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ABSTRACT 

The goal of the thesis is to investigate and propose a new design for a contactor platform, both in 

terms of hardware and embedded software, which incorporates support to implement new state-of-

the-art functions. The platform must support a wide range of contactors from basic ones with only 

core functions to advanced contactors using modern microcontrollers to provide efficient, quick and 

reliable operation. 

 

Further, a significant focus of the thesis is on the interaction between electrical engineering and 

computer engineering. The electronics needs to interact seamlessly with a microcontroller running 

a versatile software to provide industry-leading performance. To achieve this, the software and 

hardware is evaluated with focus to develop an optimal platform. 

 

The proposed embedded software uses development techniques rarely used in embedded 

applications such as UML code generation, compile-time initiation of objects and an object-oriented 

design, while maintaining the performance of traditional embedded programming. The thesis also 

provides suggestions to hardware changes to further improve to the contactor’s operation. 

SAMMANFATTNING 

Det här examensarbetet undersöker och föreslår en ny design för en kontaktorplattform. Designen 

omfattar både hårdvaran och den inbyggda mjukvaran, som ska kunna implementera avancerade 

algoritmer. Plattformen måste stödja hela produktlinjen som inkluderar enkla kontaktorer med 

kärnfunktioner till avancerade kontaktorer som använder moderna mikrokontrollers för att 

garantera en effektiv, snabb och säker drift. 

 

Vidare så är ett betydande fokus i examensarbetet ett fokus på interaktionen mellan elektroteknik 

och datorteknik. Elektroniken måste samarbeta sömlöst med en mikrokontroller som kör en 

multiplattformsmjukvara för att uppnå önskade resultat. För att uppnå detta har hårdvaran och 

mjukvaran utvärderats tillsammans. 

 

Den föreslagna inbyggda mjukvaran använder tekniker som sällan används inom inbyggda 

applikationer såsom UML kodgenerering, generering av objekt vid kompilering och en 

objektorienterad design med bibehållen prestanda. Examensarbetet förslår även 

hårdvaruförändringar som ytterligare förbättrar kontaktorerna.  
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1 INTRODUCTION 

1.1 Background 

A contactor is an electrical device that uses a small electrical current to switch a larger current. By 

using the smaller current to create a magnetic field, it is possible to move the contacts between a 

closed or open state. ABB, then ASEA, has manufactured contactors since 1917 [1]. 

 

The most modern contactors today uses microcontrollers to regulate the magnetic field and 

monitor the operation of the device; however, the principle for its operation remains similar to old 

fashioned contactors. 

 

Now, new algorithms for the contactor are going to be implemented. These algorithms operates on 

the only measurement data available; the input voltage and current through the coil. As the 

algorithms need to operate on real-time data, the need for an efficient microcontroller increases 

drastically. The next generation of contactors need to perform the tasks that the previous 

contactors have done, while also running the new algorithms.  
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1.2 Problem statements 

The thesis work objectives are summarized in this problem statement. 

 

 How can the software be structure in a suitable way? 

 How can the software be designed to run on different types of microcontrollers? 

 Would it be possible to implement these algorithms on the current microcontroller? 

 Which factors should be taken into consideration when choosing the next generation 

microcontroller for the contactor hardware platform? 

 Is there anything specific on the printed circuit board which should be improved?  
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2 BACKGROUND 

2.1 Contactor Functionality 

A contactor is a device used for switching currents. The contactor’s behavior is similar to the 

behavior of a transistor; a small supply current is used to control a larger current. The contactor 

uses its supply current to regulate an electromagnetic field to move an anchor, connected by 

springs to movable contacts. In the anchor’s closed position, the movable contacts are in contact 

with the fixed contacts to let the current pass through the contactor. While the anchor is in the open 

position, the movable contacts are separated from the fixed contacts. Therefore the contactor does 

not conduct. The components of the contactor and the closing sequence is shown in Figure 1, 

Figure 2 and Figure 3 below. 
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Figure 1 Sketch of a contactor's components [2] 

 

Figure 2 Sketch of the contactor contacts [2]  
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Figure 3 Contactor closing sequence [2] 

 

The picture above shows the closing sequence of the contactor. The first picture shows the 

contactor in its open state. In the second picture, the anchor is moving and the movable contacts 

have hit the fixed contacts. In the last picture, the anchor has hit the fixed electromagnet. The fixed 

and movable contacts are still in contact. Therefore, the contactor is closed. 

 

One way to control the contactor is regulating the supply voltage. When the supply voltage reaches 

77% of the lower bound nominal value, the contactor closes (makes). If the voltage is below 55%, 

the contactor opens (breaks). The other method of controlling the contactor is by using a 

programmable logic controller (PLC). This method includes the same voltage control, as well as a 

PLC that commands contactor openings or closings. 

 

When the contactor’s movable contacts close or open, an electric arc is generated between the 

contacts. This happens when the distance between the contacts is short enough, the air becomes 

ionized. The ionized air has high electrical conductivity, and as a result the electricity is conducted 

through the air. The process develops enough heat to melt the contacts resulting in a welded 

contactor. The contacts need to be closed or further separated quickly to extinguish the arc.  
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2.2 Contactor Hardware Description 

This section describes the hardware of the company’s contactor. The hardware are divided into 

three categories; the electronic control card and the electromagnet (Figure 4) and the mechanics 

(Figure 1). 

 

Figure 4 Contactor hardware diagram [2] 

2.3 Electronic Control Card 

The electronic control card is a PCB with interfaces for voltage input, an optional PLC input, and 

outputs for the electromagnet control. The physical size of the ECC depends on the size of the 

contactor it is intended for. 

2.4 Microcontroller Unit 

The electronic control card contains the microcontroller unit. The MCU runs the software that 

controls the operation of the contactor. It is the task of the microcontroller unit to determine whether 

the supply current is alternating or direct, and if it is alternating, the root mean square voltage 

needs to be determined by sampling the input voltage. 

 

It also contains the 10-bit ADC converter which measures the output coil current and the input 

voltage. The ADC is connected to the pull-in-time resistor. Each contactor size has a specific pull-

in-time resistor. The MCU uses the size of the resistor, unique to each contactor model, to 

determine the time which needs to be spent in the pull-in-state, see Contactor Application. The 

same ADC unit controls all measurements by switching the ADC channel. 
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2.5 Microcontroller Unit Power Supply Circuit 

There is a circuit on the ECC that converts the input voltage to an appropriate voltage for the MCU. 

The input voltage varies from 24 to 600 V depending on the contactor model. The voltage is direct 

or alternating, which is rectified and converted to the MCU’s operating voltage between 1.8 and 3.6 

V. The conversion process develops significant heat, depending on how much power the MCU 

draws. 

2.6 Reset Circuit 

The reset circuit makes sure that the pulse width modulation output circuitry is powered before the 

MCU is started. This is achieved by using a circuit that resets the MCU continuously until the 

power in the PWM output circuitry has reached a desired level. The purpose of this unit is to make 

sure when only run the MCU when we have enough power to ensure reliable behaviour. 

2.7 Input Voltage and Rectifier 

The contactor accepts a supply voltage within a range of 24 to 600 V, depending on the contactor 

model. If the supply voltage is an alternating current, it is rectified. The input is filtered using an 

RC-filter and makes use of capacitors to power the ECC during consumption peaks. 

2.8 Input Voltage Monitoring Circuit 

The input voltage monitoring circuit consists of resistors that reduces the input voltage to levels 

appropriate for the ADC on the MCU to measure. The software then uses the samples to 

determine whether the contactor is connected to direct or alternating current. The samples are also 

used to calculate the input RMS voltage. 

2.9 Coil Current Circuit 

The ECC output is created in steps. The MCU generates a PWM signal, which is provided to the 

drive circuit. The drive circuit controls the output switching transistors. When the transistors are 

closed, the current passes through the coil. The reason for this solution is because the output of 

the MCU would not be able to power the coil itself.  
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2.10 Coil Current Monitoring Circuit 

The coil current monitoring circuit is connected to the PWM output. The coil current is zero when 

the PWM output transistor is open. Therefore, the transistor should be closed to get relevant 

current measurements. The current is sampled by the on-board ADC of the MCU. 

 

A transient occurs when the transistor switches from the open to closed state. Because of this, it is 

important to avoid measuring the current immediately after the transistor has closed. 

2.11 Electromagnet 

The contactor uses an electromagnet the convert the electrical energy provided by the output of 

the ECC into the kinetic energy which moves the anchor. The electrical energy is transferred 

through the coil, thus inducing an electromagnetic field. The field moves the magnetic anchor 

towards the magnetic core. This is the process to close the contactor.  

2.12 Mechanics 

The mechanics of the contactor includes the connection springs, the release springs and the 

movable contacts. 

 

The release springs is used for the opening of the contactor. This is either when the contactor gets 

a PLC command to open or when the input voltage drops below the break threshold. The release 

springs then moves the anchor away from the fixed core quickly enough, preventing the contacts 

from welding. 

 

The connection springs keeps the movable contacts firmly closed. This prevents arcs as the gap 

between the contacts is minimized, especially as the anchor bounces during the closing sequence.  
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3 THEORY 
This section describes the literature review done in order to establish the previous work on this 

topic used in this thesis. 

3.1 Literature Review 

In the beginning of the thesis work, an introduction to the PCB of ABB’s NAFC contactors was 

presented by Ove Coman, to give an understanding of the electronic components and their 

purpose. This presentation focused on the power supply, especially the voltage transformation 

circuit (which transforms the input voltage to a voltage suitable to the MCU), the reset circuit and 

the PWM output switch circuit [3]. 

 

Basic software development processes, as well as in-depth advanced topics, are discussed in 

Software Architecture by Qin, Xing and Zheng [4]. The authors discuss the importance of 

structured code, which is applicable as this implementation is expected to be very well-structured. 

As the time available for this software development is limited to 20 weeks, it is going to be 

important that the development process is efficient. 

 

The different properties of number representations is described in detail by William Stalling in 

Computer Organization and Architecture [5]. His work is going to be a great asset for this thesis in 

the evaluation of number representations. Also, Per Foyer has to some extent written about 

number representation in Mikroprocessorteknik [6]. 

 

One of ABB Corporate Research Center’s projects concerning contactor development recently 

resulted in a number of new algorithms. The final step of the research project was to deliver the 

results to a department which could incorporate the algorithms to a final product. During the 

delivery meeting, the functionality of the algorithms were explained and the importance of high 

sample rates in order for certain algorithms to run properly and high sample resolution for others 

were emphasized [6]. 

 

In case the execution time exceeds its limits, one could refer to Olof Roos book Grundläggande 

Datorteknik [7]. These suggestions focus on low-level hardware, while Joseph Yiu gives ideas on 

how to design a power efficient application specifically for the ARM Cortex-M0 in the book The 

Definitive Guide to the ARM Cortex-M0 [8]. 
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In Computer Organization and Architecture [5], William Stalling discusses performance 

assessment and performance optimization. He also dedicates a chapter to discussing this on ARM 

architectures. 

 

When deciding in which memory type to store certain data, Per Foyers book Mikroprocessorteknik 

will be of great assistance, specifically the chapters on SRAM memories and advanced memory 

management. Computer Organization and Architecture [5] chapters 4 through 6 gives an even 

better understanding of how different memory architectures work and when to use them. 

 

Jonas Höglund describes in the master thesis report Voltage and frequency scaling in an 

embedded microprocessor how to adjust the voltage and frequency of a microprocessor to 

optimize power efficiency. In the report Höglund also mentions how to measure the power 

consumption at different processor loads, which may be relevant to this thesis as well. 

Which parts of the microcontroller consumes most power is described by Jose Nunez-Yanez and 

Geza Lore in the article Enabling accurate modeling of power and energy consumption in an ARM-

based System-on-Chip. This article also includes thoughts about measuring power and 

benchmarking. 

 

In the book The Definitive Guide to the ARM Cortex-M0, the author, Joseph Yiu, describes what 

techniques are available on the ARM Cortex-M0 to optimize power efficiency. Some examples are 

interrupt and event functions, sleep modes and low power modes. The book also contains a 

chapter on the theory behind the development of low-power applications, such as how to reduce 

active power, reduce the number of active cycles and how to optimize the power usage during 

sleep. 

 

When comparing MSP430 to the new microcontroller, MSP430 Microcontroller Basics by John 

Davies is going to be used. It contains detailed information about the architecture and properties of 

the MSP430 as well as general information about microcontrollers. It is also going to be a valuable 

source of information in the evaluation if a non-volatile memory to store data collected at run-time 

should be included in the new platform.  
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4 METHOD 
This chapter describes the suggested approach for solving what has been mentioned in the 

problem statement and how it is possible to verify that the tasks have been solved. This chapter 

also describes the hardware and software of the contactor device. 

4.1 Areas of Responsibility 

This thesis work is a collaboration between Olle Tingstam and Fredrik Sandvik. From the students’ 

perspective it is important to use the time efficiently to be able to accomplish as much as possible. 

For the examiner to be able to assess the work, it is important to see what each individual has 

contributed to the thesis work. To facilitate the needs of both students and the examiner the each 

student was handed their own areas of responsibility. Some thesis work activates was considered 

to be major ones and both students had to contribute to complete them. The minor activities could 

be done in parallel, individually. Table 2 shows how the work was divided and whom was 

responsible.  



