integrator.

The update interval T is the duty-cycle of the buck converter at 20 us and T for the
outer loop is 0.1s. Thus, the outer loop runs at a slower rate than the inner loop by
a factor of 0.1/(20-107%) = 5000. This means the inner loop updates approximately
5000 times for every outer loop update, which is desirable for stable nested control.

Control limits are defined around the minimum and maximum duty cycle, D, of buck
converter. Consequently set to be defined between C'y from 0 — 10.5. Clamping was
used for anti wind-up in both regulators.
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Results and Discussion

This chapter discusses the results obtained from the tests carried out on the buck
converter and the heating elements.

4.1 Background and Context

This section will provide clear context for the processes and results of the project.

4.1.1 Project Purpose

The project aimed to develop a prototype of an electrically heated jacket with au-
tomatic temperature control. The defined goals were:

A functional Heating element

Rechargeable battery

DC-DC converter stage

Control system for the heating element

A sensor to keep track of the real temperature in the jacket

User interface that lets a user set a desired temperature for the system
A display to show the desired temperature and the real temperature
Easily detachable components

Washable

Repairable

Usable in daily wear

4.2 Summary of Key Results

The following sections present the results from the implemented prototype.
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4.2.1 Buck Converter

The hardware results from the designed buck converter is presented in Figure 4.1.
Initial tests were performed with a power supply set to 11.1V. In Figure 4.1,
the gate and drain (source) voltages are presented for 20% and 95% duty cycle.
When the MOSFET conducts, the drain-source voltage is close to zero (with the
condition drop of the MOSFET), and the current is carried by the MOSFET. In
Figure 4.2, the Arduino control PWM is presented alongside the high-side MOSFET
and the low-side MOSFET. The two MOSFETs gate signals are complementary, as
seen, with the driver ensuring the intended operation of a synchronous buck. In
Figure 4.3, output from the Arduino and the driver is presented, corresponding to
maximum and minimum allowable duty used in the controller implementation. The
duty percentages, which are an output voltage of around 2V and 10V, respectively.

Figure 4.1: The yellow signal is the drain voltage of the high side MOSFET, at

around 11 V. The green signal is the gate voltage of the high side MOSFET. The

blue is the drain source voltage. The left image has a duty percentage of 20% and
the right has a 95%

Figure 4.2: The green signal is a PWM sent from the Arduino with a duty
percentage of 20% in both images. The yellow signal from the left image is the
source of the high-side MOSFET, and the yellow signal from the right image is the
source of the low-side MOSFET.
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Figure 4.3: The green signal is a PWM sent from the Arduino with a duty
percentage of 20% on the left image and a duty percentage of 95% on the right
image. The yellow signals are the output voltage V, of the buck with respect to the
duty cycles. The left output voltage is around 2V and the right output voltage is
around 10V

4.2.2 Heating element

The jacket through an infrared camera can be seen in Figure 4.4. The heat is spread
out, but heat spots still appear.

Figure 4.4: Jacket with a desired temperature of 45 degrees through a thermal
camera, the left being all heat pads, the right a detailed look at the backs heat
pattern.
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4.2.3 User interface

The UI display and control are shown in Figure 4.5. The display shows the desired
temperature. The buttons worked as described in Chapter 3. The Arduino and
sensing cables are encased in a 3D printed case and a piece of acrylic to protect the
screen.

Figure 4.5: The display and design of the controller
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4.2.4 Control System

In the Figure 4.6, the resulting signals from the controller are presented. The desired
temperature and measured temperature over time are presented in Figure 4.6a. In
figure 4.6b, the sensor voltage, both raw and upscaled, and the control voltage, both
the reference and output. The control voltage output was mathematically converted
into a duty cycle for the PWM and is presented in Figure 4.6c. The current draw
over time is presented in Figure 4.6d.
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Figure 4.6: System response plots: temperature, voltage, PWM duty cycle, and
current. Recorder from Arduino data points

4.2.5 Physical Jacket

The jacket had the pads integrated into the lining of the jacket, the battery, buck and
encasing for the sensor circuit were placed in the side inner pocket. The battery was
placed in the back. The inside pockets can be seen in Figure 4.7. The components
and weight of the battery did not obstruct the jacket’s movements or wearability.
The outside of the jacket can be seen in Figure 4.8
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Figure 4.7: The battery pocket on the left picture, The user interface and buck
pocket on the right picture

N

Figure 4.8: The jacket outside front and back

The system could heat and change temperature while a person had it on. Thermal
pictures of the heating pads working while the jacket is worn can be seen in Figure
4.9.

