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Abstract 
At present, the fiber optic ducts are connected by a mechanical type of 
joint. In this method, two ducts cut in the right angle are pushed in from 
both sides of the joint, and takes approximately one second to joint ducts 
together. The problem with the existing joint technology is that if there is 
water inside of the joint, it will be damaged when the water freezes into 
ice, and then may cause leakage. There is a risk of explosion when 
compressed air to blow the fiber. Thus, a joint protection device (silicone 
rubber sleeve) was developed to seal the joint for protection utterly. 
However, this will cause the larger size of the entire joint and limit the 
number of single-duct joints next to each other in a multi-duct joint. 

Fiber optic ducts are made of High-Density Polyethylene, which is the 
best plastic for remelting and can be welded by using the electro-fusion 
welding method. Based on the thermoplasticity of this material, this 
thesis developed a plastic joint with a built-in conductive metal wire 
inside. The applied voltage will heat the wire, then remelt the duct 
surfaces to weld them together through the joint. The welding system 
uses a portable battery operating system, so there is no need to connect it 
to the grid. To prevent the battery from being damaged by supplying too 
much current, a capacitor bank is used to store high energy for the 
preheating joints. The system uses a microcontroller to control and 
monitor current and voltage to ensure uniform heating of the metal wire. 

The emphasis of this thesis is placed on the implementation of basic 
experiments to run the welding system. Multiple welding experiments 
show that the welding system can manually set parameters to control the 
welding current of different joints, thereby ensuring the welding quality. 
Using a 2.5Ω joint to weld ducts will approximately consume 120J from 
the battery, so a fully charged 42V, 4.4AH rechargeable battery can 
perform almost 5600 times of welding. The suitable range of joint 
resistance will decrease as the required energy consumption increases/ 
the welding time decreases. 

Keywords: Fiber-optic duct, Electrofusion Welding, Current 
Measurement, dsPIC33FJ16GS404, Capacitor bank. 
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1 Introduction 
Fiber optic cable has become more and more indispensable, which is 
widely used in many different fields. In the 1980s, in view of the 
limitations and inconveniences of the traditional installation technology 
of fiber optic cable, a new installation technology "air-blown fiber" [1] was 
invented, which working principle is the ducts are preinstalled in the 
building, then compressed air to blow the fibers through the duct when 
the fiber is needed. For the extension of the current fiber network and 
installation of a new network, the fiber optic ducts are connected through 
joints, which have better flexibility for fiber installation and maintenance. 

1.1 Background and problem motivation 
Currently, fiber optic ducts are connected by the mechanical connection 
method. It takes up a lot of space when using a multi-duct joint, the size 
of the joint limits the number of single-duct joints next to each other. And 
there is a risk of explosion when compressed air is blown into the fiber, 
which is caused by water (frost rupture) leakage from the joint. 

High-Density Polyethylene (HDPE) is the material of the fiber optic duct, 
polymers in general have a high dielectric strength and high resistivity 
[2], hence are very poor conductors of current. The way the heat is 
generated and dispersed in the HDPE is of importance, the only solution 
is to include a conductor in the design of the joint [3],[4]. 

Therefore, this thesis devotes to build a welding system by using the 
electrofusion welding method [5] of fiber optic ducts, which use space-
saving and protection joints to overcome the limitations of mechanical 
joints. This method requires a welded joint which has conductive metal 
wire inside. The comparison between the mechanical joint and 
electrofusion welding joint, as shown in Figure 1.1. The applied current 
flows through the metal wire inside of the joint and continues to generate 
resistive heating for uniform heating to remelt the surface layer of the 
ducts to be welded together with the joint. It is vital to produce good 
welding and therefore requires a microcontroller to control the energy of 
resistive heating by controlling the applied current.  
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Figure 1.1: Comparison between mechanical joint and electrofusion welding joint 

Another part of the system will also determine whether its success is the 
source of the battery [6],[7]. Because the power supply battery needs to 
provide enough energy to generate the required heating for welding, it 
also needs to supply the remaining active components of the system, such 
as microcontroller, gate drivers, MOSFETs, operational amplifiers, etc. In 
addition, the battery should be protected from excessive current supply 
and damage the battery. Therefore, the text uses a capacitor bank as an 
energy storage component to provide high current to preheat the joint. 

1.2 Overall aim  
The overall aim of this thesis is to develop a welding system of fiber optic 
duct joint, it should be portable, so a rechargeable battery is required as 
the power supply, and a capacitor bank acts as an energy storage 
component to preheat the joint to prevent the battery from being 
damaged by providing an instantaneous large current. 

1.3 Scope 
In the thesis, the resistance of the joint can be selected according to the 
requirements, but this thesis only makes an evaluation of the 2.5Ω actual 
joint to weld. The welding quality of the joints depends on the welding 
energy, which is dependent on welding time and power.  When the 
welding power is constant, the welding energy is proportional to the 
welding time, and the welding time can be changed by manual setting. 
Therefore, this thesis also focuses on controlling the welding current to 
control the power of different joints instead of modifying the welding 
time. 

1.4 Concrete and verifiable goals  
The purpose of this thesis is to develop a fiber optic duct joint welding 
system which prerequisite is portable battery-operated. The following list 
is the specific goals that should be achieved in the thesis: 
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Ø Implement software for controlling the hardware to control the 
welding process 

Ø Design the current sense circuits for proper functionality in the circuit.   

Ø Demonstrate the functionality of the prototype by welding two 14mm 
ducts in less than 1s. 

Ø Determine the energy required to weld 14mm ducts, and a fully 
charged battery can weld how many joints. 

Ø Calculate the range of resistances the prototype can be used. 

1.5 Outline 
The remainder chapter of this thesis is organized as follows. Chapter 2 
illustrates the Theory and related work. Chapter 3 mentions the 
methodology of this welding system. Chapter 4 expounds on the 
hardware of the welding system and the method of heat control. Chapter 
5 expatiates on software implementation, which includes the 
configuration of different modules of microcontroller and how to achieve 
the objective. Chapter 6 provides the results of this project and gives some 
analysis. Chapter 7 gives the results discussion of the welding system. 
Finally, Chapter 8 presents the conclusions based on the results, and 
suggestions for the circuit design for future improvements. 
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2 Theory & Related work 
This chapter provides an overview of previous work in the HDPE duct 
connection method and a brief description of the theoretical knowledge 
used in the system. In addition, the essential theory in the portable fiber-
optic duct welding system that is dedicated to this thesis are also briefly 
explained and how to apply it to the project. 

2.1 HDPE duct connection method 
At present, plastic is the most pervasive material in our life. Polyethylene 
is the most massive volume of plastic in the world, and it is a 
thermoplastic polymer with a variable crystal structure [8],[9], which is 
very versatile depending on the particular type. HDPE is commonly used 
in pipe welding, which has higher crystallinity, higher density, and is 
typically used in construction environments than low density 
polyethylene (LDPE) [9]. 

PE is classified as a “thermoplastic” (as opposed to “thermoset”), the 
melting point range is 110-130 degrees Celsius in the case of LDPE and 
HDPE respectively [9]. Welding is an economical and efficient means of 
joining HDPE ducts permanently, and sufficient heat must be generated 
at the welding joint to raise the temperature above the melting point. 
After the joint cools down, a strong welded joint is formed. In the heating 
phase, the joint portion of the pair of fiber tubes combined is heated to its 
crystallization temperature [7]. When they are brought together in a 
molten state, they will be compatible with each other after a period of 
time to achieve intimate contact, followed by intermolecular diffusion 
and intermolecular chain entanglement, and then welded to each other 
[3],[10],[11],[12]. The quality of the welding can be described by the 
degree of welding which at the molecular level depends on how these 
molecule chains are entangled [3],[7],[13]. In process terms, the degree of 
welding depends on the properties of the material (HDPE) [3], heating 
and time. 

There are three types of HDPE duct connections: mechanical joining, heat 
fusion joining and electro-fusion welding [14],[15]. 

Mechanical joining: In mechanical joining techniques, materials are 
bonded by using physical methods. This method mainly includes 
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mechanical compression connection, flange connection and transition 
fitting connection [10],[16],[17]. Mechanical compression connection 
relies on compression of the elastic sealing ring to achieve connection; The 
internal and external matching thread connects the flange connection. 
The transition fitting connection is made by using a fitting at the duct 
ends [17],[18]. 

Heat fusion joining: This technique consists of heating the ends of two 
ducts. After the interface of the HDPE pipe to be welded is placed, the 
duct ends are heated to a specified temperature of 200-220 degrees 
Celsius [10],[19],[20] (the temperature slightly fluctuates) by using a 
heating plate heating tool. Then promptly bringing the ends together 
under maintaining appropriate pressure for a period of time, so duct ends 
are fused together. Finally, allowing the joint to cool to form a permanent 
fusion joint. 

Electro-fusion welding: The electrofusion welding uses moulded socket 
joint containing an electrical resistive heating coil [21]. Before the welding, 
the ends of the ducts to be welded are inserted into the joint from both 
sides to make contact at the center of the joint. Applying a constant 
current across the joint through the coil for a predetermined period of 
time causes the surrounding material in the joint to be heated and heat 
transferred. Then the surrounding polymer will be melted, and filling the 
gap between the duct and joint [22],[23]. Cold zones at the ends of the 
fitting contain the melt in the central section, allowing a high melt 
pressure to develop and the formation of a homogeneous joint[23]. 

The mechanical joining method takes up a lot of space and is prone to gas 
and liquid flowing into the duct from the joint gap, posing a risk of 
explosion. Compared with heat fusion joining, electro-fusion welding has 
less damage to the duct and is less prone to melt misalignment. Moreover, 
for the heat fusion joining method, the joint needs to be strictly tested, 
and high technical requirements of the worker. The electro-fusion 
welding method only needs to confirm the heating time and power, and 
it is easier to realize automation. Therefore, this thesis uses the electro-
fusion welding method to weld the fiber optic ducts. 

2.2 Related work of electro-fusion welding 
Electrofusion welding is a form of resistive implant welding used to 
connect ducts. Resistive heating of the current flowing through the coil 
melts small amounts of ducts and fitting. Then diffusion of the polymer 
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molecules is used to form a joint at the time of solidification. Thus, a 
homogenous and strong fusion weld is created [24]. 

Currently, in the market, welding machines usually require a sizeable 
non-portable power supply as the power supply, taking OPW Sweden 
AB as an example. They have manufactured different KP pipes with 
diameters between 32mm and 125mm. When using KPS welding 
machine, the required power, energy and welding time are automatically 
calculated. And adjust the welding time according to the ambient 
temperature to obtain the best welding effect. But if using a site generator 
the minimum requirement is 4KVA output, the power input must be 
maintained between 230 V and ± 15% (195,5 V-264,5 V) at 45-65 Hz[24]. 

In this thesis, the ducts with a diameter of 14mm are welded. Compared 
with the KP pipe of OPW Sweden AB, the diameter is smaller, and the 
energy used to melt the ducts is lower, so there is no need to use a high-
power generator. Therefore, this thesis is committed to the development 
of a portable fiber optic duct joint welding system to overcome the 
inconvenience of the bulky high-power generator. 

2.3 Development of portable electro-fusion welding systems 
For all portable devices, a rechargeable battery is required as the power 
supply, and this thesis uses a 42V rechargeable battery to power the 
welding system.�A stable constant current is suitable for the welding of 
ducts to form a uniform joint within one second.�As mentioned before, 
HDPE ducts need to be heated to a specified temperature of 200-220 
degrees Celsius to be completely melted, while the welding environment 
is typically at room temperature, i.e., around 25 degrees Celsius. 
Therefore, it is necessary to provide a large instantaneous current to 
preheat the ducts and fitting (joint) before performing constant current 
welding.�To protect the battery from damage, this thesis uses a capacitor 
bank as the energy storage component and utilizes its discharge 
performance to provide high energy for preheating. Thus, the principle 
of the welding process can be simplified to charge and discharge control 
of the capacitor bank.� The current drawn from the battery can be 
controlled by using the PWM method. 

2.3.1 Definition of capacitor bank 
A capacitor is an element that stores energy temporarily in the form of an 
electric field[25]. Capacitor banks work on the same theory that a single 
capacitor does; they are designed to store electrical energy, just at a higher 
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capacity than a single device. The charging process controls the total 
energy stored in the capacitor bank and uses the energy released during 
the discharge to weld the joint. 

2.3.2 RC circuit 
Capacitor charge and discharge circuit usually use RC circuit. Resistors, 
Capacitors are respectively denoted by the letter' R' and 'C'. As the name 
implies, the RC circuit consists of a capacitor and a resistor. Only the case 
of the series circuit is discussed here. 