 

12 
 

Table 2 Areas of Responsibility 

Activity Responsible 

Platform Both 

Hardware Olle 

Software Fredrik 

Available Software Both 

Software Architecture Fredrik 

Software Design Olle 

Software Implementation Both 

Distributing Execution Time Olle 

Coil Sampling Fredrik 

RMS Both 

Evaluation Both 

Power Consumption Olle 

Performance Fredrik 

Memory Fredrik 

Number Representation Olle 

Software Modularity Fredrik 

Software Portability Olle 

Prototype Both 

4.2 Platform 

Part of the thesis is to propose software and hardware combined platforms. The platform used in 

today’s contactors consists of the MSP430 microcontroller and some basic peripherals such as 

rectifiers and output drivers. The proposed platforms should have an interface similar to today’s 

platform, in order to be compatible with the current contactor hardware. 

 

In the beginning of the thesis work, a few weeks was dedicated to getting familiar with the current 

platform. When one understands how the system works, it is much easier to establish its strengths 

and weaknesses and determine how to improve the system. The idea is to use the same software 

for both of the two proposed platforms, with only minor adjustments on the abstraction layer closest 

to the hardware. A new hardware platform prototype has been manufactured. This prototype is very 

similar to the current contactor PCB, in fact the only difference is the replacement of the 

MSP430F2122 for an MSP430F2132. The F2122 version has got a 4 KB flash memory unit and 

the F2132 has got an 8 KB flash unit. The main reason why this proposed hardware is similar to 

the current one is to facilitate the evaluation of the new software while keeping the rest of the 

platform unaltered. 
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4.3 Hardware 

The hardware consists of a PCB. The main hardware focus of this thesis is on the microcontroller 

unit mounted on the PCB. When the microcontroller is to be replaced, this can be done by 

removing the MSP430 and soldering the new microcontroller onto the board. The other option is to 

design a new PCB drawing which can be sent to a prototype supplier. 

 

The focus of the new hardware platform will be on the MCU, which needs to have low power 

consumption while being powerful enough to execute the algorithms within the timing constraints. A 

few different, yet comparable, MCUs should be acquired so that the software can be evaluated and 

at the same time establish minimal hardware requirements. 

 

Part of the thesis is to write the software and evaluate the portability of it, therefore a wide range of 

different MCUs from different manufacturers has been acquired. It is the company’s desire to 

migrate from MSP430 to ARM, to use the same development tool chain for their products. That is 

why, apart from the Texas Instruments MSP430F21x2, all the MCUs are in the ARM Cortex Family. 

4.4 Software 

A part of the thesis is to develop the software for the microcontroller. It is going to include the 

existing contactor functionality as well as the new algorithms with the necessary modifications. As 

the software is a part of a real-time system, program execution must be done accurately while 

fulfilling timing requirements. 

 

The software should be implemented with a high level of modularity, as new functions or algorithms 

are going to be added eventually. There should be a possibility to extend the functionality without 

changing the existing code extensively. 

 

Another requirement is that the implementation should have a high degree of portability, because 

there is a wide range of contactors with unique PCBs for each model. It is desired to maintain a 

single software implementation for the entire contactor range. During the migration process to the 

new MCU, there will be contactor models with different MCUs produced simultaneously. Some of 

the contactors will use the old MCU, while some contactors will use the new MCU. It is important 

that all of them run the same software. The first step of this thesis work is to determine how the 

contactor works today, especially with regards to software. The instructions from the company are 

very clear; to disregard the current structure of the software and instead focus on identifying and 

maintaining functionality. 

 

The current software is based on a state machine. Since this state machine was developed, new 

functionality has been inserted at several locations without adapting the state machine. Therefore, 

it is no longer possible to extract or replace one part of the state machine or functionality within a 

state without extensively modifying the behavior of the entire contactor. Since the entire software is 

very platform specific, migrating to a new MCU would not be possible without redesigning 

significant parts of the software. Of course, the platform upgrade is going to happen eventually and 

therefore one of the goals of this thesis is to propose a platform independent software structure for 

the contactor.  
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4.4.1 Available Software 

The current program is written, in the programming language C, without a clear design structure 

and therefore lacks modularity. The lack of modularity makes it difficult to edit a specific feature of 

the contactor. 

 

The software implementation contains solutions very specific to the current platform. This is partly 

because the MSP430 processor is on the edge of acceptable performance. To deal with this issue, 

several heuristics are implemented. Although the heuristics lightens the burden on the processor, it 

adds to the code being difficult to understand. 

 

One of the most efficient ways to increase power efficiency is to adjust the operating frequency. As 

the implementation depends on timing constants related to the operating frequency, changing the 

operating frequency of the MCU requires large parts of the implementation to be redesigned. 

 

This new software structure is to be developed in stages. The initial stage is the planning stage, in 

which the old software should be intensively studied to understand the contactor’s behavior and its 

requirements, especially with regards to timing and functionality, it needs to fulfill. 

4.4.2 Software Architecture 

Especially the hierarchical layers are important to make the software portable. This means the 

state machine is at the highest level, the core level. The functionality resides in the functional 

(middle) layer. The lowest hierarchical layer, the abstraction layer, maps all hardware 

dependencies to the current hardware. The great benefit of this hierarchical design is that only the 

application layer needs to be modified to run the same software on another hardware. 

 

During the software architecture stage it was also decided that the software should reuse software 

components from other products. Similarly, development tools for this development should also be 

the ones already used in other development projects. 

 

The software architecture should be done in such a manner that it facilitates both a clear software 

design and implementation. The software architecture should be represented by a UML-based 

graphical model. 

4.4.3 Software Design 

During the software design stage all classes should be decided and all dependencies documented 

in UML diagrams. Further, the state machine should be specified in UML diagrams together with 

other tasks and flows. The UML tool has code generation capabilities to ease the software 

implementation stage.  
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The software will be object oriented. From the architecture different classes, their dependencies 

and special constraints (e.g. singleton) should be identified. The dependencies might be multiple 

classes working on the same data or similar classes that should be subclasses of a common 

superclass. 

 

Each class will be assigned a clear responsibility, a function or purpose, as well as a list of public 

application programming interfaces with methods, arguments and possible exceptions. Complex 

classes, e.g. state machines, should also include a graphical model of the class. 

4.4.4 Software Implementation 

The software implementation stage is the one in which all the code should be produced. The UML 

tool generates a code frame for all classes and their members. The function bodies needs to be 

implemented manually. 

 

The existing code, the program as well as the state-of-the-art algorithms, is written in C. The new 

software should be developed in C++, using Enterprise Architect, Microsoft visual Studio and IAR 

Workbench. In addition to the code written as part of the thesis, the goal is to reuse code which 

already belongs to the company. 

 

A non-specific platform code compilation environment exists for the company’s other products. This 

environment was reused and extended to fit the contactor application. As different platforms use 

different compilers, different make-files has to be adapted with specific arguments. Subsequently, 

all compiling is performed in a similar manner for all products the company develops. 

 

As the software must support a range of different hardware platforms, the abstraction layers which 

interact directly with the I/O will most likely need a unique implementation for each platform. A first 

step of the implementation will be to convert the existing software and at the same time adapt it to 

the new software design. As the decision of what interrupts signals to use is dependent on the 

hardware platform, this code must be implemented at the lowest abstraction levels of the code. 

 

The software development strategy is to design and specify UML diagrams in Enterprise Architect. 

Using an Enterprise Architect plugin, code frame is generated. This code frame is imported to 

Microsoft Visual Studio, where the code is completed. The platform independent compilation 

environment adapted make-files, makes it possible to compile code directly in Visual Studio. This 

environment uses make-files for different compilers and arguments depending on which hardware 

the software is compiled for.  
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4.4.5 Distributing Execution Time 

The contactor has strict timing requirements which has to be met. The main application has to 

complete each execution cycle before the next ADC sampling cycle is commenced. This section 

describes how the system manages to execute the main application and the background tasks of 

the ADC in each cycle. 

 

Figure 5 ADC interrupt activity during execution 

 
𝐸𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛 𝐶𝑦𝑐𝑙𝑒 𝑇𝑖𝑚𝑒 > 
𝐴𝐷𝐶 𝑆𝑎𝑚𝑝𝑙𝑒𝑠 ⋅ 𝐴𝐷𝐶 𝐼𝑛𝑡𝑒𝑟𝑟𝑢𝑝𝑡 𝐸𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑒

+ 𝑀𝑎𝑖𝑛 𝐴𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝐸𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑒 
(1) 

 

ADC measurements get lost if an overrun occurs. Apart from the ADC data loss, the system timing 

would get skewed and the behavior of the contactor would be non-deterministic. Equation (1) must 

hold to make sure no overrun occurs. This can be achieved by adjusting any of the four variables; 

the execution cycle time, number of ADC samples, ADC interrupt execution time and main 

application execution time. The consequences of changing one of the variables at a time, while 

keeping the other three constant will be described in the following sections. 

 

The execution cycle time sets the upper limit for how long the system can run before 
starting a new execution. The longer the cycle time, the more operations can be 
performed. The downside of having a long cycle time is the system will also have wait 
longer for new input. Therefore the system cannot respond as quickly compared to when 
using a shorter cycle time.  
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Each execution cycle the system is set to oversample the inputs, a fix number of times, using the 

ADC. This is the ADC samples variable from Equation (1). The samples must then be processed 

by an interrupt routine. The time spent on processing ADC data, called ADC interrupt execution 

time, is directly proportional to both how many samples are taken each cycle and how complex the 

data processing is. Figure 5 depicts the ADC Interrupt activity each execution cycle. 

 

The main application execution time is the time the CPU spends on executing the state machine. 

4.4.6 Coil Sampling 

𝑆𝑒𝑡𝑡𝑙𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 is a feature of the coil circuit and 𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 is a feature of the ADC, both are to 

be considered as constants. An 𝑂𝑓𝑓𝑠𝑒𝑡 is used to make sure the ADC finalizes the sampling after 

the signal has settled. To create a window where it is considered safe the sample signal for an 

accurate reading, the safety margin called 𝑆𝑡𝑎𝑏𝑙𝑒 𝑆𝑖𝑔𝑛𝑎𝑙 is added. The 𝑆𝑡𝑎𝑏𝑙𝑒 𝑆𝑖𝑔𝑛𝑎𝑙 is the 

difference between the 𝑃𝑊𝑀 𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒 and the point in time where the ADC finishes sampling. 

These are all the five inputs to Equations (2), (3) and (4) that must hold for the ADC sample to be 

accurate. A graphic description of how these features relate to each other is shown in Figure 6. 

 

 𝑃𝑊𝑀 𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒 ≥ 𝑆𝑒𝑡𝑡𝑙𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 + 𝑆𝑡𝑎𝑏𝑙𝑒 𝑆𝑖𝑔𝑛𝑎𝑙 (2) 

 
 𝑆𝑒𝑡𝑡𝑙𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 ≤ 𝑂𝑓𝑓𝑠𝑒𝑡 + 𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 (3) 

 
 𝑆𝑒𝑡𝑡𝑙𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 + 𝑆𝑡𝑎𝑏𝑙𝑒 𝑆𝑖𝑔𝑛𝑎𝑙 ≥ 𝑂𝑓𝑓𝑠𝑒𝑡 + 𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 (4) 

 

 

Figure 6 Timings for using the ADC to sample input data 
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4.4.7 RMS 

The root mean square, RMS, of the input voltage is used to determine if the contactor should open 

or close. The contactor accepts three kinds of supply voltages; DC, 50 Hz AC and 60 Hz AC. There 

is a formula which calculates the RMS for all types of signals; however, the formula requires 

square, integration and the square root calculations. To perform these operations in real-time, a 

powerful CPU is needed. As the signal is going to be constant or sine wave form, the RMS can be 

expressed with equivalent expressions which are much simpler to calculate. These expressions 

and their proofs are presented in this section. 

 

 𝑅𝑀𝑆𝑠𝑒𝑡 ≝  √
∑ 𝑠𝑎𝑚𝑝𝑙𝑒𝑖

2𝑛
𝑖

𝑛
 (5) 

 
 𝐷𝐶𝑠𝑎𝑚𝑝𝑙𝑒𝑖 =  𝐷𝐶𝑠𝑎𝑚𝑝𝑙𝑒𝑗       ∀𝑖, 𝑗 ∈ ℕ (6) 

 

 𝑅𝑀𝑆𝑠𝑒𝑡 =  √
∑ 𝑠𝑎𝑚𝑝𝑙𝑒𝑖

2𝑛
𝑖

𝑛
= √

𝑛 ∙ 𝑠𝑎𝑚𝑝𝑙𝑒𝑖
2

𝑛
= 𝑠𝑎𝑚𝑝𝑙𝑒𝑖 

(7) 

 

For a DC power supply the voltage will be constant, therefore every time the ADC samples the 

result will be the same. The RMS of a DC supply voltage is equal to a sample of the voltage. This 

is proven using the definition of RMS for a set of 𝑛 values, given in Equation (5) and the fact that all 

samples of a DC voltage are the same, expressed in Equation (6) and the result is given in 

Equation (7). 

 

In the case of an AC supply voltage, the assumption is a sinusoidal input with period 𝑇 and 

amplitude 𝐴 which can be expressed as Equation (8). This equation holds for any 𝑇. The input is 

full-wave rectified before it is sampled and therefore the sinus function in Equation (8)has a period 

of 𝑇/2.The RMS definition for a waveform 𝑓(𝑡) defined over the interval [0, 𝑇] is expressed in 

Equation (9). 

 𝑓(𝑡) = 𝐴 sin(
2𝜋

𝑇
𝑡) , 𝑡 ∈ [0,

𝑇

2
] (8) 

 

 𝑅𝑀𝑆𝑓(𝑡) ≝ √∫ 𝑓(𝑡)2𝑑𝑡
𝑇

0

𝑇
 (9) 

 

 𝑅𝑀𝑆𝑓(𝑡) = √
∫ 𝐴2 sin2(

2𝜋
𝑇 𝑡)  𝑑𝑡

𝑇
2

0

𝑇
2

=
𝐴

√𝜋
√∫ sin2( 𝑞) 𝑑𝑞 

𝜋

0

 (10) 

 

 ∫ sin2 𝑡 𝑑𝑡 =
𝑡

2
−

1

4
sin 2𝑡 + 𝐶 (11) 

 

Equation (8) and Equation (9) together with the substitution of 
2𝜋

𝑇
𝑡 for 𝑞 gives Equation (10). 

