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ɸ𝒗    : angular displacement referred to the rotor 
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𝜽𝒓    : displacement of the rotor 
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(𝜽𝒓)𝒏    : previous value of the displacement of the rotor 

(𝜽𝒓)𝒏−𝟏    : amplification factor for desired speed range 

𝝁𝟎    : permeability of free space 
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𝝎𝒓    : angular velocity of the rotor  

𝝁𝒓𝒆𝒄    : relative magnetic permeability of the recoil line 
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𝝀    : flux linkage 

𝝀𝟎𝒔    : zero component of the flux linkage 

𝝀𝒂𝒃𝒄𝒔    : matrix of the stator flux linkages 

𝝀𝒅𝒔
𝒓

    : direct component of the flux linkage referred to the rotor 

𝝀𝒎
′

    : flux linkage of the permanent magnet 

𝝀𝒎
′𝒓

    : magnitude of the flux linkage of the permanent magnet referred to       

the rotor 

𝝀𝒒𝒅𝟎𝒔
𝒓

    : matrix of the stator flux linkages referred to the rotor 

𝝀𝒒𝒔
𝒓

    : quadrature component of the flux linkage referred to the rotor 

𝑩𝒅𝒂𝒎𝒑    : damping coefficient of the rotational system 

𝑩𝒎    : magnetic flux density 
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𝒄𝒐𝒔𝝋    : power factor of the motor 
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𝒆𝜷𝒔    : beta component of the Back-EMF voltage 

𝑬̃𝒂    : phasor of the Back-EMF volatge 

𝒇    : grid frequency 

𝒇𝒔𝒘𝒊𝒕𝒄𝒉𝒊𝒏𝒈    : switching frequency 

𝑭     : MMF 

Hc    : coercive force 

𝑯𝒎    : magnetic field intensity 

𝒊𝜶𝒔    : alfa component of the stator current 

𝒊𝜷𝒔    : beta component of the stator current 

𝒊𝟎𝒔    : zero component of the stator current  
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𝒓

    : zero component of the stator current referred to the rotor 

𝒊𝒂𝒔    : phase a current of the stator 

𝒊𝒂𝒃𝒄𝒔    : matrix of the stator currents 

𝒊𝒃𝒔    : phase b current of the stator 
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𝒊𝒅𝒔    : direct component of the stator current 

𝒊𝒅𝒔
𝒓

    : direct component of the stator current referred to the rotor 

𝒊𝒅𝒔_𝒇𝒍𝒖𝒙_𝒘𝒆𝒂𝒌    : calculated reference current for flux weakening 

𝒊𝒒𝒅𝟎𝒔
𝒓

    : matrix of the stator currents referred to the rotor 

𝒊𝒒𝒔    : quadrature component of the stator current 

𝒊𝒒𝒔
𝒓

    : quadrature component of the stator current referred to the rotor 

𝒊𝒒𝒔_𝒓𝒆𝒇_𝒎𝒂𝒙    : maximum reference current of the quadrature axis 
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𝑰    : current in the coil 

𝑰𝒅𝒔
𝒓

    : direct component of the stator current referred to the rotor in steady 

state 

𝑰𝑰𝑮𝑩𝑻_𝒂𝒗𝒆_𝒉𝒂𝒍𝒇    : average current of IGBT over half period 

𝑰𝒒𝒔
𝒓

    : quadrature component of the stator current referred to the rotor in 

steady state 
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𝑰𝒓𝒆𝒗_𝒂𝒗𝒆_𝒉𝒂𝒍𝒇    : average peak current of the reverse recovery over half period 

𝑰̃𝒂𝒔    : phasor of the stator current 

𝑱    : total inertia of the rotor and a connected load 
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𝒌    : product coefficient 