The following figure shows the RC circuit: 

 

Figure 2.1: The RC circuit 

When the switch K is turned to 1, the capacitor will gradually charge up 
through the resistor. When capacitor voltage (VC) reaches the power 
supply voltage E, the charging process ends and disconnected from the 
power supply. The stored energy would stay on its plates and keep the 
voltage at a constant value. When switch K is turned to 2, the voltage on 
the capacitor begins to discharge through R. 

This storage and release of the capacitor energy during charging and 
discharging process never occurs immediately, but takes a certain 
amount of time, called the time constant of the circuit, #[26]. 

	) = + × -                        (2.1) 

   
where R is the resistance; C is the capacitance. 

The curve of capacitor voltage and current during the charging and 
discharging process is shown below. 
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Figure 2.1: The charging and discharging curve of RC circuit [27]  

2.3.3 Energy stored in the capacitor  
When the capacitor is connected to a power supply, it accumulates energy, 
which depends on the amount of charge stored on the capacitor plates. 
When the capacitor is disconnected from the power supply, the energy is 
gradually released [28]. 

When the power supply charges the capacitor, an electric field is 
established in the capacitor, and the stored energy can be expressed as: 

																																				∫ /0
1

2
= ∫ 3/4

5

2
 (2.2) 

  
where W is the stored energy in the capacitor; V is the voltage across the 
capacitor; dq is the charge element. 

According to the definition of capacitance, there is the following equation: 

																																															6 =
7

8
 (2.3)  

 
where C is the value of capacitor; Q is the amount of charge stored in the 
capacitor when the voltage V is applied.  

Then combined with Equation (2.2) and (2.3), the following equation can 
be derived: 

																																					0 = ∫
5

9
/4 =

:

;
63;

7

2
 (2.4) 

  
That indicates that the stored energy by the fixed capacitor depends on 
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the voltage across the capacitor, and as the capacitor voltage increases, 
the stored energy increases. On the contrary, the stored energy is reduced 
with decrease in capacitor voltage. 
The energy supplied by the power supply is CV2, but only half of the 
energy is stored in the capacitor, and the other half is consumed in terms 
of heat loss and electromagnetic energy [29]. 

2.3.4 Pulse width modulation (PWM) 
In order to be able to control the welding energy, it is necessary to control 
the energy flow from the power source to the load by using the power 
semiconductor device as a switch. Pulse width modulation (PWM) is then 
used to control it’s on and off state.  

PWM is a technique for obtaining analog results digitally. Digital control 
is used to create a square wave and the signal switches between ON and 
OFF [30]. The duration of the hold high is called the “ON” and the 
duration of the hold low is called the “OFF”. 

The percentage of time that the PWM signal remains ON state is called 
the duty cycle: 

																												<0=	/>?@	A@ABC =
DE

DEFDGG
 (2.5)  

 
The PWM period is the ON and OFF time of the PWM signal of one cycle, 
it defines the switching frequency of the PWM pulses: 

																											<0=	HCIJK/ = LM + LOO (2.6)  
 

The frequency of the PWM signal is equal to the reciprocal of the PWM 
period: 

																									<0=	PIC4>CQA@ =
:

R1S	TUVWXY
 (2.7)  
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3 Methodology  
This thesis is devoted to developing a portable fiber optic duct joint 
welding system and maintaining a constant welding current to uniformly 
weld two 14mm ducts together within 1 second. Therefore, it is 
indispensable to implement software to control the hardware for 
controlling the welding process and monitor the welding current. Besides, 
since a rechargeable battery is used as a power source to power the 
system, it is necessary to have a grasp of the required energy for welding, 
and how many joints can be welded by a fully charged battery. A suitable 
range of joint resistance should also be given at different welding energy. 

Before this project begins, the hardware circuit was designed, and 
simulated using LTspice. Therefore, this thesis is dedicated to developing 
the software of microcontroller to control the hardware during the actual 
operation, so that the welding current can be adjusted by modifying 
parameters in the software. The measurement circuit is used to monitor 
the welding current and the voltage of the capacitor bank, the obtained 
analog value is fed back to the microcontroller for further data processing 
to get a digital value that is convenient for analysis. The required energy 
to weld a joint in one second can be calculated from the current and 
voltage flowing through the joint. A split-core construction current probe 
is used to sense the current flowing through the joint without breaking 
the circuit. A differential probe with common-mode rejection, which is 
the best choice for making non-ground referenced, is used to measure the 
voltage across the joint. The energy consumption of the battery can be 
calculated based on the current drawn from the battery and the battery 
voltage.  

The experimental results are obtained by observing the waveform 
displayed on the oscilloscope, the obtained data are exported in .csv 
format, and then analyzed and calculated based on the waveform and its 
corresponding value using Matlab. Under different welding energies, the 
appropriate range of joint resistance can also be calculated by Matlab and 
give figures. 
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4 Hardware Implementation 
This chapter illustrates how to implement the welding system through 
hardware, in conjunction with the methodology in Chapter 3. The detail 
of the construction and principle of the various components of the 
welding system also be mentioned. First, the basic unit in the welding 
system is outlined, then the hardware system is introduced in detail, and 
the principle of the welding system is introduced. 

4.1 System Overview 
In order to meet the requirements of the fiber optic duct joint welding 
system, the five essential parts of the system are: 

1. Power Unit 

2. Capacitor Bank 
3. Control Unit 
4. Drive Unit 
5. Measurement Circuit 
A detailed introduction will be given in subsequent sections. 

4.2 Hardware construction 
The hardware prototype construction of the welding system is shown in 
Figure 4.1. The middle solder dots part is the capacitor bank. Two 
terminals on the top of the Printed Circuit Board (PCB) are used to 
connect the joint. And the bottom terminals of the PCB are used to connect 
to the power supply. There is a 5-pin header on the bottom of the PCB for 
downloading the program to the microcontroller. A 4-pin header 
perpendicular to PCB located on the left of the program pin header that 
can display results on the computer via the UART connection. 
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Figure 4.1: Prototype of the welding system 

Figure 4.2 shows the hardware system block diagram that is used to 
explain how the system works. 

 

Figure 4.2: Block diagram of the system 

First, a stable DC power supply (battery) between 35V and 42V, which 
will provide different voltage values for different modules to support the 
entire welding system. The red arrow in Figure 4.2 indicates the power 
supply path. 

The microcontroller provides the PWM signal to the gate driver to control 
the power semiconductor device until the charging/discharging is 
completed. Then it can control electric power with efficient conversion, 
thereby limiting the current driven from the power supply to protect the 
battery from damage and controlling the output current by adjusting the 
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PWM parameters. The microcontroller can also set different PWM signals 
for the charging current and the recharging current and set the specific 
charging voltage (Vc_set) and discharge time (tdischarge) of the capacitor bank 
differently according to different joints. Therefore, the welding system is 
not automatic, and it is dominated by the control unit. Throughout the 
process, the capacitor bank voltage (Vc_bank), and welding current (Idischarge) 
are monitored by a measurement circuit. Then the results through the 
Operational amplifier (Op-amp) enter the control unit as a feedback 
signal. 

4.2.1 Power unit 
The welding system should be powered by means of a single DC power 
supply that can be divided into three parts. As shown in Figure 4.2, it can 
be directly used to provide charging/recharging current to the capacitor 
bank and converted to two different voltage levels of 3.3V and 12V by 
DC-DC converters. The 3.3V is used to power the microcontroller and Op-
amp, and 12V is used to power the gate driver of the charging part.   

The 12V_float is generated by a CMOS-based positive voltage regulator, 
which is supplied by the capacitor bank. And it provides the voltage 
supply for the gate driver of the discharging part. 

4.2.2 Capacitor Bank 
In this welding system, the capacitor bank consists of 17 capacitors in 
parallel, each capacitance is 3300ZF, rated voltage is 35V, and ±20% 
tolerance. 

Charging Process 
The time required for fully charging is approximately equal to 5-time 
constants, 5#. Since the initial value of the capacitor voltage is zero, the 
capacitor is equivalent to a short circuit, so at this time, the maximum 
charging current flows through the resistor R for charging the capacitor. 
However, due to the characteristics of the capacitor, as the voltage 
increases, the capacitive reactance also increases, then the current 
gradually decreases. According to Kirchhoff's voltage law (KVL), the 
following equation is given as[31]: 
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																		3\ − ^ × J_ − 3̀ (_) = 0                   (4.1)  
 

where 3\	is the power supply voltage; R is the value of resistor;	J_ is the 
current flowing through the resistor, which is a function of time; 3̀ (_) is 
the capacitor voltage, which is also a function of time. 

Then the maximum (peak value) charging current can be derived when 
3̀ (_d2) : 

																																	eTUfg =
8hi8j(klm)

n
=

8h
n

 (4.2) 
  

 

Discharging Process 
The energy required for welding the fiber optic duct joints comes from 
the Joule heat generated by the capacitor discharge process. Same as the 
charging process, due to the characteristics of the capacitor, when it 
discharges at the initial value, there is a corresponding maximum 
discharge current. The capacitor will then discharge through resistor R, 
and as the capacitor voltage decreases, the current discharge curve 
decreases exponentially until the capacitor discharge is complete. The 
duration constant of the discharge process is 5τ; the voltage of the 
capacitor during the discharging process is a function of time, which is 
defined as: 

																																						3̀ (_) = 3\ × Ci_/p (4.3)  
 

where 3̀ (_) is the voltage across the capacitor; 3\ is the power supply 
voltage; t is the elapsed time since discharging is started. 

4.2.3 Control unit 
The control unit consists of a microcontroller that plays a vital role in the 
overall system. It needs to be able to generate different PWM signals in 
the charging loop to control the charging/recharging current by 
controlling the switching commutation. Another PWM signal is 
generated in the discharging loop to control the discharge of the capacitor 
bank. The control unit also needs a Timer module to complete the timing 
of the discharge time by the combination of the Interrupt module. It also 
should be able to use the Interrupt module to work with the Analogue to 
Digital Conversion (ADC) module to complete the measurement of the 
voltage and current.  In order to visually see the results and verify with 
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the oscilloscope results, UART can be used to display the values on the 
computer screen. But the most important thing is that the PWM and ADC 
modules should have higher speed, allowing the system to control the 
voltage and current more accurately.  

A 16-Bit Digital Signal microcontroller dsPIC33FJ16GS404 manufactured 
by Microchip Technology Inc is selected to be used in this system, which 
operating voltage is 3.0V to 3.6V [32]. Built-in clock management and 
energy management modules allow it to work in low power mode (sleep, 
idle, doze). It features a high-speed PWM module that can run three 
independent timing PWM pairs with a resolution of 1.04 ns and can be 
used for flexible trigger configurations for ADC conversion [32]. The 10-
bit ADC module gives it a more accurate resolution and has a flexible and 
independent ADC trigger source. It has three 16-bit general-purpose 
timers for timing or a combination of type B and C timer to form a 32-bit 
timer/counter [32]. Besides, a communication interface is built-in, and the 
analog value read by the ADC module can be displayed on the computer 
screen through the UART. 

4.2.4 Drive Unit 
At present, power electronic devices manufactured by semiconductors 
are used as switches to control the flow of energy throughout the circuit. 
It can be divided into voltage control and current control. The project is 
designed to use the voltage-controlled type of semiconductor, so focus on 
IGBTs and MOSFETs. 

MOSFET is a majority carrier device wherein the conduction is by 
electrons’ flow [33], the absence of minority carrier transports allow 
MOSFETs to switch at higher frequencies [34]. It is more suitable for low 
voltage (less than 250V) and high frequency (higher than 200kHz) 
applications [33]. IGBT contains electrons and holes, so it experiences a 
slower switching speed when turned off. For charging and discharging 
control, it is expected that the switch can be turned on and off 
immediately. Thus, MOSFET is chosen as the switching device. 

The output voltage and current of the control unit is not sufficient to drive 
the MOSFET directly, so the drive unit is required to provide a proper 
gate voltage. The following simplified diagram shows the capacitor bank 
charging and discharging circuit, and the enhancement N-MOSFETs are 
used as switches that are driven by the drive unit to control it. 
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Figure 4.3: The simplified diagram of drivers in welding system  

As shown in Figure 4.3, in order to distinguish between the charging and 
discharging drive units, they are divided into Low_side driver (LSD)and 
High_side driver (HSD). The high side refers to the power supply, and 
the low side refers to the ground. In LSD, the load is connected between 
the power supply and the MOSFET. Since it is switching the path to 
ground or is sitting on the low side of the load, it is called a low side 
switch [35]. Similarly, in HSD, since the MOSFET is connected between 
the power supply and the load, the gate of MOSFET will connect to the 
power supply or high side of the load to turn it on.  