Figure 4.9: Thermal pictures of the jacket worn front and back
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4.3 Interpretation and Commentary on Results

This section will present and discuss the results of the tests that were carried out.

4.3.1 Heating element

Several different types of heating elements were initially considered. Carbon fibre
was the first option, given its good electrical resistance and ability to distribute heat
evenly, making it a solid choice for a heating element. However, there were some
health risks associated with carbon fibre. Small fibres could detach and become
airborne when working with the carbon fibre which would pose an inhalation risk.
Because of this, the lab where the implementation and testing was performed, did
not allow the use of carbon fibre, which ruled it out.

Tests were also performed using a silicone heater mat, which is a type of metal
wire heating element. These tests, presented in Table A.1 showed promising results,
demonstrating a relatively low current, which is important for both safety and bat-
tery life, and also sufficient heating for the jacket, making it a strong candidate.
However, the cost of the silicone heater mat was considered unreasonably high for
the project, as the jacket was not intended to be an extremely expensive product.

As an alternative and feasible cost-effective solution, it was decided to create a
custom heating element using metal wire. The custom heating element included
a nichrome wire, along with glass fibre insulation to protect the wire. The wire
assembly is then sandwiched between protective layers to form the heating element.
Although the custom-made heating element did not achieve the same level of ef-
ficiency as the silicone heating mat, it still reached a sufficient temperature to be
considered viable for this project, as seen in Figure 3.1. Additionally, unlike the
silicone mat, where the dimensions are not very adjustable, the custom element was
incredibly adjustable and presented the opportunity to choose the length and width.
This enabled a heating element design that was streamlined for this specific jacket.

A notable part of Figure 3.1 is that the temperature was much higher on the inter-
facing pads than any other case, being on average 20 °C' higher. There might be two
reasons for this. The first is that measuring the temperature directly on the wires
was much easier on the pads than in all other cases. The interfacing distributed the
heat more evenly, making the area of heating much thicker than in the other cases.
That made the heated area thicker, which made it easier to aim the laser directly
at the wire. The second reason is that the interfacing pads’ function is to distribute
and transfer heat to a reasonable degree. That made the heat energy not transfer
as fast as the metal wires; instead, it stayed on the pad more evenly, resulting in a
higher temperature. This might also be the reason why the jacket did not have as
high a temperature, since there is a bit of empty air between the heating pad and
inner lining.
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4.3.2 Power stage

The main part of the power stage, the buck converter, worked fine, as can be seen in
the signals presented in Figures 4.1 4.2 4.3. The MOSFETs followed the duty cycle
of the Arduino’s PWM within 2 percentage points, although slightly delayed, due to
the rise and delay times of the MOSFETs, but that should not change the resulting
voltage in any case. The maximum output voltage was only barely 10V whereas
it should theoretically be closer to 10.5 V', which implies a voltage drop across the
various components in the physical hardware.

4.3.3 Sensing and control system

One of the major setbacks of the wires compared to other heating elements is the
uneven heat distribution. As seen in Figure 3.1, the measured temperatures on
different parts of the unshielded wire vary with up to 40°C', and increase with
higher voltages. By adding shielding and padding, this unevenness is reduced, but
is still clear on the highest temperature settings. The unevenness makes it difficult
to ensure the intended temperature is kept in the jacket.

The resulting controller is not entirely satisfactory. As presented in Figure 4.6, the
regulatory system is slow and oscillates around the reference temperature without
finding a stable point. This is because of faults in the outer loop of the control system
and because of the limitations with a slow temperature sensor, relative to the con-
troller, temperature sensor which also depends on thermal dispersion. Furthermore,
no model of the heating system was created which made it hard to predict.

To make the system faster, a temperature sensor with better reaction time could
be used, since this would allow for a faster regulating system. This is an economic
issue since faster sensors typically are more expensive. An IR sensor could have been
used, but they are not practical to use in a heated jacket. This is because they need
a clear line of sight to the measurement area, something that can not be assured
because of movement and other clothing.

4.4 Limitations of the Study

In this section the shortcomings of the project are discussed.