Equation (11) shows the result of integrating a squared sine function. 

 𝑅𝑀𝑆𝑓(𝑡) =  
𝐴

√𝜋
√∫ sin2( 𝑞) 𝑑𝑞 

𝜋

0

=
𝐴

√2
 (12) 
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By combining Equation (10) and Equation (11), the RMS of a sinusoidal waveform can be 

expressed as a linear function of the amplitude. Equation (12) shows this relation. 

 

 𝐴𝑟𝑖𝑡ℎ𝑚𝑒𝑡𝑖𝑐 𝑀𝑒𝑎𝑛𝑓(𝑡) ≝
1

𝑇
∫ 𝑓(𝑡)𝑑𝑡

𝑇

0

 (13) 

 

 

𝐴𝑟𝑖𝑡ℎ𝑚𝑒𝑡𝑖𝑐 𝑀𝑒𝑎𝑛𝑓(𝑡) =
1

𝑇
∫ 𝑓(𝑡)𝑑𝑡 =

𝑇

0

=
1

𝑇
2

∫ 𝐴 sin (
2𝜋

𝑇
𝑡) 𝑑𝑡 =

𝐴

𝜋
∫ sin(𝑞) 𝑑𝑞 =

𝜋

0

𝑇
2

0

2𝐴

𝜋
 

(14) 

 

The arithmetic mean value of a function is defined in Equation (13). Equation (13) applied to the 

function in Equation (8) results in Equation (14). The arithmetic mean in Equation (14) is a linear 

function of the amplitude. 

 

 𝑅𝑀𝑆𝑓(𝑡) =
𝐴

√2
= 𝐴𝑟𝑖𝑡ℎ𝑚𝑒𝑡𝑖𝑐 𝑀𝑒𝑎𝑛𝑓(𝑡) ⋅

𝜋

2√2
 (15) 

 

The quotient between the RMS and the arithmetic mean of a sinusoidal waveform is found by 

combining Equation (12) and Equation (14). The quotient is expressed in Equation (15) is often 

called the form factor of the waveform. If the form factor and arithmetic mean of a waveform is 

known, the RMS of said waveform can be calculated without a single power of two or integration. 

The form factor approximation given in Equation (16) deviates from the true value by less 

than 0.1 %, which is acceptable for this application. 
 

 
𝜋

2√2
≈ 1.11 (16) 

 

The main application represents the RMS of the input voltage by a quotient in which the sum of the 

samples multiplied with the form factor is the nominator. The number of samples, used for 

calculating the RMS, is the denominator. Apart from these two, the RMS calculating software 

component contains a flag indicating if the values are calculated or estimated. When the RMS is 

estimated it is done by an amplitude estimation of the input voltage and calculated according to 

Equation (12). 

4.5 Evaluation 

There are going to be several aspects of the platform implementation which need to be evaluated. 

These include power consumption, memory, performance, algorithm sample rate and resolution, 

and choosing well-suited number representations. 



 

20 
 

4.5.1 Power Consumption 

It is important to keep the power consumption at a low level, both from an economical and 

environmental perspective. The platform is designed for a maximum power consumption; 

therefore, increasing the power consumption would require a redesign of the platform. Also, a new 

generation of contactors are expected to be more power efficient. Further, the heat generated by 

the power supply circuit increases with an increased power consumption. Therefore; the objective 

is clear, power consumption should decrease.  This goes for mean as well as the platform’s peak 

consumption. 

 

This activity also includes to evaluate ways to measure the power; in other words, what equipment 

to use, whether to measure just the microcontroller, surrounding components or the whole 

platform. Further, there should be a comparison between the previous MSP430 and the new 

microcontroller. 

 

To be able to measure the power consumption, one decision is to determine how to measure the 

power. As the power consumption is a vital parameter of the contactor, the measurements has 

been done before. To get comparable results it is important to follow the same testing strategy as 

already established by the company. 

The most important power consumption is likely to be the one supplying the MCU on the PCB, the 

MCU supply resistor current, because it is the component generating most heat on the PCB. The 

MCU supply resistor reduces the voltage to levels appropriate for the MCU. If the MCU consumes 

too much power, the resistors may produce enough heat to cause a system failure. Therefore, an 

implementation which increases the power consumption of the MCU is not acceptable. 

4.5.2 Performance 

The MCU needs to process data fast enough to complete all tasks within a certain time limit. The 

tasks to perform are the real-time algorithms, executing the state machine, handling the interrupts. 

 

The current MCU, the MSP430, must at least be clocked at 8 MHz to fulfill the performance 

requirements. A more powerful MCU would fulfill the requirements as well, but may be 

uneconomical and too power consuming. When determining which MCU to use in the future, an 

MCU with some margin for the performance requirements should be chosen to allow for new 

algorithms to be implemented without changing the hardware. The margin should reasonably 

small, in order to make it economical. 

 

The contactor device has strict requirements on timing, specifically after how long time a make or 

break must be completed. The software needs to be structured properly to fulfill the requirements 

and the microprocessor needs to be fast enough to perform the real-time algorithms as 

well.Memory 

 

The MSP430F2122 contains 4KB of flash memory and 512 B RAM. The current software 

implementation uses almost all of the flash memory. The software is optimized for the current 

hardware; therefore, adding functionality and portability is going to exceed the available memory 

on the current MCU.  
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An MCU with a large memory is often more expensive than one with a small memory. On the other 

hand a small memory will not be able to store as much program code as a large one. 

 

A compromise between speed, cost and size of the memory should be reached. In addition, the 

software needs to fit in the memory. This applies for flash as well as RAM memory, especially as 

the new software implementation is expected to be larger than before and the new real-time 

algorithms may need to store large amounts of data. Some microcontrollers also contains non-

volatile memories for run-time data which would facilitate data storage between runs. 

4.5.3 Algorithm Sample Rate and Resolution 

The Corporate Research Center representative presented state-of-the-art contactor algorithms 

during a project delivery meeting [4]. At least one algorithm is largely dependent on a high sample 

rate for its signal processing to work efficiently. On the other hand, at least one algorithm depends 

on a high signal resolution. If both demands were fully satisfied, a large amount of processing 

power would be wasted. Hence, it would be preferable to find a balance between the sample rate 

and the resolution, in order to avoid wasting resources but still maintain a reliable operation. 

4.5.4 Number Representation 

The number representation is important to make calculations as fast as possible and to make sure 

that memory is not wasted. The task is to pick a suitable number representation, and for that 

number representation choose what range and resolution to use. All data types used should be 

supported by common MCUs. 

4.5.5 Software Modularity 

A large focus throughout the software development process is to achieve a high level of modularity, 

which is especially important in the software architecture and design stages. To make the 

implementation modular, functionality has to be grouped. The groups should use well-defined APIs 

to interact. 

 

The modularity is vital when introducing new or improving existing features of the platform, 

because only the relevant modules has to be redesigned. Therefore, the new software 

implementation modularity should be evaluated.  
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4.5.6 Software Portability 

The software should be designed with portability in mind. To achieve portability, the software is 

designed with several layers; the core layer, the functionality layer and the application layer. The 

goal is to use the application layer to handle everything that is hardware specific. When the 

software is adapted to a new hardware platform, the application layer is the only layer which needs 

adjustment. 

 

The software portability is an important aspect, which should be evaluated. As the contactor 

product range is wide, it will not be possible to replace all MCUs at the same time. Therefore, the 

software must support multiple platforms. 

4.5.7 Prototype 

There should be an evaluation of the whole prototype platform, including both software and 

hardware. This evaluation should cover aspects needed for operation and discuss what else would 

be needed or preferred to include in the development of the platform.  
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5 RESULTS 
This chapter describes the work that has been done and the results achieved during the thesis 

work. 

5.1 Platform 

The platform strategy was determined in the early phases of the thesis work. The first step was to 

analyze and document the old implementation. Secondly, to create a highly portable software 

design. The development process would be more organized and efficient if it was possible to 

compare the software on similar platforms as the power consumption, processing power and the 

hardware architecture is similar. Conclusions could be drawn immediately by comparing the 

systems side by side. 

 

Porting the new software to a new platform only requires changes to specific parts of the software. 

To clearly distinguish hardware dependent features from the rest of the software, a hardware 

abstraction layer was introduced. The design makes sure only the hardware abstraction layer 

needs a new implementation, when porting to a new platform. 

 

By analyzing what would have eased the design of the new software, a list of desired functionality 

for a next generation MCU for the contactor has been decided upon, see Table 7.  
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5.2 Hardware 

Initially, several MCUs from different manufacturers were acquired. Early on, it was decided the 

main focus should be on the development of a software which can be ported to different MCUs 

easily. 

 

The first prototypes were produced by a supplier, see Figure 7. When received, the prototypes 

were tested to ensure their functionality and measure their power consumption. The new software 

is implemented to run on an MSP430F2132 mounted on an original PCB. As the F2132 shares pin-

layout with the F2122, the prototypes could be manufactured by a supplier quickly. 

When the prototypes were received, they were tested with the current software. The same tests 

were performed on the reference cards used in production contactors. Even though the prototypes 

have larger memory, no differences with regards to timing or power consumption were noticed. 

When comparing the old and the new implementation, differences are going to depend on the 

behavior of the software only. 

 

 

Figure 7 Hardware prototype  
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5.3 Software 

The available software was analyzed and documented graphically to get an understanding of the 

contactor’s behavior. Then the development process proceeded by focusing on how a modern 

software should be designed, regardless of the specific platform it is supposed to run on. The 

challenge was to extract the exact behavior of the contactor, while designing a completely new 

software. 

 

Of course, economics must be taken into account. The software must run on reasonably priced 

MCU; however, in the future it is likely that the same software design is to be implemented on more 

powerful MCUs. To make the process of migrating to another MCU easy, the software must be 

highly portable and modular. The software design had to be well documented using graphical tools 

with code generating capabilities. 

5.3.1 Available Software 

In order determine the behavior of the contactor, the old software has been studied extensively. 

The behavior was documented in Enterprise Architect using flow graphs, state machine and class 

diagrams. The old software contained static methods and variables along with an interrupt routine. 

The software was designed specifically for the MSP430 architecture and several methods operated 

directly on registers. 

 

The interrupt routine was constructed using very long if-statements without graphical 

documentation. Making adjustments to this routine would have been very challenging. 

The state machine was implemented by explicitly setting a variable to which state would be the 

next one. Further, functionality used in more than one state was explicitly written in each state 

instead of using common methods. 

Functionality was generally implemented by operating on static variables; however, the lack of a 

documented design makes it difficult to trace the operations. Over time, as functionality has been 

added or adjusted, it is barely possible to maintain the implementation anymore. 

5.3.2 Software Architecture 

Portability and modularity were two highly important features to consider when developing the 

software architecture. The architecture phase progressed according to the planned method. In 

Software Architecture, thoughts on software architecture design are presented. As far as possible, 

these ideas have been followed during the architecture stage. Primarily, it has focused on 

identifying requirements and determining how the contactor system should behave. 

 

During the initial planning it was decided that the software should be object-oriented; however, in 

the software architecture stage it was determined that object-oriented alone was not enough to 

fulfil the functional requirements. The software platform had to be object-oriented, event-driven, 

contain hierarchical layers and use data sharing. In other words, this is an integration of 

heterogeneous styles, sometimes called a complex system [6].  
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5.3.3 Software Design 

The software design started by analyzing the new contactor documentation in Enterprise Architect. 

The first goal was to create a code structure using the code generating capability in Enterprise 

Architect. The diagrams and flow graphs for the current implementation were used as inspiration 

when the well-structured complex system design was created. 

 

Although the behavior remains the same as before, the state machine diagram, class diagrams, 

flow graphs and other documentation has been completely redesigned. Also, the execution order, 

measurement process and the system initialization has been created and documented graphically. 

Figure 8 shows the contactor application class diagram. This chapter also describes the classes in 

the diagram. 

 

Figure 8 Contactor application class diagram  
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5.3.3.1 CONTACTOR APPLICATION 

There was a UML specification of the state machine of previous software design available. For this 

thesis, this state machine specification was used to recognize states and when transitions should 

occur. It was possible to identify the contactor’s general behavior from this specification. 

 

The graphical documentation of the state machine is reverse engineered and therefore lacks the 

possibility to make changes to its UML graphs and use code generation functionality to make 

changes to the code structure accordingly. In a recent development project, the company 

developed a plugin to Enterprise Architect to generate C++ code frames from UML models and 

graphs, including state machines. 

 

During the design phase, one important goal was to be able to reuse this plugin for the new 

contactor project. While the previous software design was very efficient with regards to the state 

machine overhead execution time, the plugin’s generated code was not. The plugin was designed 

to generate code for much more powerful MCUs. For example, when the contactor state machine 

was loaded onto the MCU it needed 444 B RAM out of 512 B RAM with all functionality removed. 

More information about this issue and how it was solved can be found in the chapter Enterprise 

Architect Plugin. 

 

In the old state machine, the next state was explicitly set, in the body of each state, for the next 

execution cycle.  The new design uses a combination of triggers and guards to control transitions. 

These are evaluated in the state machine during every cycle and every transition will happen 

according to the state machine diagram. 

 

The state machine is designed for cyclic execution. Each cycle must be completed before the next 

cycle is initiated. The module supports nestled state machines. How to determine which state to 

execute exists in the state machine module. 