 

Figure 4.4: The circuit diagram of the drivers 

Circuit diagram for LSD and HSD are shown in the above figure. In this 
welding system, the gate driver of the charging part requires the LSD to 
control the on and off states of the N-MOSFET. And it is supplied by 12V, 
which is generated from the power supply. 

The HSD converts the Vc_bank into a driving voltage of 12V through a DC-
DC converter. In order to distinguish the 12V driving voltage of LSD, the 
12V driving voltage of HSD is called 12V_float, which simultaneously 
supplies voltage supply for the optocoupler and the gate driver. Two 
capacitors, C28 and C29, are used as bootstrap capacitors to store charge 
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to ensure power to the optocoupler and driver together with the capacitor 
bank. The 3.3V PWM signal generated by the microcontroller is isolated 
by the optocoupler and used as the input signal to the driver, which then 
acts on the MOSFET.  

4.2.5 Measurement Circuit 
The measurement circuit is required during the welding system 
operation. The welding quality depends on the welding energy, which is 
corresponds to Idischarge. Thus, it is necessary to monitor the Idischarge 
accurately. The welding energy is composed of two parts, one part comes 
from the fixed energy provided by the battery, and the other part is the 
energy stored in the capacitor bank. Hence, it is also very important to 
monitor Vc_bank. 

1. Voltage measurement 

The voltage divider consists of a simple series resistor circuit in which 
output voltage is proportional to the input voltage. The ratio of the 
voltage divider is a fixed fraction that is determined by two resistance 
values. 

 

Figure 4.5: Voltage divider circuit 

The output voltage (Vout) of the voltage divider circuit is calculated as 
follows: 

																													3Xq_ = r × 3Ws =
nt

nuFnt
× 3Ws (4.4) 

  
Where Vin is the input voltage; Vout is the output voltage; k is the ratio 
of the voltage divider, it is equal to nt

nuFnt
. 

As seen from Equation 4.4 that the output voltage can be changed as 
the resistance value is changed. The output voltage is proportional to 
the numerator R2 and inversely proportional to the denominator 



Optimization and development of the welding 
system for fiber-optic duct joints�
Jiatong Duan �

����'�,�'�� �#&"�#�$)�) %$�
���	�������

 

18 

R1+R2. Since the denominator is always greater than the numerator, 
the voltage divider circuit will attenuate the input voltage. 

In this welding system, the voltage dividers are used to respectively 
measure the positive and negative terminal voltage of the capacitor 
bank. Then, the outputs go through the voltage follower and low-pass 
filter. Finally, the signals enter the microcontroller for subsequent 
processing. The circuit is shown below, the ratio of the voltage divider, 
k (= :2gv

:2gvF:w2gv
), is 16. 

 

Figure 4.6: Measurement circuit of capacitor bank voltage 

The current consumed by the voltage follower circuit is very small, it 
will not interfere with the original circuit and provides the same 
voltage output as the input signal. So, it is suitable for establishing 
isolation between two different types of circuits [36]. In the welding 
system, it can be used to isolate the charging and discharging circuit 
and the control unit circuit. 

Due to high input impedance, the input current is much lower than 
the output current, while the output voltage follows the input voltage, 
so the voltage follower provides large power gain across its output 
[37] and sufficient voltage to the load. Then, a low-pass filter is used 
to smooth the waveform and eliminate high-frequency noise caused 
by switching frequencies. 

2. Current measurement 

Resistance shunts exploiting the voltage drop associated with an 
electrical current flowing through the resistor can be used for current 
measurement [38]. The voltage drop is proportional to the current. 
The ZXCT1110Q is high-side unipolar current sense monitors [39], it 
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is used to sense the discharge current in the welding system. Figure 
4.7 shows a typical circuit of it. 

 

Figure 4.7: Typical Application Circuit [39] 

The resistor RSENSE is connected in the current path to be monitored. 
Then the resistor RGAIN converts the output current into a voltage. 
After that, the output voltage is amplified 16 times by the Op-amp, 
and the signal is then entered the microcontroller for subsequent 
processing. Therefore, the signal after Op-amp should be lower than 
3.3V to prevent the microcontroller from being destroyed by 
exceeding the operating voltage of it. The current measurement 
circuit is shown below. 

 

Figure 4.8: Measurement circuit of current 

RSENSE is chosen based on the sense voltage VSENSE, for the chosen load 
current, ILOAD: 

																																										^x\Ex\ =
8yhzyh
{|}~�

 (4.5)  

 
The output current of the current sensor is defined through the 
nominal transconductance of 4mA/V, i.e.: 
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																																		eDÄÅ = 0.004 × 3x\Ex\ (4.6)  
 

VGAIN is chosen to give the required output voltage:  

																																									^ÑÖ{E =
8}Üá
{}Üá

 (4.7)  

 
Combining Equation(4.5), (4.6) and (4.7), the Equation(4.8) can be 
derived: 

																															eàDÖâ =
8}Üá

2.22ä×nyhzyh×nã~åz
 (4.8)  

 

4.3 Method of heat control 
The electric schematic circuit is shown in Figure 4.9 to illustrate how the 
welding system controls the charging and discharging of the capacitor 
bank. 

 

Figure 4.9: The electric schematic circuit of the welding system 

A boost converter is used here, which is a DC-to-DC power converter that 
steps up voltage (while stepping down current) from its supply to the 
load [40]. It is a class of switched-mode power supply (SMPS) containing 
two semiconductors: a diode and a transistor; and two energy storage 
elements: a capacitor and an inductor. If the capacitor bank is directly 
connected to the battery, most of the ripple current will be generated due 
to its charging and discharging. Therefore, an inductor is used to limit the 
ripple current from the battery. Two shunt resistors for detecting the 
charging and discharging current. And MOSFETs can be used as switches 
to control the energy flow from the source to the load. As shown in Figure 
4.9, those two switches are used to control the charging and discharging 
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of the capacitor bank, respectively. And the state of the switch is 
controlled by the microcontroller.  

Only SW1 is turned on during the charging process, so the capacitor bank 
is the only load for the power supply (battery). The current will charge 
the capacitor bank through a loop formed by inductors L1 and SW1. The 
stored energy of the capacitor bank is proportional to its voltage. 
Therefore, the stored energy of the capacitor bank can be controlled by 
controlling the voltage across the capacitor bank. Although it is possible 
to charge the capacitor bank without switching, if the battery 
continuously operation, the current flowing through the inductor will rise 
steadily, which will reduce battery life. For this limitation, the switching 
can be used to reduce the average current value. When SW1 is turned off, 
the current stored in the inductor is rectified, the charging current will go 
down, then protect the battery from damage. And by switching, it can 
limit the speed of charging, control the current running in continuous 
mode. Thus, the charging voltage of the capacitor bank (Vc_bank) can also 
be controlled. The limited current can control how the capacitor bank is 
charged to a specific voltage level (Vc_set). 

For the discharge process, there are two ways to provide energy to the 
joint. One is that when only SW2 is shorted, the voltage stored in the 
capacitor bank will be decremented exponentially and applied to the load 
Rload. In addition, SW1 and SW2 can be turned on at the same time, and 
then the power supply will supply the joint while the capacitor bank is 
also being charged, in this case, the joint draws energy from both the 
power supply and the capacitor.  

If the former is used, the discharge time depends on the time constant 
rather than being set manually. This is unfavourable to the multimode of 
welding, and the duration of the discharge peak current is too short to 
weld the joint firmly. For the latter, the same as the charging process, it 
can choose to keep the battery running or switching. If the power supply 
is not switched, it is equivalent to short the battery to the joint, the internal 
wires of the joint will be fused in a short time, and the fiber optic ducts 
will not be welded. For better welding quality and more uniform welding 
joint heating, it is hoped that the welding current can be controlled, and 
there is a supplementary current (Imaintain) to maintain it at a specified 
value. Therefore, the battery and the capacitor bank are chosen to provide 
energy for the joint at the same time. 
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In order to complete the heating control of the welding, the following 
parameters during charging and discharging processes need to be set: 

• Charging Process: 

1. Charging time: tcharge 

2. The frequency of charging: fcharge 

3. The duty cycle of charging: Dcharge 

• Discharging Process: 

1. Discharging time: tdischarge 

2. The frequency of discharging: frecharge 

3. The duty cycle of discharging: Drecharge 

The charging process is mainly used for regulating the quantity of electric 
energy stored in the capacitor bank, which is dependent on the voltage. 
Thus, the charging time (tcharge) is being replaced with the specific 
capacitor voltage (Vc_set), which can provide sufficient energy to weld the 
joint. 

In order to see the working process of this system more intuitively, the 
sequence diagram is given below. 
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Figure 4.10: The sequence diagram of the welding system 

The figure above illustrates the changes in the voltage of the capacitor 
bank and welding current (energy) during the charging and discharging 
process.  

The functions of the charge control are double fold. One is that it can 
control Vc_bank charging to Vc_set and maintain it until a welding discharge 
is required. The second is to limit the current through PWM during 
charging to save battery. 

In the charging process, the microcontroller is an important control 
element to achieve the Vc_set by using the PWM signal. The switching state 
of the PWM signal for SW1 is at a constant frequency and duty cycle to 
control the charging current below 10A for protecting battery until fully 
charged. As shown in Figure 4.6, transistors are used to maintain Vc_set.  
When the charging process is completed, it is not necessary to measure 
the voltage. Then the transistors are turned off by the microcontroller to 
prevent leakage current from passing through the voltage divider resistor 
to discharge the capacitor bank. 

During the welding process, the capacitor bank and the power supply 
simultaneously provide energy to the joint for welding. The Joule heat 
generated by releasing the charge in the capacitor bank is responsible for 
delivering high energy to preheat the joint. During this process, the 
power supply provides a stable output to charge the capacitor bank and 
furnish Imaintain to the joint. The microcontroller can set the frecharge and 
Drecharge of the supplemental current to maintain the current at the desired 
value instead of discharging it to zero. Thereby the Joule heat generated 
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during the discharge process maintains at the desired value to weld the 
joint. It is also possible to set the tdischarge to ensure the welding quality. The 
reason why a long switching signal is used to control the SW2 switching 
state is that the welding current is intermittent if using short switching to 
control it, which is not good for welding the joint. 

As shown in Figure 4.10, the capacitor bank supplies the energy above 
the red dashed line to the joint because the capacitor releases a lot of 
energy when it is initially discharged and then drops exponentially. The 
energy in the red region is provided by the battery and try to maintain 
the current (energy) at a certain level. 
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5 Software Implementation 
Once the basic structure of the entire welding system is established, it is 
necessary to program the microcontroller to control the entire welding 
process. This chapter describes the main parts of the setting parameter 
program and the main program. It is intended to show how to control 
and monitor the welding system through the microcontroller to ensure 
quality and achieve high performance and low power consumption. 

5.1 MPLAB X IDE [41] 
The software development for the microcontroller is carried out using the 
MPLAB® X Integrated Development Environment (IDE) which 
incorporates powerful tools to discover, configure, develop, debug and 
qualify embedded designs for most of the Microchip’s microcontrollers. 
And C-Compiler is allowed, the program can be written to the microchip 
via the PICkit3 programmer. In addition, MPLAB X IDE has many new 
features to debug projects and minimize development time. Some of the 
new features include the ability to view real-time streaming data, pin 
status can be verified and manipulated via I/O views for fast hardware 
verification, useful links with datasheets, and easy access to registers and 
bit definitions. 

5.2 Button settings 
When the welding system is used as a product, it needs to be able to set 
parameters by an external device, such as Vc_set and tdischarge. In addition, it 
should also be able to control the operation of the system artificially, so 
an external trigger signal is required to inform the command. On the 
hardware, there are three buttons, Button1, Button2, and Button3, as 
shown in Figure 5.1. This section will explain how to set the parameter 
settings when these three buttons are used. 
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Figure 5.1: Buttons on the PCB 

Since the charging, discharging, and sleep/wakeup require separate 
buttons Button1, Button2, and Button3 to trigger, when setting 
parameters, Button1 and Button2 are used in combination. The flowchart 
of the buttons combination is shown below. 