4.4.1 Heating element

During development, there were some issues regarding the wire length. It was found
that if the heating wire was too long, the element would not reach a high enough
temperature. Additionally, it was discovered that connecting multiple heating ele-
ments in parallel to the battery caused the current to become too high, which was
not acceptable for wearable clothing. Therefore, the total length of metal wire used
across all heating elements needed to be kept at 1.5m to ensure a temperature of 58
°C' while maintaining a safe current level. A more effective heating element could
make larger and more pads possible. However, this jacket system was restricted to
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only 4 smaller pads.

4.4.2 Control system

In the end, the control system did not function exactly as envisioned. When a target
temperature was set, the Arduino would initially increase the duty cycle to a high
value, allowing the temperature to ramp up quickly. Once the measured temperature
approached the set value, the controller would begin adjusting the duty cycle down,
effectively switching the heat on and off to try and maintain a stable temperature.

While the temperature would eventually reach the desired value, the system showed
a lot of oscillations and instability when attempting to maintain the set temperature.
The temperature sensor was relatively slow, it had a rise time of 5 — 20 seconds. The
slow change in the temperature sensor, with the addition of a relatively slow heat
dispersion, meant that the control variables had the same error input for many cycles
and caused the control variable to often swing between maximum and minimum
duty cycles as can be seen in Figure 4.6. It is worth mentioning, however, that
the temperature still was within 5°C even while these large swings were happening.
When testing the jacket, a user could feel the heat elements switch on and off
between the +5 C°. The slow rise time and unstable temperature could be irritating
for the user, so the jacket has room for improvement.

It was also especially difficult for the controller to lower the temperature after being
set at a higher temperature. This is mostly due to the temperature in the testing
room being around 21 °C' and because the all-season jacket is designed to store heat,
leading to little heat loss. If the jacket was tested in colder environments, the control
system and heat development might give a different result.

4.4.3 Battery

The aim of the project was to make a jacket that could be powered for up to 8 hours
before it would need to be recharged. After testing the whole system for 20 minutes,
the current was deemed to be around 1 A as presented in 4.6d. With a 5400 mAh
battery the operating time for 45°C' to be more towards the 5.4 hour mark, about
2.5 hours lower than what was expected. However, this was an informed decision
because this is a prototype and will not be used for more than 5 hours without
having an available battery charger.

4.4.4 Buck-converter

The decision to build a buck instead of buying a commercial one was successful,
although it was very time-consuming. The perk of building one was to be able to
digitally program the duty cycle, a function most of the commercial bucks do not
have. A commercial alternative, if purchased, could have been utilised, compromis-
ing on some aspects concerning programming and control design.
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4.4.5 Usage of the jacket

Because of the jacket’s thin interfacing it has some good versatility on the market.
Being able to use it all winter, autumn, and spring is a positive, and is still a unique
niche the market. It is however, still a very robust and heavy worker’s jacket, and
therefore better made for such uses. One area of development for this jacket is that
it is currently not washable. The heating wires are not secured enough, and the
electronics are not easily removable. If the jacket was washed, the wires could be
displaced, and the electronics could take damage from the water and turbulence in
the washer. Making the jacket washable was part of the scope, but since this was
more of a design problem than a technical one, this was not a priority.

This section discusses the societal and ethical aspects in designing and implementing
a temperature-controlled jacket.

4.4.6 Clothing production and consumption

The production of a jacket can be quite wasteful when it comes to emissions and
energy. When it comes to common garments, a jacket releases the most emissions
and is the second most energy-consuming in a life cycle[44]. On the other hand, a
jacket has a lot of uses per life cycle. Using a well-made high-end jacket also has
the potential to extend the lifespan of the jacket, with the price tag encouraging
long-term use. A big problem is that a large number of jackets are not used like this
and are quickly thrown out. A well-adapted and robust heated jacket could replace
a lot of these so-called wear and tear jackets, thus reducing the jacket consumption.

4.4.7 Repairs and maintenance

An important part in extending the life cycle of a product is to be able to repair and
perform maintenance on the product [45]. Designing a jacket for maintenance could
be making it washable, while reparation would require spare parts easy to install.
The battery is easily detachable, making it possible to replace it if needed. However,
the rest of the system does not fulfil this goal. Making the jacket washable would
require all parts of the heating system to be either waterproof or easy to remove, but
this is not the case. With no way to remove the wires and components, repairing
and washing the jacket is difficult. It is possible to make this improvement with the
current jacket, but there was not enough time in the project’s time frame. That
makes the jacket’s product life cycle less sustainable than otherwise possible.