 

The state machine implementation consist of the state machine module, which implements a 

general state machine, together with the application specific structure. The contactor application 

contains the all states and transitions shown in Figure 9. 

 

The state machine has been documented according to UML standards, from which the code frame 

is generated.  
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The state machine, shown in Figure 9, contains five states including the Start state. These states 

are: 

 
 Start, which checks whether a programmable logic controller is connected to the contactor. 

 Idle monitors the input voltage to determine if the contactor should close. 

 Pull in starts the closing of the contactor by applying electromagnetic force on the anchor. 

 Hold is the contactor’s closed state. The main objective for the system in this state is to apply 

enough electromagnetic force to make sure the contactor is closed. 

 Release turns off the coil control circuit before returning to the Idle state. 

 

Figure 9 Contactor application state machine diagram  
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Figure 10 Contactor application initialization sequence diagram 

The sequence diagram in Figure 10 shows the contactor application initialization diagram. It is 

constructed using the left edge algorithm, which guarantees time execution optimality as long as 

there is no cyclic execution [7]. 

 

Figure 11 Contactor application execution order sequence diagram 

 

The execution order sequence diagram in Figure 11 shows the contactor’s execution cycle. The 

execution cycle is executed every eighth cycle in the hold state and every sixteenth cycle all other 

states. The cycle is as follows; first, the MCU wakes up at the interrupt and reads the newly 

measured ADC Data from the Hardware Abstraction Layer. Secondly, the State Machine is 

executed. The State Machine execution analyzes which state it is in, executes the appropriate 

methods in the state, checks triggers and guards to analyze which state should be executed next. 

Thirdly, the ADC Data is passed as an argument to the Measurement to check thresholds and 

process the input data in the Input Analysis. 

If a programmable logic controller is connected to the contactor, the PLC is executed. Finally, the 

Hardware Abstraction Layer is executed. If there is functionality which is hardware dependent, it is 

executed here.  
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5.3.3.2  INTERRUPT ROUTINE 

The diagram in Figure 12 shows the ADC Interrupt Service Routine, the ADC ISR. The ADC ISR is 

executed at every interrupt. 

 

Figure 12 ADC interrupt routine activity diagram 

 

The system operates at different frequencies when sampling single and dual channel. The single 

channel mode is shown by the left branch of the activity diagram above. The ADC ISR wakes the 

CPU and the single channel input is sampled and accumulated before the interrupt routine is 

completed. The process is repeated multiple times to get an oversampled signal. The last sample 

is accumulated, the result is stored and the main program is executed. 

 

There is also a dual measurement mode, shown by the right branch in the activity diagram. The 

dual mode measures two input channels. In the dual channel mode the channels are sampled 

according to a fix cyclic schedule. In the dual channel mode the system stores the data at the last 

sample before executing the main program, exactly the same procedure as for single channel 

mode.  



 

31 
 

5.3.3.3 HARDWARE ABSTRACTION LAYER 

To improve the portability of the software a Hardware Abstraction Layer (HAL) was added to the 

architecture. The idea behind using an HAL is to clearly distinguish between the hardware 

dependencies from the rest of the software. The use of abstraction layers is discussed in Software 

Architecture [6]. 

 

In the contactor the HAL is used to encapsulate the ADC data sampling, controlling the coil circuit, 

IOs, switching CPU operating modes and read and write data to the non-volatile memory. 

 

The HAL allows the rest of the application access to the above mentioned functions through a 

hardware independent interface, see Figure 13. 

 

 

Figure 13 Hardware Abstraction Layer Interface 
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Figure 14 Hardware Abstraction Layer MSP430 Class diagram 

 

The MSP430 implementation of the contactor Hardware Abstraction Layer (HAL) contains the 

classes responsible for managing the memory units and controlling the MCU’s PWM and ADC. 

The MSP430 has no persistent memory dedicated for storing application settings between runs. 

A persistent memory has been added to the system by allocating explicit parts of the flash memory 

and the software controls memory read and writes. The HAL implementation for the MSP430 is 

shown in Figure 14. 

 

The MCU requires certain settings and registers to be set in a specific order. To make sure the 

setup is performed correctly a sequence diagram for initializing the system has been created. The 

diagram is shown in Figure 15. 

Figure 15 MSP430 Initialization sequence diagram  
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5.3.3.4 MEASUREMENT 

Measurement is an interface combining data from Threshold and InputAnalysis. Measurement 

relays raw data and processes data in order to answer enquiries such as “is the RMS below the 

break threshold?”. 

 

For the application to work properly, it is very important Measurement and Threshold interact with 

the same instance of InputAnalysis. To ensure this, Measurement is responsible for the creation, 

distribution and destruction of the Threshold and InputAnalysis instances. Measurement is a 

hardware independent class which can be ported to a new hardware platform without any 

modifications. 

 

The sequence diagram in Figure 16 shows how the measurements of the system are updated by 

cooperation of the Threshold and InputAnalysis instances. 

 

Figure 16 Measurement calculation sequence diagram  
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5.3.3.5 INPUT ANALYSIS 

The raw data collected by the ADC is analyzed and stored in in the InputAnalysis. The purpose of 

the data analysis is to provide the system with information extracted from the ADC unit necessary 

for the system’s operation. 

5.3.3.6 THRESHOLD 

The RMS input voltage is compared to thresholds to determine close or open decisions. The 

thresholds are also important in the coil current regulation algorithms. 

 

Each time the input voltage is sampled, the thresholds for make, break and 85 % LBNV (needed to 

control the coil circuit, see 5.3.3.11 Coil Circuit Control) are incremented. The thresholds are reset 

every time the accumulated samples are compared to the thresholds, which happens when at 

regular intervals. This ensures synchronization between the accumulated voltage samples and the 

thresholds. 

5.3.3.7 ADC DATA 

The ADC Data is a structure containing data from the ADC Interrupt Service Routine. It holds the 

data from the input channels. Some of the channels are oversampled, the actual number of 

samples depends on the contactor state and input channel. This process results in a more reliable 

measurement as some noise is filtered. To increase reliability even further, the data is corrected 

using chip-specific factory calibration constants. 

 

Some of the input channels are used for sending data to the system during the initialization and 

other input channels are used for controlling the system when it is operational. 

 

All samples are considered valid until the same channel is sampled again. Each ADC Data also 

contains the time since last ADC Data was produced. 

5.3.3.8 TIMER 

The contactor’s functionality relies on timers, because there are several delay steps in the 

contactor’s operation cycle. One way to design timers is by using hardware timers. However, the 

MSP430 lacks hardware support for this, as the timer is already in use by other parts of the 

system. The solution is to use a software timer which increase its counter each execution cycle of 

the state machine and checks if the timer has timed out. 

This timer solution would work well on other hardware too, in other words its portability is good. If 

the hardware would have hardware support for another timer, it may increase performance to use 

the hardware timer instead. It would also be a relatively simple task, as few, if any, changes need 

to be done outside the timer class. 
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5.3.3.9 PLC 

The common way of controlling the contactor is by the power supply. A high enough input voltage 

will result in a contactor make, similarly a reduction in input voltage will result in a contactor break. 

 

Another way to control the contactor is by a programmable logic controller (PLC). When using a 

PLC, the supply voltage should be kept above the make threshold. The make and break is instead 

triggered by the PLC digital input pins. When using the PLC, the contactor can be integrated as a 

part of an automation control system. 

 

The PLC has two digital input signals to interact with the system; one for signaling a make and one 

for signaling break. The make signal is active low and the break is active high. The break signal 

has higher priority than the make signal. Table 3 shows a complete table for the combinations of 

PLC inputs and how they are interpreted. The input voltage has a higher priority for make and the 

PLC has higher priority for break. 

Table 3 Complete interpretation table of PLC input signals 

PLC Make (active low) PLC Break (active high) Interpretation 

0 0 The PLC signals a contactor make. 

0 1 The PLC signals a contactor break. 

1 0 The PLC signals to remain in the current state. 

1 1 The PLC signals a contactor break. 

 

Table 4 Combining PLC Signal with Input signal 

PLC Signal Interpretat-
ion 

Contactor State Input Signal Decision 

Make Idle < Make Threshold Stay in Idle State 

Make Idle > Make Threshold Enter Pull In State 

Make Hold > Break Threshold Stay in Hold State 

Make Hold < Break Threshold Enter Release State 

Break Hold Do Not Care Enter Release State 

Break Idle Do Not Care Stay in Idle State 

Idle in current state Idle Do Not Care Stay in Idle State 

Idle in current state Hold < Break Threshold Enter Release State 

Idle in current state Hold > Break Threshold Stay in Idle State 

The only states in which the PLC can affect the behaviour of the contactor is Idle and Hold, in all 

other states the PLC is ignored. Table 4 shows how the PLC controls the contactor.  
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5.3.3.10 ENTERPRISE ARCHITECT PLUGIN 

In the beginning of the software development project, a plugin for Enterprise Architect was 

provided. The plugin had been developed for another product. The company wished to use the 

same plugin for other products as well, in this case the contactor. The plugin allows the user to 

generate C++ code from state machines, class and activity diagrams. This can reduce the time for 

development significantly in projects, ease maintenance and present functionality in a structured 

manner. 

 

This plugin had been developed for more advanced system than the one present in the company’s 

contactors. When testing, it turned out the heap was far beyond acceptable limits. In-depth 

analysis revealed, a state machine similar to the contactor state machine without functionality 

required 444 B RAM. As the MCU only has 512 B RAM optimizations had to be performed. 

 

Slim-lining all parameters in the state machine was not enough. After further analysis, it was 

decided to add new features to the plugin as a part of this thesis. In the original plugin, code was 

generated at compile time, but vertexes (states) and transitions were initialized at runtime. 

This was one of the main factors why the heap could not handle the amount of objects created. 

The solution to this problem was to generate all vertexes and transition at compile-time instead of 

run-time. This was possible as the structure of the state machine is static. All the generated data 

could be stored in constant integer arrays which reduced execution-time, heap-usage and program 

size significantly. Subsequently, it was possible to run the state machine on the MCU. 

 

To be able to generate interrupt syntax some features were added to the code generator.  
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5.3.3.11 COIL CIRCUIT CONTROL 

The current hardware platform utilizes the pulse width modulation (PWM) output from the MCU to 

control the coil circuit switch transistor, see Figure 1 [2]. The PWM operates at either a high 

frequency or a low frequency. 

 

The low frequency is used during the hold phase and the high frequency is used during the other 

states. The low frequency is at the upper region of the human audible spectrum for and can result 

in some people hearing a high pitched tone when the contactor is operating. 

 

The criteria for activating the coil circuit is a make signal from the system, which will be sent when 

the system detects a supply signal at 80% of the LBNV or above. When a LBNV supply signal 

lower than 50% is detected, the system will send a break signal and the coil circuit will be disabled. 

This hysteresis for make and break behavior is depicted in Figure 17. 

 

Figure 17 Make and break hysteresis 

The system has several different control algorithms for the coil circuit control output. The output of 

the control circuit is connected to a switch transistor.  
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𝐶𝑜𝑖𝑙 𝐶𝑖𝑟𝑐𝑖𝑢𝑡 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑂𝑢𝑡𝑝𝑢𝑡𝑖 =

= 𝐶𝑜𝑖𝑙 𝐶𝑖𝑟𝑐𝑖𝑢𝑡 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑂𝑢𝑡𝑝𝑢𝑡𝑖−1

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑂𝑢𝑡𝑝𝑢𝑡 𝑂𝑝𝑡𝑖𝑚𝑎

𝐴𝑑𝑗𝑢𝑠𝑡𝑒𝑑 𝑆𝑢𝑝𝑝𝑙𝑦 𝐼𝑛𝑝𝑢𝑡𝑖
 

(17) 

 

One of the control loops is used during the make phase and uses the 85 % LBNV of the supply 

voltage and cycle time of the PWM as reference signals and the supply voltage RMS as input. 

Equation (17) shows the mathematic formula used for calculating the PWM duty cycle. Since there 

is no feedback signal, this is a feed forward control loop. When the system gets a low supply 

voltage RMS, the quotient might be greater than 1, resulting in a duty cycle which is longer than 

the cycle time. To counter this problem, an upper limit it introduced using the minimum function. 

The RMS, cycle time as well as the LBNV are all positive scalars, therefore no minimum restriction 

for the duty cycle is required. 

 

 

𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒𝑖+1 =

= max [0, min [𝐶𝑦𝑐𝑙𝑒 𝑇𝑖𝑚𝑒, 𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒𝑖

+ {
   1, 𝑠𝑎𝑚𝑝𝑙𝑒𝑖+1 < 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑒𝑐𝑒 ∪ 𝑠𝑎𝑚𝑝𝑙𝑒𝑖+1 < 𝑠𝑎𝑚𝑝𝑙𝑒𝑖

−1, 𝑠𝑎𝑚𝑝𝑙𝑒𝑖+1 > 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑒𝑐𝑒 ∪ 𝑠𝑎𝑚𝑝𝑙𝑒𝑖+1 > 𝑠𝑎𝑚𝑝𝑙𝑒𝑖

0

]] 

(18) 

 

The second control loop is used during hold. The reference signal for this control loop is a coil 

current of 100 mA. The system input signal is the coil current sample and the previous sample of 

the same signal. This control loop only allows for a single step increment or decrement each time it 

is executed. The mathematic description for the second control loop is shown in Equation (18). 

 

When incrementing or decrementing the duty cycle, there is a risk of ending up with a negative 

duty cycle or one that is longer than the cycle time. Both situations will cause unwanted behavior 

which must be prevented. The solution is the same as for the duty cycle algorithm in Equation (17), 

to use saturation. In this case, there is also a need for a lower bound, realized by the maximum 

function. 