 

Figure 5.2: The flowchart of the button setting  

When both of Button1 and Button2 are pressed simultaneously, the 
system enters the setting mode. Then, the counter is started, the initial 
value of variable, mode, is zero, and gooutsettingflag is false. Each time the 
Button2 is pressed, mode will count plus one until Button1 is pressed. If 
the value of mode is greater than 2, make it equal to 1. If mode equals to 1, 
then enter the Vc_set mode to set the specific voltage of capacitor bank; If 
mode equals to 2, then goes to set the discharge time, tdischarge. Otherwise, 
exit setting mode. After setting Vc_set or/and tdischarge, mode will be set to zero 
and gooutsettingflag will be true. Therefore, Button1 and 2 can control the 
system discharge and charge only after the setting is completed. 
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5.2.1 Setting Vc_set  
When setting the capacitor bank voltage, it is divided into two parts. One 
is the “tens digit” setting, and the other is the “units digit” setting. Same 
with setting mode, Button 2 is used to set value, and Button1 is used as a 
“Confirm” button. When “tens digit” is set, it can be set to a maximum of 
4. Once it is greater than 4, then reset to zero, because the maximum 
voltage of the capacitor should not exceed 42V. When “units digit” is set, 
it can be set to a maximum of 9, and once it is greater than 9, then reset to 
zero. The flowchart of setting Vc_set is shown below. 

 

Figure 5.3: The flowchart of Vc_set setting 

After the setting is completed, the microcontroller internally calculates set 
voltage value using the following equation to obtain the set voltage value: 

																																	3̀ _éU_ = ? × 10 + > × 1 (5.1) 
  

where t is the value of “tens digit”; and u is the value of “units digit”. 

For example, when the welding system requires the capacitor bank to 
charge to 15V, i.e. Vc_set = 15V. Thus, when setting the “tens digit,” Button2 
is only needed to press once. Then Button1 is pressed to confirm that 
“tens digit setting” is finished, then setting the “units digit,” Button 2 
needs to be pressed by five times. Finally, Button1 is pressed to exit "Vc_set 
setting". 

5.2.2 Setting tdischarge 
The same principle of setting Vc_set, is used when setting the discharge 
time. The process is also divided into two parts, one is the “seconds digit” 
setting, the other is the “hundred milliseconds digit” setting.  The 
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“seconds digit” can be set the maximum to 2, and “hundred milliseconds 
digit” can be set to a maximum of 9. The flowchart of setting discharge 
time is shown below. 

 

Figure 5.4: The flowchart of tdischarge setting  

The set discharge time was obtained by the following equation 
calculation: 

																								?YWé`êfVëU = í × 1 + ℎîí × 0.1 (5.2)  
 

where s is the value of “seconds digit;” and hms is the value of “hundred 
milliseconds digit.” 

For example, when the welding system requires the discharge time 
continues for 0.8 seconds, i.e. tdischarge = 0.8s. Then, Button2 should not be 
pressed i.e. which set the “seconds digit.” Furthermore, when setting the 
“hundred milliseconds digit,” Button 2 needs to be pressed by eight times. 

5.3 Main program of the control system 
In order to explain more intuitively how the welding system operates, the 
flow chart of the main control system is given in Figure 5.5. As mentioned 
in setting mode, Button1 and Button2 are used to generate the 
discharging and charging trigger signal. 
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Figure 5.5: The flowchart of the main control program 

During the charging process, the Vc_bank needs to be continuously 
measured, and then as a feedback signal enter the microcontroller for 
calculation and comparison with Vc_set. When Vc_bank is less than Vc_set, the 
output PWM signal of the microcontroller starts the gate driver for 
controlling charging, until Vc_bank is equal or greater than Vc_set. The PWM 
signal is continuously generated inside the microcontroller. It connects to 
the peripheral as an output signal only when the external device needs a 
PWM drive signal. 

Therefore, when measuring Vc_bank, PWM is used as the trigger source for 
the ADC module. Even before the PWM signal is used as an output signal 
to control the charging of the capacitor bank, PWM rising edge inside the 
microcontroller can trigger the ADC module to perform AD conversion. 
When the conversion is complete, enter the ADC interrupt, extract the 
value in the register and clear the interrupt flag, then wait for the next 
trigger signal. 

In order to control the welding quality, it is necessary to control the 
welding current and time. The welding current can be maintained at the 
desired value by modifying the welding parameters. The timer module 
of the microcontroller can control the welding (discharge) time. 

When the system receives the discharge signal, the Timer is turned on, 
and the program runs in the main thread to keep the two MOSFETs 
turned on for discharging and recharging. During this time, the Timer 
runs in the background until the Timer expires. Then enters the timer 
interrupt to turn off the MOSFET, resets the Timer and clears the interrupt 
flag. The system can then wait for the next charge/discharge signal. 

In summary, the implementation of the primary program control of the 
welding system needs five modules in the microcontroller. Firstly, the 
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clock module is needed to generate the system clock; Digital-to-Analog 
conversion (ADC) module is used to process the value obtained by the 
measurement circuit; And then the PWM module is used to generate the 
control signal of MOSFETs; The discharge time requires a timer module 
to complete the timing; Finally, the interrupt module needs to be 
combined with several other modules to generate an interrupt and 
achieve the control of the welding system. 

5.3.1 Clock module 
1. System clock 

The dsPIC33FJ06GS404 device offers six system clock options: 

• Fast RC (FRC) oscillator 

• oscillator with PLL 

• Master (XT, HS or EC) oscillator 

• Primary oscillator with PLL 

• Low Power RC (LPRC) Oscillator 

• FRC oscillator with postscaler 

The on-chip PLL can be selected for higher operating speeds due to 
the main oscillator and internal FRC oscillator. The PLL provides a 
great deal of flexibility in choosing the operating speed of the device 
[32]. For more convenient operation, the internal FRC oscillator with 
PLL is selected as the system clock.  

The FRC oscillator operating frequency is nominally 7.37 MHz, but 
the FRC clock's division ratio can be specified. The output of the 
primary oscillator, FOSC, is divided by 2 to generate the device 
instruction clock (FCY) [32]. 

																																												O9ï =
G}yñ
;

 (5.3)  
 

The calculation formula for FOSC is as follows: 
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																																						ODx9 = O{E ×
S

Eu×Et
 (5.4)  

 
where FIN is the output of FRC; N1 is prescale factor which can be 2, 
3, ... or 33; N2 is postscale factor which can be either 2, 4, or 8; M is the 
PLL Feedback Divisor. 

Figure 5.6 shows the PLL block diagram of dsPIC33FJ16GS404. 

 

Figure 5.6: PLL Block Diagram [32] 

The output of the FRC, denoted as ‘FIN’, is divided down by a prescale 
factor N1 before being provided to the PLL’s Voltage Controlled 
Oscillator (VCO). The input to the VCO must be selected in the range 
of 0.8 MHz to 8 MHz. The input to the VCO is multiplied by PLL 
Feedback Divisor M which must result VCO output frequency is in 
the range of 100 MHz to 200 MHz. The VCO output is further divided 
by a postscale factor, ‘N2’ which must be selected such that the PLL 
output frequency is in the range of 12.5 MHz to 80 MHz, which 
generates device operating speeds of 6.25-40 MIPS [32]. 
 

In order to obtain a suitable frequency division ratio, it is first 
necessary to determine the frequency of the internal fast RC oscillator. 
Here selects the default divide by 1, which is 7.37MHz. Then, the 
reverse calculation is performed here. Assuming the device is 
operating at a maximum speed of 40 MIPS, it is 80 MHz. To make 
sure the frequency is in range of 100 to 200 MHz, only when the 
Postscaler factor "N2" is chosen to be 2, then frequency is equal to 80 
MHz ×  2 = 160 MHz. Therefore, the following equation can be 
derived by Equation (5.4). 
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S

Eu
=

G}yñ
Gåz

× M; =
ó2S

ò.ôòS
× 2 ≈ 21.7 (5.5)  

 
Since the input of the VCO must be in the range of 0.8 MHz to 8 MHz, 
i.e., 7.37 MHz/ N1 must be in this range. And since the PLLPRE<4:0> 
bits give a value of 2 to 33 for N1, and N1 can only be an integer. Thus, 
the following inequalities are given: 

																					0.8= ≤
ò.ôòS

Eu
≤ 8=  ∩  2 ≤ M: ≤ 33 (5.6)  

 
According to calculations, N1 should be in the range of 2 to 9. Here 
the Prescaler N1 is chosen as 2. Then the feedback multiplication ratio 
M of the PLL can be calculated by Equation(5.5), and it should be an 
integer value, so it equals to 43. 

In summary, the division ratio of the FRC clock takes the default 
value of 1; the Prescaler factor ‘N1’ is 2; the PLL feedback 
multiplication ratio M is 43, and the post division factor ‘N2’ is 2. 

The value of FOSC will be calculated based on the selected parameters 
and verified if it is within the specified frequency range, 12.5MHz to 
80MHz. 

									ODx9 = O{E ×
S

Eu×Et
= 7.37= ×

äô

;×;
= 79.2275= ∈ [12.5=, 80=] (5.7)  

 
According to Equation (5.3), FCY can be calculated, it equals to 
39.61375MHz. Thus, FCY is also in its frequency range, which is from 
6.25MHz to 40MHz. 

The conclusion is that the selected parameters are satisfied with all 
the requirements and keep the system running at the almost fastest 
clock frequency. In order to complete the configuration of the above 
clock, the configuration bits need to be set in the code, 

 

Figure 5.7: Configuration of system clock 

When configuring the PLL feedback divisor register, the lowest bit 
00000000 of PLL multiplier, denoted as ‘M,’ corresponds to a value of 
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2, so the value of PLLFEB needs to be configured to 43 minus 2, i.e., 
41. 

2. Reference clock 

The output of the reference clock is generated based on the system 
clock or the crystal oscillator on a device pin. The user application can 
specify a wide range of clock scaling prior to outputting the reference 
clock (REFCLK)[32]. Here select REFCLK is Internal FRC Clock 
frequency (7.37 MHz) because the Internal FRC is selected as the clock 
source. 

3. Auxiliary Clock 

The primary oscillator and internal FRC oscillator source can be used 
with the main PLL or the auxiliary PLL to obtain the auxiliary clock 
[32] for the PWM module regardless of the system clock. 

If the primary PLL is used as a source for the auxiliary clock, the 
primary PLL should be configured up to a maximum operation of 30 
MIPS or less. To achieve 1.04ns PWM resolution, the auxiliary clock 
must use the 16x auxiliary PLL (APLL) to generate the auxiliary clock 
which is configured for 120 MHz. Because the others clock sources 
will have a minimum PWM resolution of 8 ns [32]. 

In order to be able to control the charging/recharging current more 
accurately, the APLL needs to be configured as an auxiliary clock. 
Equation provides the relationship between the Reference Clock 
(REFCLK) input frequency and the ACLK frequency: 

																																					§6•¶ =
n\G9àß×Su

E
 (5.8)  

 
where, M1 depends on auxiliary PLL is enabled or not. If enable APLL, 
then M1 equals to 16; If disable APLL, then M1 equals to 1; N is the 
Postscaler ratio selected by the Auxiliary Postscaler bits. 

In this case, M1 = 16, REFCLK = 7.37MHz, and N is selected to 1, thus, 
according to Equation (5.8) , the value of ACLK can be obtained, it is 
117.92MHz. 

5.3.2 ADC module 
The microcontroller dsPIC33FJ16GS404 features a high-speed 10-bit 
resolution ADC module that includes a successive approximation register 
(SAR), four sample-and-hold (S&H) circuits which can sample and 
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convert analog inputs in 0.5 microseconds, and eight input channels 
divided into four conversion pairs, each pair has its own flexible and 
independent ADC trigger source. 

As described in Section 4.2.5, the voltage across the capacitor bank, and 
the value of the discharge current will enter the microcontroller and then 
ADC. The positive and negative terminal voltage values finally enter the 
AN7 and AN3 channels, respectively, and the detection result of the 
discharge current will eventually enter AN5. 

 

Figure 5.8: ADC Block Diagram [32] 

As shown in the above figure, AN3, AN7, and AN5 are using the same 
S&H circuit. Therefore, if these three signals need to be converted, the 
ADC will sample and convert them from the lowest input AN3, start 
sampling and convert AN5 after half a microsecond, and then convert 
AN7. 

The formula for the ADC is given below: 
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																	®J©J?™B	L>?H>? =
;z×Ösf´Xë	{sTq_	8X´_fëU

nU¨UVUs`U	8X´_fëU
 (5.9)  

 
where N is the number of bits in the ADC converter (10 bits); Reference 
voltage is 3.3V; Analog Input Voltage is the voltage after voltage division. 

Therefore, the Vc_set can be calculated by the ADC formula after AN7 
minus AN3, and k is the ratio of the voltage divider that is: 

																																39 =
(ÖEòiÖEô)×ô.ô×g

;um
 (5.10)  

 
And the discharge current ?YWé`êfVëU can be calculated as: 

																																?YWé`êfVëU =
ÖEw×ô.ô×g

;um
 (5.11)  

 
The trigger source for the input channel depends on the conversion pair 
it is in Table 5.1 illustrates the match between the input channel and the 
conversion pair.  