𝑲    : amplification factor for desired speed range 

𝑲𝒄    : Back-EMF constant 

𝓵    : length of the flux line 

𝓵𝒈        : air gap length 

𝓵𝒎       : thickness of the magnet 

𝑳    : inductance 

𝑳𝟐𝒔    : second harmonic of stator inductance 

𝑳𝒅𝒔     : direct component of the stator inductance 

𝑳𝒍𝒆𝒂𝒌𝒂𝒈𝒆    : leakage current 

𝑳𝒍𝒔    : leakage inductance of the stator 

𝑳𝒎𝒅    : direct component of the stator magnetizing inductance 

𝑳𝒎𝒒    : quadrature component of the stator magnetizing inductance 

𝑳𝒒𝒔     : quadrature component of the stator inductance 

𝑳𝒔    : matrix of the stator inductances 

𝒎    : number of the accumulated value of the angular velocity of the 

rotor 

𝒎𝒊𝒏𝒅𝒆𝒙    : modulation index 

n    : exponent coefficient 

𝒏𝒇𝒓𝒆𝒒    : frequency coefficient 

𝒏𝒕𝒆𝒎𝒑    : temperature coefficient 

𝑵    : number of turns 

𝒓𝒔    : resistance of the stator 

𝒑    : derivative sign 

𝑷    : pole number of the rotor 

𝑷𝒍𝒐𝒔𝒔_𝒃𝒓𝒊𝒅𝒈𝒆    : power loss of the bridge diode 

𝑷𝒍𝒐𝒔𝒔_𝒄𝒐𝒏𝒅_𝒅𝒊𝒐𝒅𝒆 : conduction power loss on the diode  

𝑷𝒍𝒐𝒔𝒔_𝒄𝒐𝒏𝒅_𝑰𝑮𝑩𝑻  : conduction power loss on the IGBT 

𝑷𝒍𝒐𝒔𝒔_𝒄𝒐𝒏𝒅_𝒊𝒏𝒗    : conduction power loss on the inverter 

𝑷𝒍𝒐𝒔𝒔_𝒄𝒐𝒏𝒅_𝒑𝒂𝒄𝒌  : conduction power loss on the package  

𝑷𝒍𝒐𝒔𝒔_𝒏𝒕𝒄    : power loss of the NTC 

𝑷𝒍𝒐𝒔𝒔_𝒐𝒇𝒇_𝒅𝒊𝒐𝒅𝒆    : turn-off diode loss 

𝑷𝒍𝒐𝒔𝒔_𝒐𝒇𝒇_𝑰𝑮𝑩𝑻    : turn-off IGBT loss 

𝑷𝒍𝒐𝒔𝒔_𝒐𝒏_𝑰𝑮𝑩𝑻    : turn-on IGBT loss 
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𝑷𝒍𝒐𝒔𝒔_𝒔𝒘_𝒊𝒏𝒗    : switching power loss on the inverter 