 

The third control loop is used during the transition from Pull in to Hold. The duty cycle needed in 

the Pull in phase is roughly ten times higher than required in the hold phase. Since the control loop 

in Hold only allows for single step adjustments, a transition algorithm is utilized to bring the duty 

cycle down to a level appropriate for the hold algorithm. 

 

 𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒𝑖+1 =
𝐷𝑢𝑡𝑦 𝐶𝑦𝑐𝑙𝑒𝑖

2
 (19) 

 

The transition algorithm decreases the duty cycle by 50 % each time it is executed. The hold 

current is usually 10 % of the make current three iterations of the transition algorithm, resulting in a 

reduction by 87.5 %, before the hold algorithm takes over. Equation (19) describes the transition 

algorithm. 

 

The reason for using different algorithms to determine the duty cycle in Pull in and Hold, is 

because there are different highest priority parameters. During the Pull in phase the contactor 

should close, to achieve this a high coil current is required.  
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A too strong current will result in a contactor contact bounce. On the other hand a weak current will 

not close the contactor or make the mechanical parts move too slowly. In the latter case, just 

before contact is established an electric arc will be created and weld the contactor into a 

permanent conducting state. 

 

For the contactor to close in a desired fashion, it is important to use a coil current which is adapted 

to the mechanics of the system. For these contactors, this current is achieved when 85% of the 

LBNV is applied to the coil. 

 

When the contactor has completed the Pull in phase and entered Hold, the highest priority is to 

counteract the retracting force of the contactor springs. In the Hold state, the mechanical parts are 

in a steady state. A considerably lower current is required in this state compared to the Pull in 

state, when the mechanical parts moves. 

 

A low current is desirable for many reasons, one being a prolonged lifetime of the contactor. As the 

contactor is controlled by the PWM, the current is directly proportional to the duty cycle. A short 

duty cycle means the coil circuit is open most of the time and only the leakage current passes 

through the switching transistor. The greater PWM duty cycle, the more heat is generated. When 

the system is exposed to high temperatures, the lifetime of the system will be reduced. 

5.3.4 Software implementation 

The architecture and design of the software were documented using the UML tools of Enterprise 

Architect. An in-house developed plug in for Enterprise Architect was used for generating C++ code 

from the design. The plugin created code for all the classes and their respective members and 

method declarations. The method definitions had to be written manually which was done using 

Microsoft’s software development tool called Visual Studio. See 5.3.3.10 Enterprise Architect 

Plugin. 

 

The code compiling was also done in Visual Studio, without using the built in compilers. Instead, 

the build commands were redirected to an external make file environment. The overall make-file 

structure was available in the other products the company develops. Some platform specific files 

was created for this project. 

 

Before connecting the PCB to the mechanical part of the contactor, extensive testing were 

performed to analyze the behavior of the software. A lot of time was devoted to testing the state 

machine and its new implementation to make sure the memory management issues from the 

previous implementation were solved. 

 

A USB debugger was used to connect the MCU to the computer and enable debugging. The 

software used for debugging was the IAR Embedded Workbench MSP430 6.10 and the USB 

debugger was an MSP-FET Flash Emulation Tool from Texas Instruments. The debugger supports 

multiple debugging interfaces and has a total of 14 pins which can be connected to the MCU; 

however, the contactor PCB only has an 8 pins for debugging purposes. 
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To connect the two pieces of hardware an adapter had to be found. As the PCB’s pins is in a 

custom order, no commercial off-the-shelf adapter could be used. By analyzing the schematics of 

the PCB and tracing each of the 8 pins to their respective MCU pin, a pin table was created (Table 

5). In a similar fashion a table for the MSP-FET Debugger was created, see Table 6. The two pin 

numbering tables was then used for creating a conductor cable schematics, see Figure 18. 

 

Table 5 Pin numbering table for the MSP430 

1 PWR 2 TST 

3 RST 4 TCK 

5 TMS 6 TDI 

7 TDO 8 GND 

 

Table 6 Pin numbering table for the MSP-FET debugger 

1 TDO/TDI 2 VCC_TOOL 

3 TDI/VPP 4 VCC_TARGET 

5 TMS 6 N/C 

7 TCK 8 TEST/VPP 

9 GND 10 UART_CTS/SPI_CLK/I2C_SCL 

11 RST 12 UART_TXD/SPI_SOMI/I2C_SDA 

13 UART_RTS 14 UART_RXD/SPI_SIMO 

 

Figure 18 Conductor cable schematics 

5.3.5 Software Modularity 

The software architecture consists of a modular structure with clearly defined interfaces. Therefore, 

the software can contain multiple implementations for the same task. One implementation may 

utilize the strengths of a specific hardware platform extremely well, but might not work on another 

platform. 

 

The main benefit of the modular design is the organization of functionality. The modular design is 

structured according to functionality which passes data between modules. One of the issues with 

the current software design is that different functionality has been mixed together. If a function was 

to be modified, its effects throughout the software had to be evaluated. In the new software the 

functionality of the contactor will persist, because the modules are independent and communicate 

through interfaces.  
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5.3.6 Software Portability 

One of the goals when designing this software was to make it highly portable. The old software 

runs on the MSP430; however, this may not be the case in the future. When it is time to migrate to 

another platform, it should be a smooth transition. Also, as the contactor product range is wide, it 

will not be possible to change all products simultaneously. 

 

The old software is very hardware dependent. It will not run on other MCUs than the MSP430, 

even with extensive modification. It would essentially need a complete redesign to implement it on 

another MCU. 

 

To achieve a high level of portability, a hardware abstraction layer was created during the design 

phase to easily distinguish the modules which may need a new implementation. Most of the 

contactor’s functionality is independent of which hardware it runs on. The remaining functionality is 

gathered in a hardware abstraction layer. The idea was to make all of the contactor application’s 

core functionality independent of the hardware and use methods to access hardware functionality. 

 

If a new hardware would be introduced, source code changes only needs to be done in the 

hardware abstraction layer by mapping methods to the hardware. These methods concern, for 

example, memory read and writes, interrupt routines, analog-to-digital converters and IO pins. 

There should be no need to adjust the operation of the contactor, making the migration process a 

lot easier and faster. 

 

It is necessary to adjust the build environment to a new platform. An MSP430 compiler will not 

compile the source code for an ARM device. Therefore, as a part of this thesis work, a multi-

platform build environment in Microsoft Visual Studio has been created. This environment currently 

supports MSP430 and ARM devices and switches compiler depending on the target platform. 

5.3.7 Conventions 

To make the code easy to understand and maintain, the conventions already established by the 

company was used. How these conventions are divided and should be used are explained in the 

sections below. 

5.3.8 Naming 

Naming was as simple as possible yet descriptive and specific to its functionality. 

All classes, unions, structures and enumerations use an uppercase letter as the first letter in each 

word of their name and no special characters separating the words. For example, data storage 

class would be DataStorage. 

When naming methods and functions, all letters are lowercase and use an underscore for 

separating the words. For example a method for resetting the ADC value would be named 

reset_adc_value. 
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All queries for data start their names with “get”. Exception being Boolean logic, these queries start 

their names with “is”. For example, a query for the ADC value would be get_adc_value and a query 

for a flag would be is_flag. 

 

For constants, enumeration literals and defines, all letters are in uppercase and each word 

separated by an underscore. For example, number of channels would be 

NUMBER_OF_CHANNELS. 

 

Local variables use lowercase for all letters and separate the words by using underscore. For 

example, peripheral number for a particular driver would be peripheral_number. 

 

Class members are distinguished from local variables by a prefixed underscore. For example, the 

channel number for a particular driver would be _channel_number. 

 

All pointer variables uses “ptr” as postfix. This applies to constant pointers also. For example, a 

pointer to ADC buffer variable would be adc_buffer_ptr. Pointers to pointer variables will add an 

extra postfix “ptr” to their name. For example, a pointer to the ADC buffer pointer would be 

adc_buffer_ptr_ptr. 

 

Apart from the naming rules described, there is also a list of commonly used abbreviations; 

however, the list is not included in this report. 

5.3.9 Coding 

Although the naming convention states that the names should be descriptive, sometimes it is not 

enough. To make the code even easier to understand all classes, including their members and 

methods, must be commented. For methods using return values and input parameters, these 

should also be described briefly. 

 

Constants should be declared as static constant members of a class, rather than a pre-processor 

define. The reason for this being that a pre-processor define are neither part of a namespace nor 

type checked. 

 

Including a header file should only be done when absolutely necessary. In many cases, it would be 

enough to use a forward declaration instead. This is to prevent circular dependency problems. A 

typical situation where a forward declaration should be used, instead of an inclusion of the header 

file, is when the class A has a pointer to class B. The header file “A.h” should do a forward 

declaration of class B. This is done by writing “class B;” and the “include <B.h>” would be used in 

the “A.cpp” where the pointer is used. 

The default visibility level for class members should be private. If it is motivated, protected is also 

acceptable. Public visibility is allowed for constants or members of structures with the sole purpose 

of carrying data. 

In C++ there are four different ways to type cast data; C type cast, dynamic cast, static cast and 

reinterpret cast. 
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Amongst them, the coding convention only allows C type cast and static cast. C type cast should 

be used only when type casting integer and floating point data types. Static cast should be used 

when casting class pointers. Static cast should be used when converting pointers to related 

classes, both from base to derived and vice versa. 

 

Return values acting as failure or success codes, should be a signed integer.  All negative values 

indicate some type of failure. Zero or a positive return code when calling a method should be 

interpreted as a success. The failure and success codes should be defined locally in the class 

owning the API, grouped into a nested structure named Rcode. 

5.4 Testing 

To ensure the new contactor software fulfilled the functional requirements, extensive testing had to 

be performed. When running the contactor in normal operating mode, it would be executing the 

compiled code that was optimized. The same code had to be used when debugging as well, which 

meant debugging the assembler code and not the C++ code. 

 

The MSP430 Microcontroller Basics [8] was of great help when debugging and understanding how 

the CPU worked. The chapter on functions, interrupts and low-power modes was especially 

helpful, as it contained detailed description of how the CPU handled the stack and status register. 

 

When compiling the software for the first time, the compiler indicated the available memory, both 

flash and RAM, would suffice. However, the CPU would sometimes reset the status register’s 

program counter unexpectedly. 

 

It was discovered the unexpected behavior was due to insufficient heap memory when creating 

new objects. To counter this, the dynamic memory usage of all the major classes were analyzed 

and resulted in a new implementation of the state machine class, for more details see Contactor 

Application. 

 

When the heap problem was solved, the application could run and execute all its different tasks. 

The next hinder encountered was overruns, because the state machine did not execute within its 

allotted time, see Figure 5. Within each cycle, the ADC must be able to sample the input voltage 

sixteen times. Each of these samples must be processed by an interrupt triggered function. The 

time left, after the interrupts, must be enough to allow the state machine to complete its execution 

before the next call to the state machine execution method, otherwise an overrun will occur. To 

counter the overrun problem, the ADC interrupt method and the state machine were analyzed and 

improved. The baseline execution times were extracted from the software in use when the project 

started. 

 

A comparison indicated the interrupt method, which essentially had to solve the same task in the 

old and the new software, showed an increased execution time of almost 50 %. To reduce this, the 

function calls within the interrupt method were rearranged for a more effective assembly instruction 

order. The execution time was reduce to the level of the old software.  
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Although the ADC was back at reference levels for execution, overruns still occurred when 

transitioning between states in the state machine. 

 

At first, the state machine had a fixed set of tasks to perform each time it was executed; however, 

the analysis showed no state which required the data from all tasks. By only processing the data 

needed in each cycle, the main application execution time shrunk. The most significant 

improvement was method inlining. This is further described in 5.5.2 Performance. The optimized 

main application execution time, the improvements of the ADC interrupt execution time and the 

method inlining solved the overrun problems. 

 

With no overruns occurring, the software could be tested to confirm all the desired features of the 

old software existed in the new software. 

 

During the planning phase of this thesis, the book Grundläggande datorteknik [9] was thought of as 

a good reference for how to counter overrun problems. The suggestions in the book were focusing 

on the architecture of the CPU and its surrounding cache memory features within the MCU. For 

this project, the smallest component was the actual MCU itself and the book’s suggestions could 

not be used to help solve the problems when running on the prototype platform. Instead, the 

suggestions were used as parameters to find the best suitable MCU for the next hardware 

platform. 

5.5 Evaluation 

This section contains the results and the analysis of the platform development with regards to the 

software and hardware behaviour. 

5.5.1 Power Consumption 

Because the power consumption of the MCU is important, the PCB contains a circuit to reduce the 

supply voltage to appropriate levels for the MCU. The voltage reduction, achieved by using 

resistors, develops significant heat. If the heat becomes excessive, it may damage the PCB. 

Further, the heat is energy wasted. 

 𝑃 = 𝐼2𝑅 (20) 

 

The amount of energy wasted is related to the power consumption of the MCU according to 

Equation (20); where 𝑃 is the power dissipation, 𝐼 is the current passing through the resistors and 

𝑅 is the resistance of the resistors. 

 

The biggest issue with an increased power consumption is heat; therefore, the focus of the power 

measurements is on average power. The system is able to handle reasonable power consumption 

peaks, as long as the consumption returns to low levels before the resistors suffers heat damage.  
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In the Method section, it was determined methods to measure the power consumption should be 

evaluated. After consideration, three strategically chosen aspects of the system’s power 

consumption was measured; the supply current, the coil current and the power supply resistor 

current. The supply current is the system’s total consumption, which includes the PCB’s and the 

coil’s power consumption. The supply current is measured to make sure the contactor remains 

within its specified power consumption. If the power consumption changes, it may indicate the 

contactor behaves unintendedly.  