Table 5.1  Conversion pair assignment 

 

 
As can be seen from the table, when measuring the Vc_set, the ADC 
channels used to convert the positive and negative terminals are in 
different ADC conversion pairs. Therefore, it is necessary to use the same 
trigger source for the two conversion pairs to ensure that the conversion 
is triggered at a unified time, which facilitates subsequent processing and 
calculation. 

For voltage measurement, PWM1 is selected as the trigger source for 
triggering ADC conversion, which is the PWM Generator1 Primary 
Trigger. Either the charging or recharging process requires the PWM 
generator 1 to provide a signal, which controls the MOSFET by LSD to 
control the charging circuit. The capacitor voltage rises only when the 
charge duty cycle is ON. After generating the ADC interrupt, by taking 

Input channel Conversion pair 
AN0, AN1 ADCPair0 
AN2, AN3 ADCPair1 
AN4, AN5 ADCPair2 
AN6, AN7 ADCPair3 
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the value of ADCBUF, and make AN3 equals to ADCBUF3, and AN7 
equals to ADCBUF7. 

Since AN3 belongs to ADCPair1 and AN7 belongs to ADCPair3, the 
configuration of the ADC is as follows, 

 

Figure 5.9: ADC configuration for voltage measurement 

For voltage measurement, the PWM generator 1 is typically used to 
trigger the ADC pair 2 to detect the current, but if it is necessary to use a 
frequency other than the PWM generator 1 to trigger the ADC, it can be 
set using the PWM generator 2.  

Since AN5 belongs to ADCPair2, the configuration of the ADC is as 
follows, 

 

Figure 5.10: ADC configuration for current measurement 

5.3.3 PWM module 
The principle of PWM is described in Section 2.2.4. The microcontroller 
has a high speed PWM module with three PWM generators. Each 
generator has an H / L pair, so the microcontroller has six outputs. Each 
output can operate with complementary or independent time bases and 
duty cycles [32]. The duration and commutation of the switch states ON 
and OFF can be controlled by configuring the frequency and duty cycle 
with the PWM. 

In the hardware design, connect the H pin of the PWM generator1 of the 
microcontroller to the input VG_Low of the charging driver module LSD 
for controlling. And H pin of the PWM generator2 is connected to the 
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input VG_High of the discharging driver module HSD for controlling, as 
shown in the Figure 4.3. 

The PWM period value can be controlled either by the PTPER for the 
PWM outputs. The PWM time period can be determined using the 
following equation: 

															<≠<Æ^ =
Ö9àß×ó×âUéWVUY	R1S	RUVWXY

R1S	{sTq_	9´X`g	RVUé`f´UV	âWØWYUV
	 (5.12)  

 
where, ACLK is equal to 117.92M; And PWM Input Clock Prescaler Divider 
is defaulted by 1.    

According to Equation (2.7), the Desired PWM period can be calculated 
as: 

									®CíJIC/	<0=	<CIJK/ =
:

âUéWVUY	R1S	¨VU5qUs`∞
 (5.13)  

 
Combining with Equation (5.12) and (5.13), the relationship between 
PTPER and Desired PWM frequency can be derived: 

											<≠<Æ^ =
::ò.±;S×ó×âUéWVUY	R1S	RUVWXY

:
	≈

±äô.ô≤S

âUéWVUY	R1S	¨VU5qUs`∞
	 (5.14)  

 
Therefore, when the PWM period for charging and recharging needs to 
be set, it is only necessary to define the desired frequency value, and then 
the microcontroller will automatically perform the internal calculation to 
fill the value of PTPER. The configuration of PWM frequency in the C-
code is shown below, 

 

Figure 5.11: Configuration of PTPER 

The duty cycle determines the period that the PWM output must remain 
in the active state. The primary Duty Cycle register PDC1 is used to 
provide a duty cycle for PWM1. The PWM duty cycle can be calculated 
by using the following equation: 
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																			<®6≥ =
Ö9àß×ó×âUéWVUY	R1S	âq_∞	`∞`´U

R1S	{sTq_	9´X`g	RVUé`f´UV	âWØWYUV
	 (5.15)  

 
In this case, ACLK=117.92M, and PWM Input Clock Prescaler Divider is 
defaulted by 1. Therefore, similar to with setting the PWM period value, 
it is not necessary to calculate the value corresponding to the desired 
PWM duty cycle. The microcontroller will automatically perform an 
internal calculation to fill the value of PDCx. The PWM duty cycle 
configuration in the C code is as follows. 

 

Figure 5.12: Configuration of PDCx 

5.3.4 Timer module 
During discharge, the voltage stored in the capacitor will provide a peak 
current for preheating the joint, then a fixed current will be supplied to 
the load using a fixed frecharge and Drecharge, and the constant current 
duration will depend on discharge time, tdischarge, which is very important 
to control it. If the time is too long, the whole duct will be melted, but only 
half millimetres is required to be melted into the duct wall; If the time is 
too short, it will lead to welding failure. Therefore, a timer is needed to 
control the discharge time precisely. 

The microcontroller has a Timer module with three 16-bit general 
purpose timers. Timer1 is a Type A timer which has unique features of it 
allow it to be used for Real-Time Clock (RTC) applications [32]. Timer2 is 
a Type B timer, and Timer3 is a Type C timer. Type B and Type C can be 
concatenated together to form a 32-bit timer. Each Timer module has 
three registers, Timer Count register (TMRn), 16-bit Timer Period register 
(PRn), and Timer Control register associated with the timer (TnCON).  

The timer is used to control the discharge time. And it increments every 
clock cycle until its values match the periodic reset register, i.e., PRn , then 
it will be cleared and enter the interrupt to turn off MOSFETs to stop 
discharging process. 

The interrupt interval of timer can be calculated by following equation: 
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									eQ?CII>H?	JQ?CI¥™B	 = <^s × <ICíA™BCI × ≠9ï	 (5.16)  
 

where, PRn is 16-bit Timer Period register (periodic reset register); 
Prescaler is Timer Input Clock Prescaler; TCY is the time of device 
instruction. 

In order to obtain the longest time, the maximum Prescaler ratio is 
selected to 256. And TCY is the reciprocal of FCY, which is equal to 
39.61375MHz, so TCY is approximately equal to 0.025 Z s. Thus, the 
maximum interrupt interval can be calculated: 

								eQ?CII>H?	JQ?CI¥™Bµf∂ = <^s × 256 × 0.025Z = 6.4Z × <^s (5.17)  
 

For different bits of timers, the value of PRn is also different. The 
maximum timing value corresponding to the 16-bit and 32-bit timers is 
given in Table 5.2. 

Table 5.2  Counter allocation table 

 

Due to the welding time can last a maximum up to a few seconds, Timer2 
and Timer3 need to be combined to form a 32-bit timer. The least 
significant bit is loaded in Timer2, and the most significant bit is loaded 
in Timer3. The Timer configuration in the C code is as follows. 

 

Figure 5.13: Configuration of Timer2 and Timer3 

When the buttons set the discharge time, it needs to be calculated inside 
the microcontroller and converted into a form that can be stored in the 
Timer Period register. 

 PRn Interrupt interval 
16-bit Timer ∑∏π ≈ 0.42í 

32-bit Timer ∑∫∑ ≈ 27487.79í 
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Figure 5.14: Calculation of discharging time 

Since the discharge time (Tideal) is set in seconds digit, and TCY is in 
‘microsecond digit,’ an order of magnitude conversion is required.�
Therefore, Tideal needs to be multiplied by one million to be converted into 
a value in ‘microsecond digit.’ Then assign the value to PR2 and PR3 
according to the significant bit level. 

5.4 Energy management 
Since the project will eventually use a battery instead of a board level 
voltage source to power the welding system, it is desirable to manage 
energy consumption. The dsPIC33FJ06GS404 manages power 
consumption by selectively managing the clocks of the CPU and 
peripherals. In general, lower clock frequencies and fewer clock drive 
circuits reduce the power consumption, which depends on fixed 
operations. Therefore, the microcontroller provides a low-power 
management mode, Sleep, Idle, and Doze mode. 

When peripherals are not used, the clock is turned off to reduce the 
system power consumption, which can save energy and achieve the 
purpose of low power consumption. 

1. Sleep Mode 

In Sleep mode, the clock is stopped and all code execution is halted; 
I/O ports or input level changes on peripherals that use an external 
clock input notice, can continue to operate in Sleep mode. However, 
any peripheral that requires a system clock source will be disabled in 
Sleep mode [32].  
 

The power-down current (IPD) consumption in sleep mode at different 
temperatures is shown in the figure below. 
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Figure 5.15: The power-down currentc(IPD) characteristics [32]  

2. Idle Mode 

In Idle mode, the system clock source remains active state. By default, 
all peripheral modules will continue to use the system clock source, 
or they can be selectively disabled [32]. The idle current (IIDLE) 
consumption in this mode at different temperatures is shown in the 
figure below. 

 

Figure 5.16: The idle current(IIDLE) characteristics [32] 

3. Doze Mode 

Doze mode is another simple and effective way to save power and 
reduce power consumption while the device is still executing code. In 
this mode, the system clock continues to operate at the same clock 
source and at the same speed. The peripheral module clock speed 
remains the same, but the CPU clock speed is reduced. Keeping these 
two clock domains in sync keeps the peripherals able to access Special 
Function Registers (SFRs) while the CPU executes code at a slower 
speed [32].  
 

The doze current (IDOZD) consumption in doze mode at different 
temperatures is shown in the figure below. 
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Figure 5.17: The doze current (IDOZE) characteristics [32] 

In summary, under the same conditions, the energy consumption is 
consumption mode > idle mode > sleep mode. Therefore, selecting sleep 
mode allows for lower power consumption without the need to 
continuously run peripheral modules and execute code. 

As described in Section 5.2�entering and exiting sleep mode is controlled 
by Button3. Therefore, the change notification input is chosen as the 
trigger source. When Button3 is pressed, the system enters Sleep mode 
and wakes up when pressed again. Using the flowchart, which is shown 
in Figure 5.18 to illustrate how to use the change notification input to 
trigger an interrupt into Sleep mode and wake up. 

 

Figure 5.18: The flowchart of entering Sleep mode 
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Before entering the main thread, the state of sleepflag is false, and the 
initial value of the variable button3 is zero. When Button3 is not pressed, 
the program will run in the main thread. When Button3 is pressed, the 
state of sleepflag will be inverted, become true, and enter sleep mode, no 
matter where the program is running. Each time Button3 is pressed, the 
variable button3 will be incremented by one. If the value is greater than 2, 
it will be set to 1. When button3 is equal to 1, the LEDs are turned on to 
indicate that the system is in a sleep state until Button3 is pressed again 
so that the button3 is equal to 2, the LEDs are turned off, and the system 
wakes up. Then wait for the next trigger signal to change the sleep / wake 
state. 
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6 Result and Analysis 
The fiber optic duct welding system was developed based on the 
principles of Chapters 4 and 5. This chapter will take the 0.4Ω and 2.5Ω 
high-power resistors as examples to demonstrate the experimental results 
of the welding system. After ensuring that the system was successfully 
operated, the actual joint of 2.5Ω was tested, and the energy consumption 
was analyzed. 

6.1 System test – High power resistor 
In order to avoid the waste of joints and ducts, the welding system was 
tested with high-power resistors, as shown below, are used to do the 
experiments instead of the actual joint before actual welding.  

 

Figure 6.1: The high-power resistor 

6.1.1 Charging Process 
The most important and fundamental thing in the charging process is if 
the capacitor voltage can accurately reach the Vc_set, thus ensuring the 
energy stored in the capacitor bank. Taking Vc_set at 10V as an example, 
when the power supply is 42V, the capacitor bank is charged by using a 
PWM signal with a frequency of 52 kHz and a duty cycle of 0.1, i.e 10 
percent. The voltage divider network has a resistance of 10kΩ and 150kΩ, 
so the voltage ratio of divider k can be calculated by the following 
equation: 
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 (6.1)  

 
The figure below shows the charging process observed with an 
oscilloscope. 

 

Figure 6.2: The charging process of the capacitor bank 

The four curves correspond to the points of the same colour in Figure 6.3. 
The yellow pulse is the charging PWM signal; the green curve and the 
purple curve are the voltage values of the positive and negative terminal 
of the capacitor bank, respectively to the common ground; the orange 
curve is the capacitor bank voltage. 

 

Figure 6.3: The charging circuit of the capacitor bank 

In order to more intuitively verify the system operation, the Universal 
Asynchronous Receiver Transceiver (UART) Module is used to display 
the values to be monitored on the computer screen, and then compare 
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them with the actual measurement results. The result is shown below, 
which is corresponding to the curves in Figure 6.2. 