𝑷𝒍𝒐𝒔𝒔_𝒔𝒘_𝒑𝒂𝒄𝒌    : switching loss in package 

𝑷𝒍𝒐𝒔𝒔_𝒕𝒐𝒕_𝒊𝒏𝒗    : total power loss on the inverter  

𝑷𝒍𝒐𝒔𝒔_𝒕𝒐𝒕_𝒑𝒂𝒄𝒌    : total power loss on the package  

𝑷𝒊𝒏𝒑𝒖𝒕_𝒎𝒂𝒙    : maximum input power 

𝒓𝒅    : dynamic diode resistance 

𝒓𝑰𝑮𝑩𝑻    : dynamic IGBT resistance 

𝕽    : reluctance 

𝑹𝒄𝒔_𝒃𝒓𝒊𝒅𝒈𝒆    : case to the heatsink thermal resistance of the bridge diode 

𝑹𝒄𝒔_𝑰𝑷𝑴    : case to the heatsink thermal resistance of the IPM 

𝕽𝒅      : direct component of the reluctance 

𝑹𝒋𝒄_𝒃𝒓𝒊𝒅𝒈𝒆    : junction to case thermal resistance of the bridge diode 

𝑹𝒋𝒄_𝑰𝑷𝑴    : junction to case thermal resistance of the IPM 

𝑹𝒏𝒕𝒄    : NTC resistance 

𝑹𝒔𝒂    : sink to the ambient thermal resistance of the heatsink 

𝕽𝒒    : quadrature component of the reluctance 

𝒕𝒄(𝒐𝒇𝒇)    : turn-off time  

𝒕𝒄(𝒐𝒏)    : turn-on time  

𝒕𝒓𝒓    : reverse recovery time 

𝑻𝟎    : on time for V0
⃑⃑⃑⃑  

𝑻𝟏    : on time for V1
⃑⃑  ⃑ 

𝑻𝟐    : on time for V2
⃑⃑⃑⃑  

𝑻𝒂    : ambient temperature 

𝑻𝒄_𝒃𝒓𝒊𝒅𝒈𝒆    : case temperature of the bridge diode 

𝑻𝒄_𝑰𝑷𝑴    : case temperature of the IPM 

𝑻𝒆    : electromagnetic torque 

𝑻𝒋_𝒃𝒓𝒊𝒅𝒈𝒆    : junction temperature of the bridge diode 

𝑻𝒋_𝑰𝑷𝑴    : junction temperature of the IPM  

𝑻𝑳    : load torque 

𝑻𝒔    : sampling period of PWM 

𝑻𝒔𝒊𝒏𝒌    : heatsink temperature 

𝒗𝟎𝒔    : zero component of a stator voltage referred to a rotor 

𝒗𝒂𝒃𝒄𝒔    : matrix of the stator voltages 
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𝒗𝒂𝒔    : stator voltage of a phase 

𝒗𝒃𝒔    : stator voltage of b phase 

𝒗𝒄𝒔    : stator voltage of c phase 

𝑽𝒅𝟎    : Vd  that is found by tangenting to the operation point  

𝒗𝒅𝒔
𝒓

    : direct component of the stator voltage referred to a rotor 

𝒗𝒒𝒅𝟎𝒔
𝒓

    : matrix of the stator voltages referred to the rotor 

𝒗𝒒𝒔
𝒓

    : quadrature component of the stator voltage referred to a rotor 

𝒗𝒔    : magnitude of the stator voltage 

𝑽𝒃𝒆𝒎𝒇    : Back-EMF voltage 

𝑽𝜶𝒔    : alfa component of the stator voltage 

𝑽𝜷𝒔    : beta component of the stator voltage 

𝑽𝟎
⃑⃑ ⃑⃑      : null vector 

𝑽𝟏
⃑⃑ ⃑⃑      : vector of V1 

𝑽𝟐
⃑⃑ ⃑⃑      : vector of V2 

𝑽̃𝒂𝒔    : phasor of the stator voltage 

𝑽𝑪𝑬𝟎    : VCE that is found by tangenting to the operation point  

𝑽𝑫𝑪    : DC bus voltage 

𝑽𝒅𝒔    : direct component of the stator voltage 

𝑽𝒅𝒔
𝒓

    : direct component of the stator voltage referred to the rotor in steady 

state 

𝑽𝒇    : forward voltage 

𝑽𝒊𝒏𝒑𝒖𝒕    : input RMS voltage 

𝑽𝒑−𝒑_𝒓𝒊𝒑𝒑𝒍𝒆    : peak to peak voltage ripple of the rectified side 

𝑽𝒊𝒏𝒑𝒖𝒕_𝒑𝒆𝒂𝒌    : peak voltage of the input 

𝑽𝒒𝒔    : quadrature component of the stator voltage 

𝑽𝒒𝒔
𝒓

    : quadrature component of the stator voltage referred to the rotor in 

steady state 

𝑽𝒒𝒔_𝒓𝒆𝒇    : reference voltage of the quadrature axis 

𝑽𝒓𝒆𝒇
⃑⃑ ⃑⃑ ⃑⃑ ⃑⃑      : reference vector 

𝑽𝒔_𝒎𝒂𝒙    : maximum allowable stator voltage 

𝑾𝒑𝒎    : energy in coupling field due to the presence of the permanent 

magnet 
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SIMULATION AND CIRCUIT DESIGN OF A INVERTER DRIVER WITH 