 

Each measurement were performed on two similar cards to get reliable test results. The tests were 

carried out using both the new and old software. For results, see Appendix. 

 

To measure the supply current, a multimeter was connected in series at the input of the PCB. The 

multimeter was short circuited during the contactor closing and opening to protect the multimeter’s 

fuse. Once the contactor reached the Hold state, the short circuit was removed and the current 

was measured. 

 

As the control loops control the PWM output, the coil current is measured to make sure the control 

loops work as intended. The coil current was measured by connecting a multimeter in series with 

the PWM output. By comparing the current value to the company’s contactor test specifications, 

the current was verified to be within acceptable limits. 

The MCU power supply resistor current is the current supplying the MCU, a reset circuit and PWM 

output circuitry. This current would be affected if the power consumption of the MCU would change. 

To measure the MCU supply resistor current, the power supply resistance was measured using a 

multimeter. When the contactor was executing the Hold state, the voltage was measured across 

the resistor. The resulting current, assuming an ideal resistor, is according to Ohm’s law 𝐼 =
𝑈

𝑅
 . 

 

The MCU power supply resistor current values were satisfactory, according to the contactor test 

specifications. The MCU supply resistor current remained unchanged when comparing the new 

and old software, while the while the coil current and supply current increased slightly. However, all 

current values were well within acceptable limits. 

5.5.2 Performance 

The software has timing demands as a consequence of the sampling frequencies. The state 

machine execution cycle varies depending on the active contactor state. No matter which 

execution cycle is used, overruns are never acceptable as they may cause unknown behaviour; for 

example, all timings will be erroneous. 

 

To measure the length of each state machine cycle, a test point was soldered onto a PCB with an 

MCU. The test point pin on the MCU was selected high when entering a cycle and low when the 

cycle was completed. The status of the test signal was monitored using an oscilloscope. To identify 

where an overrun occurred, another test point was added. By putting the second test point high at 

strategic code locations, it was possible to pinpoint which cycles overran.  
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During the development, a condition was added which checked if an overrun had occurred in each 

cycle. If an overrun occurred, the system stopped executing. 

 

A lot of time was spent troubleshooting overruns and measures were taken to avoid overruns from 

happening. Some of the strategies explored were compiler optimization settings, distributing 

calculations, minimizing the size of data-types and, as far as possible, avoiding calculation-intense 

arithmetic such as division and multiplication. 

 

The software design requires many method calls to very short methods. This is a consequence of 

the design goals of modularity and portability, because methods are gathered in modules or in the 

hardware abstraction layer. When a method call occurs, the registers are saved to the stack along 

with the method arguments, the stack pointer increments, a jump to the new code occurs, the 

method code is executed before restoring the registers and the stack. As the time-limit for a cycle 

is measured in microseconds, the method call overhead is significant, especially when several 

method calls occurs hierarchically. Therefore, method inlining resulted in a considerable code 

reduction and execution speed increase. 

 

After inlining methods, all states’ execution times were well within required limits. In other words, 

no overruns occurred. 

5.5.3 Memory 

One of the biggest challenges during the thesis work was to keep the program size small enough 

to fit in the MSP430’s flash memory, which is 4 kB on the F2122 and 8 kB on the F2132. The old 

software was 3400 bytes. The state machine overhead, generated by the Enterprise Architect 

plugin, added a few kB alone; therefore, the goal to fit the new software on the same hardware was 

quickly abandoned. Instead, it was determined the software would be developed on the F2132 with 

8 kB of memory. 

 

However, after the new software with a hardware abstraction layer, generated and object-oriented 

code was implemented the program size was 9 kB with aggressive compiler optimization settings. 

9 kB even exceeds the available memory on the F2132. Then, the main focus switched to how the 

implementation could be optimized with regards to size. 

 

The first step was to adjust the compiler’s optimization settings. Even after using aggressive 

optimization and analysing which optimization methods were desired, the program size was still 

considerable larger than the available memory on the MCU.  
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The next step to reduce the program size further was to make certain all variables was using the 

smallest data containers which would still allow the application to execute without over- or 

underflows. If an accumulation container should be able to store up to three 10-bit ADC samples, it 

is enough to use a 16 bits container. All data in this application is binary and the following algorithm 

describes how to determine the minimum size of each data container to ensure no overflows occur. 

 
1) Sort the data samples according to the number of used bits, in descending order. 

2) The new size should be one bit larger than the first data sample. 

3) If the list contains more than 1 entry go to back to 1) 

4) Round the size up to the closest integer which can be represented binary by 2𝑥. This rounded num-

ber is the maximum value obtainable and the size is the smallest data container to ensure no over- 

or underflows occur. 

After minimizing the data containers, focus switched to the functions and methods. For example 

unnecessary state machine states and transitions were removed, the number of arguments passed 

in each function calls reduced and the number of classes was reduced. Inlining reduced the code 

size several kilobytes and turned out to be the key optimization feature to fit the software on the 

MSP403F2132. 

5.5.4 Algorithm 

An algorithm, to be tested as a part of the thesis work, had been developed by a research division 

at the company. After loading the calculations onto an MSP430, the algorithm execution time was 

measured. To measure the execution time, a test point was soldered onto the PCB. By setting the 

test point high at the beginning and low at the end of the algorithm while using an oscilloscope to 

monitor the signal, it was possible to measure the time spent executing the algorithm.  

 

The allowed execution time is limited by the state machine’s execution cycles. Each cycle must be 

completed before the next execution cycle is to begin. 

 

The measured execution time exceeded the limit tenfold and there are a few reasons for this. First 

of all, the MCU has no hardware support for multiplications. The lack of a multiply unit has a large 

impact because the algorithm requires a large number of matrix multiplications to be performed. To 

make matters worse, the operands uses floating point representation. 

 

One option would be to use an MCU with hardware multiplication support to implement the 

algorithm. If each multiplication could be performed in one clock cycle, the execution time would be 

significantly reduced. Further, the algorithm should use integer operations instead. Most MCUs are 

designed for integer operations because floating point operations are more computation-intensive. 

 

Another option is to redesign the algorithm. The company’s research facility has determined the 

behaviour of the algorithm; however, it may be possible to solve the mathematical problem 

differently.  
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The algorithm issues were identified and are taken into consideration when recommending a new 

hardware platform. However, methods to solve the algorithm execution time is outside the scope of 

the thesis work and would be possible to investigate further as future work. 

5.5.5 Number Representation 

To achieve a high level of portability for the application, the aim has been to use data types and 

operations supported by a wide range of MCUs. For example, only using integers and keeping the 

number of multiplications and divisions to a minimum. Using the minimum number of bits to store 

each data type, without risking overflow, also saves storage and execution time. 

 

Integer number representation has been used throughout the software. The size of the integers 

has been minimized, resulting in many 8-bit integers and a few 16-bit integers. Although 8-bit 

integers are stored and computed as 16-bit integers on the MSP430 platform. The reason for still 

using 8-bit integers is because the compiler will still store the integer in the smallest container on 

the platform. If the next platform supports 8-bit integers, the software will use it without 

modifications. 

 

The exception to using minimum sized integers is the make detection algorithm. The algorithm 

uses floating point number representation up to 32 bits. The MCU does not natively support 32-bits 

or floating point operations, resulting in inefficient operations. 

5.5.6 Prototype 

The prototype for this thesis work was made by a supplier to the company. The prototype is an 

MSP430F2132 mounted on a PCB. The MSP430F2132 is similar to the MSP430F2122 which was 

originally mounted on the PCB, but the MSP430F2132 has a larger flash memory. The reason for 

changing the MCU is because the new software was too large to fit in the 4 kB flash memory 

available in the F2122 version. 

 

To use a prototype similar to the current hardware platform has several advantages. The MCUs 

have an identical pin layout, which means no rewiring had to be done. Another advantage is 

debugging and troubleshooting could be concentrated to the software exclusively. 

 

By having a baseline MCU and prototype MCU which only differs on the size of the flash memory 

makes it very simple to compare the new and old software. The only performance differences of 

executing the code on one or the other of the MCUs could be pinpointed to the flash memory. 

 

One of the tasks of this thesis was to produce two prototypes. The second prototype will be a 

recommendation based on desirable features suitable to the contactor application.  
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6 DISCUSSION 
This section contains discussions and conclusions of the results of the thesis work. 

6.1 Non-Volatile Memory 

To optimize the functionality of the contactor some data has to be stored between runs, even if the 

contactor gets completely shut down and completely loses power. 

 

Some MCUs has dedicated non-volatile memories for this kind of data, however the MSP430 is not 

one of them. The MSP430 only has two kinds of memory, one Flash and one RAM, and the 

process of reading and writing the data used between runs has to be designed carefully. 

6.2 Software Implementation 

The implementation of the software according to the new design and architecture can be divided 

into two parts, porting the current software to a new platform and a new software implementation. 

Most parts of the system were implemented without using the current code; however, the current 

implementation was useful to identify hardware configuration settings. These hardware settings are 

bit manipulations of the MCU control registers. To understand how the control registers affects the 

system, the MSP430x2xx Family User’s Guide [10] was used frequently as it concerned both the 

old platform and the prototype.  
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6.3 ADC 

The ADC unit is used for measuring multiple channels. Some channels are only read when the 

system is being initialized, and used for customizing the contactor behavior. Other channels are 

sampled continuously and used for determining when to open or close the contactor. 

 

The ADC unit in the MSP430 can sweep a sequence of channels continuously. Each channel has 

its own number of oversamples the ADC has to perform before it can move on the next channel of 

the sweep sequence. Some MCUs has built in support for this kind of execution, unfortunately the 

MSP430 does not. Therefore, the current implementation has to perform the channel switching by 

explicitly instructing the ADC to switch channel. 

 

The next hardware platform should include either multiple ADCs units, a unit which can sample 

multiple channels in parallel or an ADC with the ability to sample each channel in the channel 

sweep a predetermined number of times. 

6.4 PWM 

The electromagnet needs a PWM signal to operate. The PWM signal has two properties which is 

variable by software, the cycle time and the duty cycle. The cycle time is the time intervals at which 

pulses are applied on the output. Because pulses are generated at the cycle time interval, 

electromagnet noise is an issue. The solution is to use a cycle time which varies to spread the 

noise over many frequencies. 

 

The duty cycle is the time the PWM signal is high compared to its cycle time. The duty cycle of the 

PWM signal determines the closing force of the electromagnet. The closing force needs to be 

controlled by software, more specifically the control loop algorithms. 

6.5 Audible Noise 

In Hold, the contactor’s PWM output generates a high pitched audible background noise. The 

noise is present in the old and the new software. Initially, the new software also emitted a 

humming, spread over almost the whole audible frequency band. 

 

The tests were performed using the exact same hardware setup and power supply (240 V 50 Hz) 

for the new and the old software. The noise is only present when the contactor is in Hold and 

further tests should be performed to try and find the reason for the humming. 

 

In attempts to find the origin of the humming noise, a test using a DC supply source was 

performed. The test revealed the noise consisted of multiples of 1 kHz spikes, the same frequency 

as the sample frequency of one of the ADC input channels.  
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A detailed comparison of how the new and the old software performed the measurements of the 1 

kHz signal exposed a bug in the new software. When resolved, the humming noise disappeared. 

To get accurate readings from the ADC, the signals has to be stable for a certain minimum amount 

of time, this is described more in detail in 4.4.6 Coil Sampling. 

6.6 Multiplication Hardware Support 

The current MCU, the MSP430, does not have a hardware multiplication unit. It can still do 

multiplication, because the compiler generates instructions performing multiplication by using basic 

arithmetic. The drawback of software multiplication is the several instructions needed for every 

multiplication, increasing execution time and program size. Because it is important to complete all 

instruction within the allowed execution time, the old software distributes calculations to avoid 

multiplication operations. If it would be possible use multiplication extensively, the distribution of 

calculations could be avoided, resulting in a more structured implementation. The benefit is the 

implementation would be easier to understand. 

 

Further, not every calculation is possible to distribute. For example, every ADC sample needs to be 

adjusted by the ADC calibration constants because the ADC unit can differ between units. To 

compensate for this, each individual MCU has calibration constants stored in the flash memory of 

the MCU. Each sample is multiplied with the constant to get reliable sample values. Therefore, the 

MSP430 must do multiplication even though it is undesirable. 

 

Further, one of the algorithms in the company’s development pipeline uses linear algebra 

extensively. One part of the algorithm requires large matrixes needs to be multiplied. As the 

execution time limit is critical on the current platform, hardware multiplication units would speed up 

the algorithm significantly. 

 

The ARM Cortex series considered for the next generation ECCs contains one-cycle hardware 

multiplication units according to The Definitive Guide to the ARM Cortex-M0 [11]. Being able to 

reduce the instructions for each multiplication to one instruction would significantly increase 

performance and the ability to use advanced arithmetic in the algorithms. 

6.7 CPU Clock Frequency 

The MCU is required to consume very little power, mostly because of heat issues. To achieve a low 

power consumption, the current system is running at 8 MHz instead of 16 MHz which is its 

maximum speed. The system goes to sleep after each cycle execution and wakes up at timer 

interrupts when it is time to execute the next cycle. 

 

New MCUs generally consume less power per instruction, especially at high frequencies. Most 

MCUs can use a prescaler to reduce the clock speed. With the use of a prescaler, the MCU clock 

frequency is not necessarily a decisive factor when choosing the next generation MCU.  
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6.8 Timers 

The current platform, using the MSP430, utilizes a single timer to perform all of its tasks. This 

means the ADC (sampling the supply voltage) and the PWM (controlling the coil circuit), two 

independent parts of the system, has to share a timer. This is a challenge when implementing the 

system. 