 

Figure 6.4: The result of voltage measurement is displayed through UART 

According to Equation (5.10), compare and verify the result displayed by 
the UART and the waveforms in the oscilloscope. 

											39 =
(ÖEòiÖEô)×ô.ô×g

:2;ä
=

(wô:iôôò)×ô.ô×:≤

:2;ä
≈ 103 (6.2)  

 
The result in the oscilloscope is also 10V, so it can be concluded that the 
capacitor bank charging process can be monitored and controlled in real-
time. 

When the capacitor bank voltage is 10V, and the capacitance is fixed, 
3300µF, and there are 17 capacitors to form a capacitor bank, so the value 
of the capacitor bank is 3300ZF multiplied by 17, which is equal to 
56100ZF. Then the energy stored by the capacitor bank can be calculated 
according to Equation (2.4). Take Vc_set as 10V as an example: 

															0 =
:

;
63; =

:

;
× 56100Z × 10; = 2.805ª (6.3)  

 

6.1.2 Discharging Process 
During the discharging process, the discharge current and discharge time 
needs to be controlled to ensure the welding quality. Since the discharge 
time can be set flexibly, only the control of the discharge current is 
discussed here. 

When the power supply is 42V, the discharge time is 500 milliseconds, 
and the capacitor bank discharges from 10V to 0V completely, then the 
following image from the oscilloscope. 
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Figure 6.5: The result of fully discharging 

The four curves correspond to the points of the same colour in Figure 6.6. 
The yellow pulse is the discharging PWM signal, and the purple curve is 
the output value of the current sensor; the green curve is the output value 
after amplification; the orange curve is the voltage value across the 
capacitor bank. 

 

Figure 6.6: The discharging circuit of the capacitor bank 

By observing Figure 6.5, that the capacitor is not fully discharged to 0V, 
it stops discharging at 3.4V. At the same time, the current also deviated 
from the expected trend and did not fall exponentially.  

The reason for the early termination of the discharging could be that the 
drive device stops working earlier. Thus, the voltage supply 12V_float of 
the driver is checked, which comes from the capacitor bank voltage after 
HSD processing. As the voltage drop of the capacitor bank, the 12V_float 
generated by the voltage regulator R1514S120B will also change. 
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For the R1514S120B, the input voltage VIN should be between 4V and 36V, 
and its output voltage range is between 2V to 12V [46], which should be 
high enough to power the gate driver and optocoupler. The operating 
condition of the gate driver is that VDD is between 4V and 12.6V [46], so 
the output voltage of the voltage regulator should be within this range. 
The output voltage can be calculated according to the following formula: 

																																		3DÄÅ = 3{E − 3 (6.4) 
  

Therefore, 3{E  can be limited to the intersection of three inequalities in 
one range: 

2 ≤ 3DÄÅ ≤ 12		 ∩ 		4 ≤ 3DÄÅ ≤ 12.6		 ∩ 		4 ≤ 3{E ≤ 36 (6.5) 
 

Combining Equation (6.4) with inequality (5.5), the range of 3{E can be 
derived as: 

																																				7 ≤ 3{E ≤ 15		 (6.6)  
 

After the Vc_bank is below 7V, C28 and C29 will continue to supply energy 
to the gate driver until the energy on the capacitor is exhausted. Thus, the 
capacitor bank will stop discharging after dis-charging to 3.4V, because 
the gate driver cannot be supplied with sufficient driving voltage. 

Therefore, the DC-DC converter ISH1209A was chosen instead of the 
regulator R1514S120B, and a stable 12V supply was used instead of taking 
the voltage from the capacitor bank. 

After changing the R1514S120B to ISH1209A, and using the same 
conditions, the result of fully discharging is shown below, 
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Figure 6.7: The result of fully discharge after changing components 

ADC reading value is displayed on the computer screen through UART, 
and then comparison and verification in Figure 6.7 and Figure 6.8. 

 

Figure 6.8: The result of the current measurement is displayed through UART 

The oscilloscope displays the peak discharge current at 1.86V, and in the 
UART, it is 1.88V. Taking into account inherent system errors and 
random errors in the measurement process, the difference of 0.02V is 
negligible. Furthermore, the curve is consistent with the expected trend 
and decreases exponentially. 

After ensuring that HSD can supply enough voltage to power, the gate 
driver and optocoupler, it is tried to maintain the discharge current at a 
specific value to guarantee smooth welding. 

A 2.5 Ω	and 0.4 Ω	high power resistors were chosen as the loads for 
testing the welding system. Two loads were tested using the control 
variable method, using the same frecharge of 70 kHz, Drecharge of 0.3, and 
tdischarge of 500 ms, starting discharge from 10V when the supply voltage is 
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42V. Since the joint is the only load in the discharge loop (Rsense is 
negligible), Vc_bank is fully applied to the joint. And the peak value of the 
discharge current can be estimated as Vc_bank divided by the load 
resistance. In order to facilitate a comparison of discharge current curves 
for different resistances, the results are presented here in tabular form. 

Table 6.1  The results by using the same conditions to discharge different loads 

 

 

As can be seen from the above table, when the other conditions are the 
same, the larger the load, the lower the peak discharge current. When the 
load is 0.4 Ω, the peak current can be as high as 25A (actual measurement 
is 23A). When the load is 2.5Ω, the capacitor voltage rises instead of falling, 
which means that the recharge current is higher than the discharge 
current. Thereby the voltage of the recharging is greater than the voltage 
of discharging. In order to ensure that there is enough energy for 
preheating, it is necessary to increase the capacitor bank voltage for 
increasing the stored energy.  

The most crucial thing in this project is that the current can maintain at a 
certain level by adjusting the parameters. Therefore, take 5A as an 
example. When the load is 0.4 Ω,	 then it is necessary to reduce the Vc_bank 
or/and reduce the charging current. Nevertheless, for 2.5Ω, the Vc_bank 
needs to be increased and modify the charging current. After modifying 

Rload=0.4 º Rload=2.5º 

  
Vc_bank	=	10V	~	3.875V; Idischarge=	23A	~	9.25A	  Vc_bank	=	10.125V	~	13.625V;	Idischarge	=	4.05A	~	5.45A	 	

Idischarge_calculate=	V	c_bank	/Rload=25A	~	9.6875A	 Idischarge_calculate	=	V	c_bank	/Rload=4A	~	5.45A	
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the parameters, the current in the same value with different loads can be 
maintained at 5A. 

Table 6.2  The results of maintaining 5A with different joints 

     

 

As can be seen from Table 6.1, when the current flowing through the 
resistor is measured by a shunt resistor, there is much noise caused by 
switching. Hence, the value cannot be measured correctly.. 

Analysis of this phenomenon may be due to the lack of electrical isolation, 
changes of shunt resistance with temperature, voltage drop, and energy 
loss. Moreover, OP-amp and the change of capacitor voltage can cause 
electromagnetic interference (EMI) in analog to digital conversion. In 
order to further optimize the system, it is proposed to use the Hall effect 
to measure current. ACS770LCB-050B-PFF-T is chosen as a Hall effect 
sensor to measure the current. The figure below shows the result of 
maintaining the current at 5A when the joint resistance is 2.5 Ω.	 In 
addition, to change the Vc_set to 20V, all other conditions are the same. And 
measuring the current using the Hall current sensor. 

Rload=0.4 º;f_re=90k,D=0.06,Vc_set=5V Rload=2.5º;f_re=80k,D=0.16,Vc_set=15V 

  
Vc_bank	=	4.75V	~	1.94V; Idischarge=	11.125A	~	4.85A	  Vc_bank	=	15V	~	12.85V;	Idischarge	=	5.95A	~	5A	 	

Idischarge_calculate=	V	c_bank	/Rload=11.875A	~	4.85A	 Idischarge_calculate	=	V	c_bank	/Rload=5.95A	~	5A	
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Figure 6.9: Current measurement by using Hall current sensor 

As can be seen from the above figure, the capacitor bank voltage is from 
20V to 13V, the discharge current is roughly from 8A to 5.25A. Although 
the output voltage of the Hall current sensor still has high frequency noise 
generated by the switching, the discharge current curve can be clearly 
seen. Furthermore, the sensitivity of ACS770LCB-050B-PFF-T is 40mV/A, 
the quiescent output voltage is typically equal to half of Vcc [47]. 
Therefore, the discharge current can be calculated according to the 
following formula: 

																																																			e = 3−4>JCíACQ?	K>?H>?	¥KB?™©C
0.04

 (6.7) 

  
where V is the output voltage of the sensor; and 0.04 is the sensitivity 
which is in V/A unit. 

Since the output voltage of the sensor is finally stable at 2.5625V, the 
quiescent output voltage is 2.3625V. Thus, 

																														e =
;.w≤;wi;.ô≤;w

2.2ä
= 5	§ (6.8)  

 
The maintaining current value displayed in the oscilloscope is 5.25A, so 
the error measured by the Hall sensor is 

																						CIIKI = ”
wiw.;w

w.;w
” × 100% ≈ 4.76% (6.9) 

  
Therefore, it can be concluded that a better result can be obtained by using 
the Hall effect instead of the shunt resistor to measure the current. 
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6.1.3 Supply Energy consumption  
Since the battery provides the energy to the entire system, it is necessary 
to have a grasp of energy consumption during the charging and 
discharging process. It can be calculated by the following formula: 

																																		0 = ’ × e × ? (6.10)  
 

where ’ is the supply voltage; I is the charging current; t is charging 
duration. 

Because it is only desired to explore the approximate relationship 
between the frequency and current (energy) drawn from the battery, the 
current is not integrated to obtain an accurate value. 

Charging Process 
The energy consumption of charging to 5 V when the load is 0.4 Ω, and 
the energy consumption of charging to 15 V when the load is 2.5 Ω, are 
tested. The supply voltage is 42V. The charging frequency is 52kHz, and 
the duty cycle is 0.1. 

Table 6.3  The supply consumption during charging process 

      

Try to use different charging frequencies and observing their energy 
consumption, the results are shown in Table 6.4 and Table 6.5. 

 

Rload=0.4 º Rload=2.5º 

  
tcharge	=	10.2ms;  Isupply=	1.5A	  tcharge	=	37.6ms;   Isupply	=	1.1A	 	 	

W=0.6426J	 W=1.73172J	



Optimization and development of the welding 
system for fiber-optic duct joints�
Jiatong Duan �

	���(*")� �$�� $�"-( (�
���	�������

 

54 

Table 6.4  The supply consumption with different charging frequency (Rload=0.4") 

fcharge Supply Current tcharge Energy Consumption 

42kHz 1.75A 8.8ms 0.6468J 

52kHz 1.5A 10.2ms 0.6426J 

62kHz 1.25A 11.6ms 0.609J 

 

Table 6.5  The supply consumption with different charging frequency (Rload=2.5") 

fcharge Supply Current tcharge Energy Consumption 

42kHz 1.35A 32.5ms 1.84275J 

52kHz 1.1A 37.6ms 1.73712J 

62kHz 0.925A 41ms 1.59285J 

Discharging Process 
The discharge current begins to decrease exponentially during discharge 
and then maintain at 5 A. In the exponential decline stage, the duration is 
relatively short, and the system gets energy from the capacitor bank. The 
energy consumption during the maintain current stage comes from the 
power supply, which can be calculated by Equation (6.10). 

Table 6.6  The supply consumption during the discharging process 

       

Rload=0.4 º 

f_re=90k,D=0.06,Vc_set=5V 

Rload=2.5º 

f_re=80k,D=0.16,Vc_set=15V 

  
Isupply	=	318.75mA	  Isupply	=	1.825A	 	 	

W=6.59375J	 W=38.325J	
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It can be seen from Table 6.5 that frequency has little effect on energy 
consumption, so for different resistance in Table 6.6, the disparity about 
32 J of energy consumption mainly comes from the duty cycle. 

6.2 Actual joint welding 
After making sure that the welding system can be successfully operated, 
the actual joint of 2.5Ω was tested to make a welding joint with the fiber 
optic ducts. The battery voltage was measured, as shown in the figure 
below, which is 39.84V. 

 

Figure 6.10: The battery voltage 

The welding parameters are set in the software, the charging and 
recharging frequency are both 80kHz; the charging duty cycle is 0.16 and 
the charging duty cycle is 0.25; the capacitor bank setting is 35V; the 
welding time is set to one second. 