4.4.8 Safety measures

A very important part of making the heated jacket wearable are the safety measures.
If the control system fails and stops responding to commands there needs to be
an easy way to turn the heating system off manually. To meet this requirement,
a hardware switch is implemented that overrides the software logic and halts the
circuit from operating.
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4.5 Recommendations and Future Work

Some aspects that could be further researched are for instance, how one could im-
plement more pads in the jacket while having the same, or better, performance and
still being safe to wear. If more pads could be added, it would be interesting to see
if pads around the wrist and stomach could be implemented. The wrists easily get
cold because of their closer relation to the edge of the jacket and because they are
relatively far from the heart. The question would then be if the pads around the
wrists would need more voltage than the other pads because of their larger heat loss.
Pads around the stomach would be easy to implement, but a good addition for the
user. If added, they could warm the hands through the pockets of the jacket, along
with adding greater comfort for the user.

One of the goals for the jacket was to make it washable. This goal was not reached,
as most of the components are impossible to remove from the end product. In
addition, there is little safety implemented if the jacket is drenched in water. A
circuit failure in water will not pose a safety risk to the user, but it will damage the
system. A solution to handling water and humidity in the jacket could be interesting
to research. On the note of humidity, the current control system is only designed to
take into account the temperature in the jacket, and not the humidity. The sensor in
the jacket can sense the humidity, but this was not used because of time constraints.
For a better control system, humidity is important, especially if the jacket is to be
used while exercising.

One important step this paper has not analysed at all is the user experience. There
is existing research of the experience of thermal products on the market, but none
of those systems have the control this jacket offers. Aspects such as improvement
on Ul and control system based on response from different users could be something
to look in future.

Further work could be performed on tuning the control system better and also imple-
menting some advanced control strategies rather than having a simple PI regulator
to achieve better tracking. The use of a simple PI controller as a theoretical frame-
work to regulate the heat was not fully effective. The Arduino took input from the
temperature sensors and affected the duty cycle accordingly initially, finding the
desired temperature. However, after some time, the temperature started to increase
above desired value. Other control systems could have been more effective, such
as a PID regulator. In addition a better anti wind-up and thermal model of heat
change in the prototype is also important considerations for future work.

The decision to build a buck instead of buying a commercial one was successful,
although it was very time-consuming. The perk of building one was to be able to
digitally program the duty cycle, a function most of the commercial bucks do not
have. A commercial alternative, if purchased, could have been utilised, compromis-
ing on some aspects concerning programming and control design.
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Conclusion

In this project, a prototype of a temperature-controlled thermal jacket is developed.
Different heating elements that could be used to achieve the required heating are
explored, and two of them, namely silicone heating pads and nichrome heating wire,
are tested. The response of the heating element with varied voltages is observed,
and it was decided to proceed with the nichrome heating element, considering the
cost effectiveness and flexibility in comparison with the silicone heating pad. A
synchronous buck converter is designed and built to help with smooth and consistent
regulation of the power delivered, thus controlling the heat produced by the heating
element. An appropriate control design is implemented using the Arduino controller
to achieve the desired temperature set by the user. A user interface with display
and control buttons is interfaced with the Arduino to allow temperature setting by
the user and display of the temperature.
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A

Appendix

A.1 Silicone heat mat

Tests were performed on a silicone heat mat, a metal wire heating element embedded
in silicone rubber as an insulation material. The current and temperature was
recorded after one minute of operation when the heating mat was supplied different
voltage levels. The purpose of the tests was to determine if the silicone heat mat
could reach a sufficient temperature while maintaining an acceptable current. The
results of these tests can be seen in Table A.1.

Table A.1: Voltage, current, and temperature after 1 minute of operating.

Voltage (V) | Current (mA) | Temperature (°C)
4.8 263 27
6.0 328 29
7.2 393 32
8.4 458 35
9.6 227 39
10.8 o84 43
12.0 647 45
13.2 689 A7
14.4 794 49
15.6 860 52
16.8 918 57
18.0 987 62

A.2 Arduino Code

#include <SPI.h>

#include <Adafruit_GFX.h>

#include <Adafruit_ST7735.h>

// Be sure to install Adafruit seesaw library!
#include <Adafruit_seesaw.h>

#include <Adafruit_TFTShield18.h>

#include "pwm.h"

#include <Wire.h>
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Adafruit_TFTShieldl1l8 ss;

// Display pin declaration

#define SD_CS 4

#define TFT_CS 10 // Chip select Lline for TFT display on
Shield

#define TFT_DC 8 // Data/command line for TFT on Shield

#define TFT_RST -1 // Reset Lline for TFT 4is handled by
seesaw!