 

Because there is only one timer available in the MSP430, the timer is shared between the ADC 

and the PWM units. Therefore, the ADC has to run at a much higher frequency than necessary. If 

the ADC and PWM would have their own dedicated timers, it would be possible to run the ADC 

significantly slower. 

 

The system would be improved if a timer for events, like delays, existed. Today this is solved by 

letting the part of the system that executes most frequently, which is the timer interrupts, post a fix 

delta time to the rest of the system. 

 

The next generation MCU should contain at least three timers. Of these, one must be able to 

control the ADC interrupts, one to control the PWM generator and one to time events.  

6.9 Watchdog Timer 

Many MCUs, the MSP430 included, has a timer called a watchdog timer. The watchdog timer 

resets the CPU if the main application fails to inform the timer it is alive. The system has to reset 

the watchdog timer before it gets a timeout, else the watchdog will trigger a reset of the CPU. The 

watchdog is a useful for autonomous systems which cannot be reset easily. More details on how to 

implement a watchdog in the system can be found in the book Mikroprocessorteknik [12]. 

 

It the contactor for some reason should end up in a dead lock state the watchdog functionality 

would be a good solution to get the reset system. As the application is still in testing, to determine 

whether overruns or other problems occur the watchdog timer is not implemented in the system. 

Further, it could cause dangerous situations if a contactor closes unexpectedly at customer sites.  



 

53 
 

6.10 MSP430 Timer Improvements 

The MSP430 has two timers, Timer A and Timer B. In theory, these timers could be used to control 

the PWM and the ADC independently. The PWM output can be controlled by either Timer A or B, 

but only Timer A can generate timer interrupts. Unfortunately, Timer A currently controls the PWM. 

 

Even if the timer would be able to generate interrupts independently of the PWM, there are still 

some challenges which need to be overcome. It is only possible to measure the coil current when 

the PWM current measurement transistor has been open for a certain time, to avoid the transient 

(see Figure 6 Timings for ). Currently, Timer A controls both the interrupt and the PWM signal, 

which means that they are synchronized. Then, the issue is easily solved by adapting the ADC 

trigger point. 

 

If the PWM and the interrupt are controlled by different timers, there needs to be some form of 

communication between the timers. The obvious way would be to synchronize the timers. 

 

The MSP430 timer improvements have not been further analyzed as the focus is on a new 

platform. 

6.11 Reset Circuit Removal 

Today’s ECC contains a circuit which resets the MCU as long as the PWM circuit is not fully 

powered. This prevents the MCU from starting the PWM output. If the PWM output circuitry is not 

fully powered, its behavior is undefined. In other words, the output is not guaranteed. The output 

controls the electromagnet, which can lead to an unintended closing of the contactor which in turn 

can damage the contactor and surrounding equipment. 

 

Another solution has been discussed. The idea is to sample the voltage using the ADC to 

determine whether the PWM circuitry is powered. The benefit would be a removal of the circuit and 

replacing its functionality by software, which would reduce the manufacturing cost of the ECC. 

 

The drawback is that the voltage needs to be sampled continuously. The system also needs to 

react very quickly to drops in the PWM circuit supply voltage to prevent unexpected behavior. This 

process also competes with the input voltage and coil current measurement for ADC resources and 

the whole system for CPU resources. 

 

It was decided to not pursue the removal of the reset circuit idea. In the future, the idea may be 

relevant to investigate further.  
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6.12 MCU Sleep Modes 

The implementation uses a sleep mode to conserve power. After each cycle of the state machine, 

the MCU goes into sleep mode. The sleep mode reduces the power consumption by shutting down 

the CPU while still operating the PWM output and timer interrupt. At each timer interrupt, the MCU 

wakes up. 

 

The system spends a significant time of its operation cycle in sleep mode; therefore, the sleep 

mode is an important feature. Sometimes there are different levels of sleep, but this application 

requires the PWM to run at very specific frequencies, while the rest of the MCU is sleeping. Apart 

from the PWM the timer along with the interrupt handler also needs to operate while the MCU is in 

sleep mode. This requires the system clock to be active at its regular frequency and that is only 

supported by one of the sleep modes of the MSP430. 

 

A high power consumption has several drawbacks. The contactor PCB, as well as all other types of 

electronics shortens its life-span when exposed to heat, which is generated proportionally to the 

power consumption. Therefore, the MCU goes into sleep mode when each state machine cycle 

has completed. This allows for time to cool off and conserve power. On the MSP430 MCU, there 

are five sleep modes. They are called low power mode 0 to 4, where 0 is least and 4 is most power 

conserving. As the design relies on the Digitally Controlled Oscillator (DCO) for interrupts, the least 

power saving sleep mode is used. The CPU and Master Clock (MCLK) goes to sleep, while the 

Sub-System Master Clock (SMCLK) remains active. The difference between the clocks is the 

SMCLK power peripherals while the MCLK powers the CPU. In the contactor application, the DCO 

powers both the MCLK and the SMCLK. The contactor spends a significant amount of time in 

sleep mode, and it may be possible to optimize sleep modes even further. Figure 19 shows typical 

figures of the power consumption of the MCU in different sleep modes. 

 

 

Figure 19 Typical current consumption of 'F21x1 devices vs operating modes [10]  
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6.13 Compilers and Tools 

To load an MCU with the software, only three steps are required. These are code generation in 

Enterprise Architect, compilation in Microsoft Visual Studio and downloading using IAR Embedded 

workbench. 

 

The Enterprise Architect code generation is completely independent of the MCU. Microsoft Visual 

Studio is dependent on a compiler which is specific for each MCU, which is unavoidable. The 

project has been set up to use different compilers depending on the user's preferences. In other 

words, the user can choose whether to compile for the MSP430 or ARM architecture. The last step 

of the process is to download the software onto the MCU. For this task, IAR Embedded Workbench 

is used. The IAR Embedded Workbench software is specific for each MCU architecture, but is 

available for the most common ones. 

 

The goal of this thesis work has been to use the same tools the company uses for other projects. 

This eases the development process and saves software licensing costs. 

6.14 Algorithm Operations 

To measure the execution time of the algorithm, it was loaded onto the MSP430. The test pins 

were set high at the beginning of the algorithm and set back to low when it was completed. The 

signal was monitored using an oscilloscope. 

 

The algorithm execution time was almost 4 ms on the MSP430, which is about ten times the state 

machine execution cycle time limit. The MSP430 executes at 8 MHz, which is 125 ns / instruction. 

 

𝐼𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛𝑠 𝑝𝑒𝑟 𝑎𝑙𝑔𝑜𝑟𝑖𝑡ℎ𝑚 𝑒𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛:  
 

4 ∗ 10−3𝑠/𝑒𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛

125 ∗  10−9𝑠/𝑖𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛
= 32000 𝑖𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛𝑠/𝑒𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛 

 

As matrix multiplications are used extensively in the algorithm, it is likely the execution time would 

reduce significantly on an MCU with a dedicated multiplication hardware. Further, the algorithm is 

implemented using floating point number representation. Floating point number representation 

increases the execution time. The algorithm should be redesigned use of integers instead. 

 

Currently, the algorithm operates on many data samples. Every sample increases the processing 

that needs to be performed. Possibly, these samples could be reduced. 

 

The next generation MCU should contain a hardware multiplication unit.  
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6.15 Supply Input Sampling 

Today, the system samples the supply voltage 16 times and calculates the arithmetic mean value 

for those samples before executing the main application. An analysis of how many samples are 

needed for the mean value while still maintaining a stable system operation should be conducted 

as fewer samples most likely would result in a lower power consumption for the MCU. 

 

Using fewer samples to calculate the arithmetic mean results in less processing which reduces the 

power consumption. Reducing the number of samples, while still producing a new mean value at 

the same interval as before, would allow more time for the main application to execute each cycle. 

 

Another reason why the power consumption would decrease when reducing the number of 

samples to use for each arithmetic mean value calculation of the supply voltage is it may allow a 

lower CPU operating frequency. If the total time to process all the samples for the mean value 

remains constant while the number of samples is reduced, less processing is required and 

subsequently the CPU operating frequency could be lowered. 

6.16 Number of Samples to Measure Supply Input 

When measuring the supply input, the system samples the input a predetermined number of times. 

The system analyses the input in order to determine how when to open and close the contacts. 

 

Reducing the number of samples would lighten the burden of analyzing the data. On the current 

platform, it is not possible to reduce the number of samples because the PWM and the triggering of 

the ADC are generated from the same timer. 

 

Of course, reducing the number of samples would make the system more easily affected by signal 

noise. The fact that the PWM and ADC are connected to the same timer is likely of more concern 

than the signal noise. 

6.17 ADC Sampling 

As mention before, the ADC samples the input signal up to many times during every state machine 

cycle. The reason for this is that the ADC is clocked with the same timer as the PWM. The samples 

are used to calculate an average of the input signal. Calculating the average has benefits, for 

example spikes and noise are filtered. Because the input voltage is filtered by hardware, filtering 

the input in software is likely not necessary. At the very least, the number of samples is excessive. 

 

If the PWM and ADC were clocked with different timers, this ineffectiveness could be resolved. For 

the system, it would be very beneficial to reduce the number of samples taken. For every sample, 

the MCU needs to execute an interrupt. The interrupt takes time to initiate, execute and restore. 

During the interrupt initiation phase, information about the current MCU state needs to be pushed 

onto the stack. During the execution phase, the interrupt flow graph is executed and finally, during 

the restoration phase, the MCU state is pulled from the stack and restored. 
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It has been estimated that the interrupt flow graph execution alone takes around 8 µs. The interrupt 

is executed many times during a state machine cycle. Adding the initiation and restoration of the 

interrupts, the interrupts sums up to a significant portion of the 380 µs available for each state 

machine cycle. 

 

Perhaps one or two samples below the threshold are required for satisfactory operation of the 

contactor. If so, the time available for processing would increase significantly. 

6.18 MCU Architecture 

The system currently operates on a 16-bit architecture. Most operations are 8-bit, which means 

there is no incentive to increase the architecture to natively support larger data types. Although the 

algorithm currently uses 32-bit floating point numbers, it may be possible redesign the algorithm 

and use smaller data types. 

 

Memory addressing is not an issue either, because even a 16-bit architecture can address 65 KB 

data. 65 KB of data exceeds the memory requirement by far. 

 

The decision of what type of architecture to use on the next MCU will not be a decisive factor. 

Since the ARM series is a 32-bit architecture, a 32-bit architecture is likely to be chosen. 

6.19 Pin layout 

The MSP430 shares pin-layout with members of its MCU family, which has been very 

advantageous. When more memory was required to run the software, the MCU could be swapped 

for a more advanced one. If the PCB was to be redesigned completely, the process would have 

been a lot more complicated. 

 

The MCU needs three analog inputs to the ADC. Further, pins are required for PWM output, the 

three PLC input pins, a reset pin and a power supply pin. The remaining pins are communication 

pins for programming and monitoring the MCU. 

 

Most MCUs on the market today exceeds the pin requirement for the contactor MCU. Even the 

MSP430 has several unused pins. Further, it is an advantage if the new MCU shares pin layout 

with other members of its MCU family. 

6.20 Power Supply 

The contactor can operate on three types of supply currents, direct current or alternating current at 

50 or 60 Hz.  
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6.20.1 DC Power Supply 

The system should operate on DC as well as AC power. It was not until late in the development 

process the DC testing started. 

 

During the development process, DC power was used to test the ECC. The desktop setup only 

could only output a 1.25 A current by connecting three DC power supplies in series. The DC testing 

had to be performed with the PWM disabled and without the electromagnet connected because the 

power supplies were not able to deliver enough current to close the contactor. The conclusion was 

the contactor seems to operate as intended in DC mode. 

Later in the development process, the test equipment Elgar was introduced. The system provides 

AC or DC power controlled by software, allowing for much larger currents than tested before.  

 

Being able to use DC power during testing, eases trouble shooting. The main difference between 

using AC and DC power is the voltage measurement. AC power requires the RMS voltage to be 

calculated. DC power, on the other hand, can be sampled and used immediately as a valid voltage 

measurement. The sample can also easily be verified against the input power. 

 

The testing would have been more efficient if adjustable DC had been used from the beginning. It 

is a lot easier to determine if sample values are correct when measuring a DC current compared to 

a rectified AC current, where the value fluctuates between zero and the amplitude of the sine wave. 

Therefore, it is possible to pause and resume the software execution while analyzing the software 

and its state when using DC power. This can be used to step the code while debugging. 

6.20.2 AC Power Supply 50 Hz 

Using a power supply unit (PSU), an AC current at 50 Hz was used for testing and measurements. 

Throughout the development process, this was the common set-up. The reason for this was mainly 

because it was the only readily available equipment which did not need any configuration to 

provide power. 

 

50 Hz is the slowest type of AC power supported by the contactor. 

6.20.3 AC Power Supply 60 Hz 

AC power at 60 Hz is more demanding for the system than using a 50 Hz supply, because the 

RMS voltage values are calculated more frequently than at 50 Hz. 

 

The 60 Hz testing was done using the software controlled Elgar power supply equipment. For this 

testing, the current was limited to 10 A, various voltages within the contactor’s specified range of 

100 V to 240 V was used.  
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6.21 MCU current measurement equipment 

Some ways to measure the MCU's current consumption were evaluated. There are tools available 

to monitor the current consumption of MCUs and map the consumption to software code sections. 

There are also measures to simulate the power consumption, but these would likely not simulate 

the whole ECC environment well [13]. 

 

As heat becomes the issue in this application, it is the average current consumption which 

becomes critical. The average consumption is possible to measure by measuring the voltage drop 

over the MCU supply current resistors. 