The welding effect is shown in the following figure. The internal wires of 
the joint were not broken, and the material was discolored uniform which 
means it has been heating to remelt the surface layer. Thus, a 
homogeneous joint was generated. To verify its welding quality, an 
attempt was made to separate the two ducts by applying opposing forces 
to them. As a result, they are tightly connected rather than separated. 
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Figure 6.11: The fiber optic duct joint of 2.5" 

In order to further analyze the welding process, the waveform diagram 
and values in the oscilloscope are given below.  

  

 

Figure 6.12: The results of the discharging curve of 2.5" actual joint 

In principle, the current flowing through the joint should be proportional 
to the voltage across the joint, i.e., Idischarge_calculate = Vjoint /Rload, which range 
is approximately 14.08A ~ 7.89A. Compared with the value obtained on 
the oscilloscope waveform, the peak current difference is not large, which 
may be because the current value is not accurately measured when using 
the oscilloscope. But the maintaining current value has quite a 
discrepancy. That may be caused by the resistance of the wire inside the 
joint increases with temperature, which causes the current flowing 
through the joint to be smaller than expected. 

For the output voltage of the Hall current sensor, the corresponding 
current value can be calculated according to Equation (6.7), i.e., Idischarge_sense 

= ∆V sense/0.04, which should be in the range of 13.25A ~ 5.5A. The 
deviation between the calculated value and the actual measured value of 
the peak current and the maintaining current are about 1A, which may be 
caused by system errors and human factors during the measurement. 



Optimization and development of the welding 
system for fiber-optic duct joints�
Jiatong Duan �

	���(*")� �$�� $�"-( (�
���	�������

 

57 

The discharge time is set to 1 second, but here 1.01 seconds in the 
oscilloscope waveform, so there is an error of 0.01s / 1s = 1%. At the 
beginning of the welding process, the current and voltage decrease 
exponentially due to the discharge characteristics of the capacitor bank. 
Then the battery provides energy, and the current and voltage enter a 
maintaining state without much change. Therefore, when calculating the 
average value, ignore the amount after 1 second.  

The total heat energy dissipated during the welding process is given 
below [38], 

																													‹ = e; × ^ × ? = e × ’ × ? (6.11)  
 

where I is discharging current; t is discharging time; R is the resistance of 
joint; ’ is the voltage across the joint 

Since the resistance value will change with the temperature, the voltage 
across the joint and the discharging current can be used to calculate the 
dissipated heat energy. 

Due to the process of the capacitor bank releasing energy, the welding 
current and voltage are also not constant. Hence, these values need to be 
integrated. Mathematically, the definite integral divided by the interval 
length is the average. Therefore, use an oscilloscope to get the integrated 
value of current and voltage and divide by the duration. Then, the 
obtained average values are used to calculate energy consumption.  

 

Figure 6.13: The integral value of the discharging current curve 
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Figure 6.14: The integral value of the discharging voltage curve 

From Figure 6.13 and Figure 6.14 indicate that the welding process 
approximately lasted one second, the integrated values of current and 
voltage are roughly 4.56A and 20.4V. Thus, the average current and 
voltage during one second are the same with integral value. 

Thus, the supply energy consumption during the entire charging process 
can be calculated by Equation (6.11), it’s 93.02J. 

								‹ = ’ × e × ?	 = 20.43 × 4.56§ × 1í ≈ 93.02ª	  (6.12)  
 

� The energy stored in capacitor bank can be calculated by Equation(2.4). 
								0`_›fsg = 	

:

;
63; = 	

:

;
× 56100ZO × (35.2; − 19.73;) ≈ 23.84ª	 (6.13)  

 

6.2.1 Supply Energy Consumption 
Since it is a portable welding system, it’s better to have a certain grasp of 
the energy consumption of the battery. Here the current drawn from the 
battery is measured and integrated to get a more accurate value. 

Charging Process 
For the charging process, only the capacitor bank is charged in the circuit 
loop, so the energy consumed by the battery ideally ultimately acts on the 
capacitor bank and stored in it. 
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Figure 6.15: The current drawn from battery during the charging process 

At the beginning of Figure 6.15, there is a constant current in the circuit 
drawn from the battery. That can be caused by the quiescent current for 
the microcontroller to work, active devices such as amplifiers, regulators, 
drivers, etc., and also passive devices. During the charging process, the 
current gradually decreases and the battery voltage fluctuates slightly. 
Therefore, when calculating energy consumption, they need to be 
calculated integral operation. In order to minimize the error caused by 
artificial measurement, the current and its integrated data exported from 
the oscilloscope are displayed in Matlab as shown in Figure 6.16 and 
Figure 6.17. 

 

Figure 6.16: The charging current drawn from battery (by Matlab) 

It can be seen from the above figure that the value of the quiescent current 
has a certain noise and a small range of fluctuations.  
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Figure 6.17: The integral charging current drawn from battery (by Matlab) 

The corresponding time and current integral values of the four inflection 
points are given below, and all values in the table are accurate to 4 
decimal places. 

Table 6.7  The information of different inflection points  

 A B C D 

Time(s) 0.0000 1.5000 3.6350 4.9995 

Integral value(A∙ í) 0.0000 0.2043 1.3615 1.5483 

 

From the above table, the average current of segment AB (IaverageAB) and 
CD (IaverageCD) can be calculated, which are 0.1362A and 0.1369A. This 
difference may be due to a slight change in the impedance of the circuit 
before and after the capacitor bank is fully charged, and the system error 
of the oscilloscope. Therefore, assume that the quiescent current in the BC 
segment is the average of them, i.e., 0.13655A. The DC component is the 
product of the duration and the quiescent current.  

																											fl6â9	`XµTXsUs_ =
{‡·‚„‡‰‚~Âi{‡·‚„‡‰‚ñ�

;
× ?Ê9	  (6.14)  

 
The value of the BC segment without DC component (Δfl6ËW_êXq_â9) can 
be calculated by following equation. 
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																														Δfl6ËW_êXq_â9 = Δfl6 − fl6â9	`XµTXsUs_	  (6.15)  
 

where tBC is the duration of charging the capacitor bank (BC 
segment);	Δfl6 is the sum of current from B to C. 

In the BC segment, tBC is 3.635-1.5=2.135s, the DC component is 
0.13655A × 2.135s=0.2915A ∙ í . The BC segment contains the DC 
component is 1.3615-0.2043=1.1572A∙ í. Thus, the value of the BC segment 
without DC component can be calculated by 1.1572A ∙ í -0.2915A ∙ í, 
which is roughly 0.8657A∙ í. The summary of relevant calculated values 
for BC segment in shown below. 

Table 6.8  Summary of relevant calculated values for BC segment  

IQuiescent (A) tBC (s) BCDCcomponent(A∙ í) ΔBCÎ(A∙ í) ΔBCÎÏÌÓÔÌÒÚ	(A∙ í) 
0.13655 2.135 0.2915 1.1572 0.8657 

 

The average battery voltage of the BC segment is around 39.0465V. Hence, 
the supply energy consumption during the entire charging process can 
be calculated by following equation, it’s approximately 33.8J. 

							0›f__UV∞_`êfVëU = ’ × e × ?	 = 39.04653 × 0.8657A ∙ í ≈ 33.80ª	 (6.16)  
 

Discharging Process 
When analyzing power supply energy consumption, the energy drawn 
from the battery during welding is also critical. The following figure 
shows the current waveform drawn from the battery during the welding 
process.   
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Figure 6.18: The current drawn from battery during the discharging process 

Same as the charging process, the value without DC component can be 
calculated, which is roughly 2.2418A∙ í. The average battery voltage of 
the discharging process is around 37.6677V. The supply energy 
consumption during the discharging process can be calculated as shown 
below, it’s approximately 118.86J. 

			0›f__UV∞_YWé`êfVëU = ’ × e × ?	 = 37.66773 × 2.2418A ∙ í ≈ 84.44ª	 (6.17)  
 

Table 6.9  The summary of energy consumption   

 Energy consumption 
Qjoint 93.02J 
Wc_bank 23.84J 
Wbattery_charge 33.80J 
Wbattery_discharge 84.44J 

 

From Table 6.9 can be seen that the capacitor bank charging from 19.73V 
to 35.2V will take 33.8J from the battery. However, the capacitor bank 
charging from 19.73V to 35.2V will store 23.84J in the capacitor bank. Thus, 
in some sense that the energy transmission efficiency of the charging 
process is 23.84J/33.8J≈70.53%. 

Since the energy supply in the welding process comes from the capacitor 
bank (Wc_bank) and the battery (Wbattery_discharge), a total consumption during 
the welding process is 23.84J +84.44J=108.28J. But the energy acting on the 
joint (Qjoint) is only 93.02J. Thus, in some sense that the transmission 
efficiency of the welding energy is 93.02J/108.28J≈85.91%.  

More details on efficiency are discussed in Section 7.4. 
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6.2.2 Battery usage 
This thesis uses a large capacity 4.4Ah lithium-ion (Li-Ion) battery as 
shown below which after fully charged is 42V. Thus, the maximum stored 
energy of the battery is proportional to the product of capacity and 
voltage. 

										0›f__UV∞ = ’ × e × ?	 = 423 × 4.4ℎ§ × 3600 ≈ 665280ª	  (6.18)  
 

 

 

Figure 6.19: The Li-Ion battery pack  

The total energy required for one welding also includes charging the 
capacitor bank, so the total energy required for one welding is 
33.8J+84.44J=118.24J. It can be concluded that a fully charged battery can 
perform 665280J /118.24J≈5626 times operations on a 2.5 Ω	 resistor. 
However, the circuit contains quiescent current and some unpredictable 
energy consumption. The longer the standby time, the longer the 
duration of quiescent current, so that the higher the energy consumption. 
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7 Discussion 
The welding system is mainly divided into two aspects. The first is the 
process of charging the capacitor bank because the voltage of the 
capacitor bank determines the energy stored in it and the peak value of 
the welding current. The other is the welding process, which uses the 
discharge characteristics of the capacitor bank to provide preheating 
energy and uses the battery to provide a constant supplementary current 
to maintain the welding energy. 

7.1 Charging Process 
Whether the capacitor voltage can accurately reach the Vc_set during the 
charging process is evaluated, how much the charging frequency and 
duty cycle have an effect on capacitor voltage when different conditions 
are used. 

Table 7.1  The characteristics during the charging process 

Vsupply Vc_set Rload fcharge Duty cycle Error of VC 

35V 10V 1Ω 52kHz 0.1~0.3 6.25% 

42V 5V 0.4Ω 42k~62kHz 0.1 5% 

It is apparent from this table that when only adjusting the duty cycle in 
the range of 0.1 to 0.3, the maximum error of Vc_bank is 6.25%. When only 
adjusting the charging frequency in the range of 42 kHz to 62 kHz, the 
maximum error is 5%. These results further demonstrate that the 
capacitor bank voltage can accurately reach Vc_set regardless of changes in 
the frequency and duty cycle. Moreover, by comparing different 
conditions, including the supply voltage, the resistance of the load, and 
Vc_set; it can be seen that there is no significant impact on the accuracy of 
the Vc_bank. 

7.2 Welding Process 
During the welding process, there are three controllable parameters:  
Vc_set, frecharge and Drecharge. The capacitor bank voltage and discharge current 
in the maintaining stage are denoted by Vc_maintain and Imaintain, respectively. 
The relationship between the parameters is as follows, 
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Table 7.2  The characteristics during discharging process 

Vc_set fcharge Drecharge Vc_maintain, Imaintain 

- - ↑ ↑ 

- ↑ - - 

↑ - - - 

‘-‘ means constant. 

Because the tdischarge and the frecharge are constant, the increasing of Drecharge 
will cause the power supply to supply more energy to the capacitor bank 
during each PWM period, thus causing Vc_maintain and Imaintain to rise.  

When frecharge is increased, Vc_maintain and Imaintain will not change significantly. 
Because the duty cycle does not change during a fixed time, the total time 
of the PWM period in the ON state is the same. Thus, the energy provided 
by the power supply to the capacitor bank will not change. 

Vc_maintain and Imaintain are not affected by adjusting Vc_set because the value 
when the system is within the maintaining state depends only on the 
recharging current value. The reason why Vc_set needs to be adjusted, is to 
ensure that the 5A discharge current can be maintained. If the Vc_set  

setting is too small, so the capacitor bank cannot provide enough energy 
to the load, then the situation in Table 6.1(Rload is 2.5Ω) will appear. In this 
case, Vc_maintain and Imaintain will be higher than the initial value, because the 
discharge current is less than the recharge current, so it is necessary to 
increase the value of Vc_set to increase the peak of the voltage and current. 

7.3 Frequency selection  
As can be seen from Table 6.4 and Table 6.5, when charging with different 
charging frequencies for different loads, the current drawn from the 
power supply is less than 10A, thus saving the battery from overloading. 