PwmOut pwm(D2);

Adafruit_ST7735 tft = Adafruit_ST7735(TFT_CS, TFT_DC, TFT_RST
)

// Timing constants

static long lastMicros = micros();

static long lastMillis millis () ;

static long logstatus_millis = millis();

const unsigned long interval 20; // 20 us = 50 kHz

control update rate

const unsigned long interval_sensor = 150; // 200 ms = 0.2 s
sensor update Tate

const unsigned long interval_logstatus = 1000; // 5 s log
interval

bool headerPrinted = false;

// Controller gains and sample times
float kp = 0.116;

float ki 4172.162;

float T = 20e-06;

int tau = 5;

float dead_time = O0;

float lambda = taux*x0.25;

float k_process = 6.1; // deg/voltage
float T _sensor = 0.15; // s

// Derived gains for outer loop

float k = tau / (k_process * (dead_time + lambda));
float kp_sensor = k;

float ki_sensor = k/tau;

// Actuator limits
float Vin = 11.1;
const float max_V
const float min_V

non

O
- o
o

// Tustin coefficients

IT
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float a = kp + (ki * T) / 2;

float b = -kp + (ki * T) / 2;

float a_sensor kp_sensor + (ki_sensor * T_sensor) / 2;
float b_sensor -kp_sensor + (ki_sensor * T_sensor) / 2;

// Application wariables
int desiredTemp = 30;
static float desiredV = 0;
float sensorTemp = O0;
static float controlV = 0;
float pulse = 0.0;

int sensorValue_4 _resistor;
bool toWarm;

int error = -1;

const float TEMP_MAX = 70;

// Button debounce

const unsigned long BUTTON_DEBOUNCE_MS = 100;
static unsigned long lastButtonMillis = O0;
static int lastDisplayedTemp = -1;

void setup() {

Wire.begin () ;

Wire.setClock (400e+3) ;

Serial.begin (9600) ;

if (!headerPrinted) {
Serial.println("time_ms ,desiredTemp ,measuredTemp,

sensor_voltage ,desiredV ,controlV ,measuredV ,pwmPerc,
error") ;

headerPrinted = true;

}

initTftChip () ;

initdisplayDesign(desiredTemp) ;

lastDisplayedTemp = desiredTemp;

for (int32_t i = TFTSHIELD_BACKLIGHT_OFF; i <
TFTSHIELD BACKLIGHT ON; i += 100) {
ss.setBacklight (i) ;
delay (2);

}

pwm.begin(50e+3f, 0.0f);

pwm.pulse_perc(0.0f);

lastMicros = micros();

lastMillis = millis ();

void logStatus () {
Serial .print(millis()); Serial.print(’,’);
Serial.print(desiredTemp); Serial.print(’,’);
Serial.print(sensorTemp, 2); Serial.print(’,’);
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float rawV = sensorValue 4 resistor * (5.0 / 1023.0);
Serial.print(rawV, 3); Serial.print(’,’);

float measV = rawV *x 3.0;

Serial .print(desiredV, 3); Serial.print(’,’);
Serial.print(controlV, 3); Serial.print(’,’);

Serial .print (measV, 3); Serial.print(’,’);
Serial.print(pulse, 1); Serial.print(’,’);
Serial.println(error);

void loop() {
if (millis() - logstatus_millis >= interval_logstatus) {
logstatus_millis = millis () ;
logStatus ();

}
if (millis() - lastMillis >= interval_sensor) {
lastMillis = millis () ;
readSensor () ;
desiredV = pi_temp(sensorTemp, desiredTemp);
}
if (micros() - lastMicros >= interval) {
lastMicros = micros();
sensorValue_4_resistor = analogRead (A0);
float sensorV = sensorValue_4_resistor * (5.0 / 1023.0)
3.0;
controlV = pi(sensorV, desiredV);
toWarm = (sensorTemp > TEMP_MAX + 2 || error != 0);
//Serial.println(toWarm);
if (toWarm) {
pulse = O0;
pwm.pulse_perc(0.0£f);
} else {
if (controlV > max_ V) {
pulse = (max_V / Vin) * 100;
pwm.pulse_perc(pulse);
} else if (controlV < 2.5) {
pulse = 0;
pwm.pulse_perc(pulse);
} else {
pulse = (controlV / Vin) * 100;
pwm.pulse_perc(pulse);
}
}
}
handleButtons () ;