 

Measuring the average current is easier than measuring the peak or momentary consumption 

because it can be done using a multimeter. The momentary consumption is not critical in this 

application; therefore, it was decided to not buy probes which measures the momentary 

consumption. 

6.22 State-of-the-Art Functions 

As the title of this thesis is Design and Prototyping of a Scalable Contactor Platform Adapted to 

State-of-the-Art Functions, the state-of-the-art functions has to be identified. The company has two 

new algorithms for controlling the contactors, developed by their research and development team. 

To be able to implement these algorithms, the MCU should have dedicated hardware for 

multiplications and an ADC unit which can sample the current and voltage, close enough to each 

other that they can be considered as taken at the same instance of time. 

6.23 International Contactor Seminar 

At the 22nd of January 2015, the company held a seminar attended by the Swedish and French 

contactor development teams. This goal of this seminar is to get the teams familiar with each other 

and understand the how their respective contactors work. The French team is responsible for the 

contactors development up to NEMA size 3 and the Swedish team is responsible for the 

development of NEMA size 4 and larger. 

 

The physical size of the contactors rated for low currents is much smaller than those rated for high 

currents and with this comes constraints of the electronics. The small contactors must use much 

smaller PCBs; however, they still need to fit the same kind of components as the big ones; a MCU, 

a coil control circuit and a full-wave rectifying noise canceling power supply circuit. All of the 

components must be placed much denser on the smaller contactor PCB which results in the heat 

dissipation from each component is greater and more centralized. The size of each component is a 

higher priority to consider when designing small contactors compared to large ones.  
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The utilization of the components determines how much heat they generate. Heat has two major 

impacts on the electronics, it decreases the lifetime of the components and the components need 

longer time to carry out their tasks. The production costs of the contactor also differs greatly. The 

higher current the contactor is rated for, the larger the contacts and contactor housing will be while 

the PCB remains the same size. The principle is the same when designing small contactors, the 

housing and contacts shrinks while the PCB still has to fit the same components and therefore the 

PCB cost can be considered constant. 

 

Different certifications of the contactors were also discussed at the seminar. The French contactors 

are SIL certified, which is a requirement from some customers such as train manufacturers. This is 

a certification that the Swedish team wants for their contactors and the process of acquiring the 

certification were discussed. 

6.24 Power Consumption 

A very important parameter of the contactor is the power consumption. Consideration needs to be 

taken to the negative environmental aspect, the cost of operating the contactor and how the 

system is affected. 

 

This thesis work has focused mainly on not increasing the power consumption while changing the 

platform. As each contactor supports a wide range of supply voltages which are handled by the 

electronics. By a linear voltage regulator, the supply voltage is transformed down to 3 V as needed 

to power the MCU. In the worst scenario, the transformation reduces a 600 V input by 99.5 % to 

power the MCU. The voltage reduction results in a huge energy loss because of the heat 

generated by the transistors and resistors. There are no cooling fans in the contactors, resulting in 

significant heat in the enclosed contactor housing. If the temperature raises to critical levels, the 

electronics is damaged. 

 

To task of reducing the power consumption of a system is a complex one. There are several 

methods of achieving a low power consumption. For the contactor application, changing a 

parameter and subsequently evaluating the results is the main technique used. 

 

For instance, setting the main oscillator on the MCU to a low frequency reduces the power 

consumed by the CPU. On the other hand, the frequency reduction will also make the CPU spend 

more time to perform a task. Time which could have been spent in a power saving or sleep mode 

instead. Therefore, the total energy consumed by the CPU to perform the task might be higher for 

the low CPU frequency. Reasons like this are why testing must be applied to find the best way to 

conserve energy for each specific application. Also, execution time constraints must always be 

adhered. 

 

One way to solve the power consumption issue is by adding a switched-mode power supply 

(SMPS) to the ECC. A SMPS switches the current, at a high rate, between on and off states, 

consequently avoiding the high dissipation transitions. Using a SMPS would be much more 

efficient than using resistors to reduce the voltage, although it needs to be determined whether it is 

economically feasible.  
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A sophisticated way of conserving energy is to use dynamic voltage and frequency scaling (DVFS). 

A simple way to describe DVFS is it reduces the supply voltage and CPU frequency when the 

system is performing simple tasks and does not need much computational power and increases 

when the system has to perform complex tasks. The adjustments of voltage and frequency can be 

performed separately but must always give the system enough power to meet its deadlines. 

Scaling the supply voltage requires a feedback loop between the MCU and dedicated external 

hardware and this is not available on either the prototype PCB or the current one. If the DVFS is 

implemented in such a way that is always tries to find the optimal settings for voltage and 

frequency these calculations might introduce a power consumption that is actually higher than 

running the application without DVFS or make the system miss its timing deadlines. To avoid this 

problem heuristics should be used to tune the system with good enough settings. 

 

If it is decided to investigate the possibility of implementing DVFS on the contactor in the future 

there is a master thesis called Voltage and frequency scaling in embedded microprocessor [14] 

which would be of great help when it comes to explaining the ideas behind it and also shows one 

solution of how to implement it. 

6.25 Proposed Hardware Platform 

The thesis work has focus on the development of a new platform. As mentioned, the software has 

been developed. MCU features which would improve the contactor’s operation has been analyzed 

throughout the software development process. Table 7 shows the MCU specifications of the 

proposed hardware platform and is based on the findings of the thesis work. 

 

Table 7 Proposed hardware platform specifications 

MCU requirements 
 

Architecture 32-bit ARM Cortex family 

Operating frequency 8 MHz 

Flash memory 32 kB 

RAM 1 kB 

Non-volatile storage 128 B 

ADC Timed independently of the PWM 
Sweep sequence of predetermined channels 
Channels: > 5 

PWM Timed independently of the ADC 

Timers RTC 
Multiple hardware timers 

Multiply unit Yes 

Pins Digital input pins (PLC) 
Analog input pins (ADC) 
Digital output pin (PWM) 

Pin layout Shared with an MCU family (for future up-
grades) 

Brown-out reset Yes 
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6.26 Conclusions 

 A suitable way to structure is by using object oriented embedded C++. The software uses 

activity and state diagrams to generate the program for the microcontroller. 

 

 The proposed software is designed with a hardware abstraction layer to ease the 

processes of porting the software to other types of microcontrollers. Also, the core 

functionality does not rely on hardware, but is implemented in software. 

 

 During the thesis work progress it was obvious the state-of-the-art algorithms on the 

MSP430 microcontroller. 

 

 Suitable specifications for a future microcontroller is mentioned in section Proposed 

Hardware Platform. 

 

 On the printed circuit board, the power supply circuitry should be replaced by a switching 

regulator power supply.  
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7 FUTURE WORK 
Future work describes the next steps to be taken in the development of the next contactor platform. 

7.1 Hardware Prototype 

After determining which new features the contactor MCU should incorporate, a new hardware 

platform prototype should be developed. The features of the new MCU can be found in the 

discussion. 

 

Most likely, the new MCU will have a different pin layout. Therefore, a new PCB has to be designed 

for the prototype. 

7.2 Port software to new platform 

Although the software is designed to be hardware independent, more work is needed to implement 

the software on a new hardware platform. A future task would be port the software to a new 

hardware platform. Every platform has unique functionality, such as how to read and write to pins, 

use the ADC and use sleep modes. Most parts of the software would execute well on other 

hardware as well, but the hardware abstraction layer class needs a new implementation.  

 

If the new MCU would contain a multiply unit, a possible improvement would be to use 

multiplications instead of distributed additions. Now, the multiplication operations are distributed as 

additions to limit the computations for each state machine cycle. However, this improvement can 

only be implemented after all PCBs has been equipped with MCUs which has dedicated hardware 

for multiplications. 

 

Other functionality could also be redesigned. For example, the state machine timeouts are 

implemented as software timers. These software timers operates in the state machine execution 

cycle, but most modern MCUs contain several timers. Because of the software modularity, only the 

timer class needs to be adjusted to make use of hardware timers which would save execution 

resources. 

If a MCU is chosen which is not supported by the build environment, the build environment also 

needs to be updated.  
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7.3 Algorithms 

The algorithm needs further development before it can be implemented on an MCU. Currently, the 

algorithm is far too computation-intense. The first step would be to redesign the algorithm to use 

integer representation, instead of 32-bit floating point number representation. 

 

The second step would be to choose an MCU with a hardware multiply unit. A substantial part of 

the algorithm calculations are multiplications, which would be processed quicker with a dedicated 

multiply unit. 

 

Thirdly, the algorithm uses a number of previous samples. The number of samples is fairly high, 

reducing the samples would positively affect the algorithm's execution time. 

7.4 Separate ADC and PWM Timers 

In the current design, the ADC and PWM shares a common timer. Consequently, the timer has to 

operate at the highest frequency of the PWM and the ADC. The optimal frequency of the PWM is 

much higher than the optimal frequency of the ADC, thus the PWM decides which frequency to 

use. 

 

For the PWM this is an advantage as it is the preferred operating frequency for that unit; however, 

for the ADC, it is a disadvantage because the frequency is well above the desired operating 

frequency of the ADC. 

 

The ideal situation would be if the PWM and ADC operated on separate timers. Most MCUs can do 

this, but it needs to be investigated whether it is possible to synchronize the timers. The PWM and 

ADC must be synchronized to get accurate readings. This implies that the timers of those units 

must also be synchronized. There is a hardware aspect of this, when selecting the next MCU it is 

beneficial if the MCU has support for synchronized timers. There is also a software aspect to this, 

as it will require a redesign of the hardware abstraction layer if multiple hardware timers should be 

utilized.  
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7.5 Coil Control Circuit 

The algorithms used today to control the PWM duty cycle can be used on the next platform. The 

control strategy used during pull in can also be used without any adjustments. 

 

The algorithm used during the hold phase might need adjustment, as it is tuned for the old software 

timings. An analysis of the delay between the ADC sample and the system reacting to it should be 

conducted for the old and new software. 

7.6 Endurance tests 

A test to be performed is an endurance test, in which the contactor closes and opens up to 1200 

times per hour. Endurance tests are useful to verify the behavior of the contactor. 
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APPENDIX  

This appendix contains information about the current measurements. Three different currents were 

measured; the supply current, the MCU supply resistor current and the coil current. 

 

For this comparison 4 PCBs was used; 2 TI MPS430F2122 MCU and 2 TI MSP430F2132. 

All PCBs were connected to a contactor size six, which was used for all tests. The MSP430F2122 

used the original software while the MSP430F2132 was tested with both software. 

 

The power supply was set to 240 V AC 50 Hz. 

 

The contactor was in a stable hold state when the measurements were read. 

 

Firstly, the old software was loaded onto all four PCBs. Then the new software was loaded onto the 

MSP430F2132 MCUs. The supply current was measured with the FLUKE 175 TRUE RMS 

MULTIMETER serially connected at the input of each PCB. There was a multimeter bypass cable 

connected until the contactor reached the hold state, to protect the multimeter and its fuses. 

 
MCU Supply Current  AC [ mA ]  

New software 
Supply Current  AC [ mA ]  
Old software 

MSP430F2122 ( card 1 ) N/A 0.0810-0.0816 

MSP430F2122 ( card 2 ) N/A 0.0798-0.0801 

MSP430F2132 ( card 3 ) 0.0858-0.0862 0.0832-0.0838 

MSP430F2132 ( card 4 ) 0.0857-0.0860 0.0824-0.0828 

Supply current measurements 

The coil current was measured by connecting the FLUKE 175 TRUE RMS MULTIMETER serially 

at the PWM output on the PCBs. The old software was loaded onto all four PCBs. Then the new 

software was loaded onto the MSP430F2132 MCUs. 

 
MCU Coil Current DC [ A ] 

New software 
Coil Current DC [ A ] 
Old software 

MSP430F2122 ( card 1 ) N/A 0.348-0.352 

MSP430F2122 ( card 2 ) N/A 0.346-0.350 

MSP430F2132 ( card 3 ) 0.359-0.368 0.351-0.355 

MSP430F2132 ( card 4 ) 0.358-0.363 0.348-0.351 

Coil current measurements  



 

 

The MCU supply resistor current was measured using a FLUKE 175 TRUE RMS MULTIMETER to 

determine the size of a resistance through which the current to the MCU, a reset circuit, and PWM 

output circuitry flows. When the contactor reached the hold state, the voltage across the same 

resistor is measured using a FLUKE 87 TRUE RMS MULTIMETER. 

Ohm’s law then results in 𝐼 =
𝑈

𝑅
. 

 
MCU (new s/w) PSU Resistance 

[ kΩ ] 
Voltage over 
PSU Resistor 
DC [ V ] 

Calculated Current 
through PSU Resis-
tor DC [ mA] 

Increase 
[New vs Old] 

MSP430F2122 ( card 1 ) 33.99 N/A N/A N/A 

MSP430F2122 ( card 2 ) 33.98 N/A N/A N/A 

MSP430F2132 ( card 3 ) 33.95 50.78 1.496 0.2% 

MSP430F2132 ( card 4 ) 34.00 50.11 1.474 -1.4% 

PSU supply resistor characteristics with proposed software 

 

MCU (old s/w) PSU Resistance 
[ kΩ ] 

Voltage over PSU Resistor 
DC [ V ] 

Calculated Current through 
PSU Resistor DC [ mA] 

MSP430F2122 ( card 1 ) 34.08 50.79 1.490 

MSP430F2122 ( card 2 ) 33.94 50.79 1.496 

MSP430F2132 ( card 3 ) 33.95 50.70 1.493 

MSP430F2132 ( card 4 ) 34.00 50.88 1.496 

PSU supply resistor characteristics with current software 
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