Because the frequency of the PWM determines the sampling and 
conversion frequency of the ADC conversion pair, when a higher 
frequency for charging is selected, the ADC may get a super good 
resolution, but due to the switching it will generate a lot of noise. At low 
switching frequencies, it will consume a lot of battery current. 

The auxiliary clock 16x auxiliary PLL (APLL) is used, then a minimum 
PWM resolution of 1.04 nanoseconds can be obtained. Assuming that 1.04 
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ns corresponds to 1% of the duty cycle, the corresponding PWM period 
is 1.04 ns divided by 1% equals to 104 ns, so the maximum PWM 
frequency is approximately equal to 9.62MHz. 

The sampling and conversion time of the ADC module requires 0.5 
microseconds, and it is triggered only on the rising edge of each PWM 
period. Consequently, the fastest ADC sampling frequency is the 
reciprocal of 0.5us, i.e., 2MHz. When measuring the capacitor voltage, it 
is necessary to sample and convert the two ADC channels, but they use 
the same sample-and-hold circuit. Therefore, in order to get more 
accurate sampling of the capacitor voltage, it is desirable to have enough 
time to sample and convert the two channels per PWM period. Then the 
sampling frequency is the reciprocal of 2×0.5us, i.e., 1MHz. 

In summary, when other conditions are the same, the higher the 
frequency, the slightly lower energy consumption, and more noise due to 
switching. Because the frequency that triggers the ADC conversion 
increases, the ADC will have a better resolution. 

7.4 Actual joint 
It can be found in Section 6.2 that the transmission efficiency of the whole 
welding energy is 85.91%. Since the resistance of the joint is not constant, 
it increases with temperature, so inaccuracy may occur when measuring. 
Except for the energy used for welding, the remaining energy could be 
consumed in terms of heat loss in the air, the circuit design, and 
electromagnetic energy.  

And the energy transmission efficiency of the charging process is 70.53%, 
the essential reason is that the tolerance of the capacitor is 20%, so when 
calculating the energy stored in the capacitor bank, it will cause a big 
difference. Furthermore, the energy also can be consumed in the PCB 
circuit or other situations. Therefore, for subsequent optimization and 
development, a more rigorous analysis of efficiency needs to be 
performed and improved. 

7.5 Resistance Range 
The appropriate resistance range for welding the ducts can be known 
from the required welding energy. When creating joints for smaller 
diameter ducts, the fewer coil turns can be used to reduce resistance, and 
then generate a huge current. If the resistance is too high, sufficient 
energy will not be available for welding. The maximum resistance value 
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is limited by the maximum voltage of the capacitor, 3µf∂, which is 35V; 
the output current of the battery limits the minimum resistance value. To 
protect the battery from destroying, the output current should within 10A, 
i.e., eµf∂. Assuming that the resistance is small, there may be enough 
energy for welding in the capacitor bank. When the capacitor voltage is 
35V, 34.36125J is stored. 

																																						0 = ’ × e × ? =
Ät

n
× ? = e;^ × ?	  (7.1) 

 
The equation for calculating the maximum / minimum resistance can be 
derived from Equation (7.1). 

																																																					^µf∂ =
8Ù‡ı

t×_

1
	  (7.2) 

 
where 3µf∂ is 35V; t is welding time; W is the energy consumption. 

																																																					^µWs =
1

{Ù‡ı
t×_
	  (7.3) 

 
where eµf∂ is 10A; t is welding time; W is the energy consumption. 

Through the above two equations, the maximum/minimum resistance in 
the energy consumption range of 35J ~ 500J was calculated using Matlab. 
The resistance range chart is given below. 

 

Figure 7.1: Resistance range within 35J ~ 500J energy consumption in one second  

Can be seen from Figure 7.1, when the welding energy in the range of 35J 
~ 500J, and the welding time within one second, the maximum and the 
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minimum resistance curve intersect when the energy consumption is 350J, 
and go in the opposite direction. 

Thus, the range of maximum resistance value is 35Ω  to 3.5Ω , which 
decreases with the increase of energy; the minimum resistance value 
ranges from 0.35Ω to 3.5Ω, which increases with energy increases. 

 

Figure 7.2: Resistance range within 35J ~ 500J energy consumption in 0.5 second  

In Figure 7.2, the maximum and the minimum resistance curve intersect 
when the energy consumption is 175J, and go in the opposite direction. 
The range of maximum resistance value is 35Ω to 3.5Ω, which decreases 
with the increase of energy; the minimum resistance value ranges from 
0.7Ω to 3.5Ω, which increases with energy increases. 

It can be concluded that when the energy required for welding is fixed, 
the shorter the welding time, the smaller the range of resistance of the 
joint can be selected. 

7.6 Social aspects 
The fiber optic duct joint welding system developed in this thesis makes 
the expansion and modification of the fiber-optic network more 
accessible and faster. Due to the surface remelting of the ducts, it has good 
protection against dust and water, thereby reducing the risk of explosion 
when blowing fiber-optic. Because of its portable characteristics, there is 
no need to carry an extensive power supply system, reducing the number 
of workers required, and reducing the cost of installing fiber-optic. And 
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the knowledge requirements of the staff are not high, which can make 
them complete the work efficiently. 

7.7 Ethical aspect 
There is no ethical aspect of the electrofusion welding technology used in 
the construction of this fiber optic duct joint welding system. It is tough 
to establish such a system. Before actual welding, a large number of 
experiments are needed to ensure that this welding system can operate 
normally. Then during the actual welding process, due to the quality of 
the joint itself, uneven welding and damage to the joint may also occur. 
When the quality of the joint is not good enough, "white smoke" will 
appear at the beginning of the welding, which is due to the ingress of air 
when making the joint. 
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8 Conclusions  
8.1 Testing and actual welding 

Before actual welding, the welding system is tested with high power 
resistors to avoid wasting joints and ducts. A smooth voltage and current 
curve are obtained, and the product of the welding current flowing 
through the joint and the joint resistance value is roughly the same as the 
Vc_bank. Since the load circuit only has the joint, the capacitor bank voltage 
of the welding process is almost the same as the voltage across the joint. 
The Hall current sensor is used to detect the welding current, and the 
output value is basically consistent with the measured value using the 
current probe.  

In actual welding, the welding current is not a smooth curve, there is an 
inevitable fluctuation. At the beginning of welding, the product of the 
peak current value and the joint resistance is also keeping around the Vjoint. 
When entering the stage of maintaining the welding current, the product 
value is much smaller than Vjoint. The reason for this result is that the 
resistance of the heating wire built into the joint is affected by 
temperature changes. It is positive temperature coefficient, that is, when 
the temperature rises, the resistance value will increase with it. But for 
high-power resistors, the resistance is fixed. Therefore, the method of 
estimating the current flowing through the connector according to the 
voltage of the capacitor bank is not suitable for the estimation of the 
holding current during the actual welding process. A more explicit sensor 
output value can be obtained by using Hall current sensor. Thus, the 
output value can be read through the ADC module, and then the accurate 
current value can be calculated. 

Nevertheless, the overall trend of the welding curve is the same, and the 
actual welding results are excellent. Fiber optic ducts can be welded very 
tightly within one second through the joint without having to melt the 
duct excessively. Ignoring external interference factors and system errors, 
using 2.5Ω joint to weld a pair of fiber optic ducts requires a total of 
118.24J drawn from the battery. For a fully charged 42V, 4.4Ah battery, it 
can support almost 5600 times welding. 
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When selecting the joint resistance, as the required energy consumption 
increases, the maximum resistance will decrease, and the minimum 
resistance will increase, so the range of resistances available for 
prototypes is gradually reduced. Assuming the energy consumption is in 
the same range, the intersection point of the maximum and minimum 
resistance will appear earlier after shortening the welding time. 

8.2 Future work 
The output voltage of the current sensor needs to be amplified by the OP-
amp and then enter the microcontroller.  In order to get a more 
unambiguous curve, it is recommended to use the filter to reduce noise 
interference. 

When measuring voltage, the positive voltage and negative voltage of the 
capacitor bank are sampled and converted by the same S&H circuit, so 
there is a 0.5Zs delay between them. During this time, the capacitor 
voltage may change because the system is in the ON state of the PWM. It 
is therefore recommended to change the circuit design to obtain the ADC 
values by using the dedicated S&H circuits. 

Same as is with the measurement of the current, there is also 
Electromagnetic interference (EMI) in the process of measuring the 
voltage, and the microcontroller uses the same 3.3V voltage source as the 
OP-amp. The presence of OP-amp also affects the measurement results, 
so an optical isolated voltage sensor is recommended, such as ACPL-C87, 
to measure the voltage. 

At present, the value of Vc_set and tdischarge are displayed in binary form by 
the on and off of the LEDs. It is recommended to use the LCD to display 
for a more intuitive view of the analog values. 
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Appendix A: Documentation of main 
developed program code 
� int main(void) { 
    init(); 
    button3 = 0; 
    V_charge = 35.0; 
    T_discharge =1.0; //10ms 
    recharge = 5;//unit V 
 
    while (!sleepflag) { 
 
        if (Sw2 == 0) { 
            PTPER = PWM_Charge; 
            PDC1 = charge_duty*PWM_Charge; 
            IEC7bits.ADCP3IE = 1; // Enable ADC Pair 1 Interrupt 
            IEC6bits.ADCP0IE = 1; // Enable ADC Pair 1 Interrupt 
            IEC7bits.ADCP2IE = 1; // Enable ADC Pair 1 Interrupt 
            ADCPC1bits.TRGSRC2 = 4; //PWM Generator 1 Primary Trigger 
Selected 
            LED_D18 = 1; 
            VG_High=0; 
             sense_mosfet=1;  
            while (true) { 
                uint16_t ADC = ADCBUF7 - ADCBUF3; 
                Vc = (float) ((ADC * 52.8 / 1023)); 
                //printf("I1 = %d\n\r",I1_read); 
                double remaining_Vc = V_charge - Vc; 
                if (remaining_Vc > 0 && (fabs(remaining_Vc)) > 
Vc_tolerance) { 
                    IOCON1bits.PENL = 1; // PWM module controls PWMxL pin  
                    IOCON1bits.PENH = 1; // PWM module controls PWMxH pin 
                    Nop(); 
                }  
                else { 
                    IOCON1bits.PENH = 0; // PWM module controls PWMxH pin 
                    IOCON1bits.PENL = 0; //    PWM module controls PWMxL 
pin 
                    VG_Low = 0; 
                    LED_D18 = 0; 
                     sense_mosfet=0; 
                     
                    printf("Capacitor_Voltage%f\n\r\n\r", Vc); 
                    printf("ADCBUF3:%d\n\r\n\r", ADCBUF3); 
                    printf("ADCBUF7:%d\n\r\n\r", ADCBUF7);    
                    IEC7bits.ADCP3IE = 0; // disable ADC Pair 3 Interrupt 
                    IEC6bits.ADCP1IE = 0; // disable ADC Pair 1 Interrupt 
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                    IEC7bits.ADCP2IE = 0; // disable ADC Pair 1 Interrupt 
                    ADCPC1bits.TRGSRC2 = 0;  
                    break; 
                }  
            } 
        } 
 
        if (Sw1 == 0)  
        { 
            Delay(500); 
            discompleteflag = false; 
            PHASE2 = PWM_Current; 
            PDC2 = Current_duty*PWM_Current; 
            AN5 = ADC5_calculate(recharge); // Load the period value          
            Q1 = time_calculate(T_discharge); // Load the period value 
            p=0; 
            i=0; 
            PTPER = PWM_recharge; 
            PDC1 = recharge_duty*PWM_recharge; 
            LED_D16=1; 
             printf("recharge %f\n\r\n\r", recharge); 
            init_timer23();           
            while(discompleteflag == false); 
            //displayI2(); 
//                    printf("Capacitor_Voltage%f\n\r\n\r", Vc); 
//                    printf("ADCBUF3:%d\n\r\n\r", ADCBUF3); 
//                    printf("ADCBUF7:%d\n\r\n\r", ADCBUF7);    
                    IEC7bits.ADCP3IE = 0; // disable ADC Pair 3 Interrupt 
                    IEC6bits.ADCP1IE = 0; // disable ADC Pair 1 Interrupt 
                    IEC7bits.ADCP2IE = 0; // disable ADC Pair 1 Interrupt 
        } 
    } 
    Sleep(); 
    return 0; 
} 
 

 
 

�
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Appendix B: Circuit Diagram of 
welding system 
Main circuit 
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Microcontroller circuit 

 

Circuit of Buttons  
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12V Power Part circuit 

  

3.3V Power Part circuit 
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