}

void readSensor () {
unsigned int data[4];

IV
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Wire.beginTransmission (0x28);

error = Wire.endTransmission () ;
if (error == 0) {
Wire.requestFrom (0x28, 4);
if (Wire.available () == 4) {

Wire.read () ;
Wire.read () ;
data[2] = Wire.read () ;
data [3] Wire.read () ;

sensorTemp = (((datal[2] * 256) + (datal[3] & OxFC)) / 4)
/ 16384.0 * 165.0 - 40.0;
//error = 0;

void handleButtons () {
unsigned long now = millis();
if (now - lastButtonMillis < BUTTON_DEBOUNCE_MS) return;
lastButtonMillis = now;
uint32_t buttons ss.readButtons () ;
bool changed = false;
if (!(buttons & TFTSHIELD_BUTTON_DOWN) && desiredTemp > 30)

{ desiredTemp--; changed = true; }

if (!(buttons & TFTSHIELD_BUTTON_UP) &% desiredTemp < 58)
{ desiredTemp++; changed = true; }

if (!(buttons & TFTSHIELD_BUTTON_1)) { desiredTemp = 30;
changed = true; 17

if (!(buttons & TFTSHIELD_BUTTON_2)) { desiredTemp = 45;
changed = true; }

if (!(buttons & TFTSHIELD_BUTTON_3)) { desiredTemp = 58;

changed = true; 17

if (changed && desiredTemp != lastDisplayedTemp) {
displayDesign(desiredTemp) ;
lastDisplayedTemp = desiredTemp;

}

void initTftChip () {
pinMode (TFT_CS, OUTPUT); digitalWrite(TFT_CS, HIGH);
pinMode (SD_CS, OUTPUT); digitalWrite(SD_CS, HIGH);
if (!ss.begin()) while (1);
ss.setBacklight (TFTSHIELD_BACKLIGHT_OFF) ;
ss.tftReset ();
tft.initR(INITR_BLACKTAB) ;

void initdisplayDesign(int temperature) {
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tft.fillScreen (ST77XX_BLACK) ;
tft.setTextColor (ST77XX_WHITE) ;
tft.setRotation (1) ;

tft.setTextSize (2);

tft.setCursor (1, 5);

tft.print ("Temperature");

tft.drawLine (0, 25, 180, 25, ST77XX_WHITE);
tft.fillCircle (135, 51, 8, ST77XX_WHITE);
tft.fillCircle (135, 51, 4, ST77XX_BLACK);
tft.setTextSize (7);

tft.setCursor (40, 50);

tft.print (temperature);

tft.setTextColor (ST77XX_WHITE, ST77XX_BLACK);

void displayDesign(int temperature) {
tft.setTextSize (7) ;
tft.setCursor (40, 50);
tft.print (temperature);

b

float pi(float sensorV, float desiredV) {
static float prev_error = 0.0f;
static float prev_control = 0.0f;
float error = desiredV - sensorV;

float delta

float u_unsat = prev_control + delta;

float u_sat constrain(u_unsat, min_V, max_V);
clamp to actual mazx

a * error + b * prev_error,;

bool withinRange = (u_sat == u_unsat);
bool backIntoLow = (u_sat == 0.0f && delta >
bool backIntoHigh = (u_sat == max_V && delta <
// use maxz_V, mnot Vin
if (withinRange || backIntoLow || backIntoHigh) {
prev_control = u_sat;
prev_error = error;
}

//Serial.printlin(u_sat);
return u_sat;

}
float pi_temp(float sensorTemp, float desiredTemp) {
const float a_s = a_sensor;
const float b_s = b_sensor;
const float Umax = max_V;
const float Umin = min_V;
static float prev_u = 0.0f;
static float prev_error = 0.0f;
float error = desiredTemp - sensorTemp;

VI

/7

0.0£f);
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}

//%if (abs(error) < 0.25)1
// error=0;

+
float delta = a_s * error + b_s * prev_error;
float u_unsat = prev_u + delta;
float u_sat = constrain(u_unsat, Umin, Umax);
bool withinRange = (u_sat == u_unsat);
bool backIntoLow = (u_sat == Umin && delta > 0.0f);
bool backIntoHigh = (u_sat == Umax && delta < 0.0f);
if (withinRange || backIntoLow || backIntoHigh) {
prev_u = u_sat;
prev_error = error;

}
//Serial.printlin(u_sat);
return u_sat;

Listing A.1: Code of Arduino

VII
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