SENSORLESS FIELD ORIENTED CONTROL FOR A PMSM USED IN 

COMPRESSOR 

SUMMARY 

The main purpose of this thesis is to design an inverter board with a sensorless field 

oriented control algorithm and to drive a PMSM with a compressor system using this 

inverter board. Simulation of the board is also evaluated. The measurements are taken 

and some comparisons are made. Finally, the measurements are interpreted and studies 

are carried out to improve some points. Simulation and verification of the inverter 

board are studied in detail before starting to the design. Summary of the study is given 

step by step as follows.  

The first attempts of design of a permanent magnet synchronous motor with low 

quality hard magnetic materials were attributed in 19th century. Magnets with high 

energy density began to be used in motors around the 1950s and usage of these types 

of motors has started to accelerate due to developments in material science. The 

removal of the brush system in a motor structure has reduced maintenance and caused 

a motor to be designed more compact with high energy density. Nowadays, permanent 

magnet synchronous motors have become indispensable for many usage areas such as 

industry, white goods, transportation, military and so on due to their high reliability 

and high-power density.  

With the appearance of switching power transistors and silicon-controlled rectifiers, 

the mechanical commutator driving system was replaced by an inverter-based driving 

system in late 1950s. Various inverter topologies have been designed such as flying 

capacitor multilevel inverter and diode clamped multilevel inverter. As semiconductor 

technology improves dramatically, wide bandgap switches such as SiC and GaN have 

become popular especially in driving systems because of their high efficiency.  

As a result of PMSM and hardware technology developments, motor control theory 

has also developed. Six-step control which is also called as trapezoidal control is 

preferred in inverter systems at the early works. In this control theory, ratio of voltage 

and frequency is kept as a constant at each rotor speed. In addition to that, this is also 

called a scalar control technique due to the absence of vector information of voltages. 

Hall sensors are used to determine rotor position for a commutation time. Six-step 

control can cause torque ripple and also the dynamic response of six-step control can 

be insufficient for critical loads. In order to enhance the dynamic performance of 

systems, field oriented control was developed. This is a vector control and the main 

purpose of the theory is to keep magnetic fluxes of rotor and stator perpendicular to 

each other at every position of the rotor. So, the torque value is maximum in this 

condition. In order to do that, torque and flux components of the stator currents are 

derived and torque component is aimed to be maximized. Some matrix transformations 

such as Clarke and Park are needed for these calculations.  In sensorless field oriented 

control, the rotor position is determined by observing the BEMF signal in the stator 

winding rather than using hall sensors. Inverter system with sensorless field oriented 
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control has a wide usage area such as industry, white goods, transportation, military 

and so on.  Quiter and smoother operation of a PMSM is enabled by this control 

technique. 

In this thesis, literature review is presented in the first chapter. Development stages of 

a PMSM, inverter systems and control methods that are from 1962 to nowadays are 

reviewed. Gradual enhancement of efficiency and smooth control techniques are  

observed in the literature. 

In the second chapter, permanent magnets are reviewed. Properties of soft and hard 

permanent magnets, graphs and equations are given in this section. With the 

development of materials science, more efficient permanent magnets are produced.  

In the third chapter, PMSMs are introduced. History, definition and usage area of this 

motor are given. Finally, types of a PMSM which are surface mounted, surface insert, 

interior, spoke and line start are studied. It has been observed that each motor type is 

suitable for different usage areas. For instance, some of them are convenient for high-

speed operation and some of them have higher power density than other types. 

A dynamic model of a PMSM is presented in the fourth chapter. Electrical model and 

its equations such as transformations of rotor and stator reference frame, inductance, 

flux linkage, voltage, current and torque of a PMSM are given in detail. Main 

equations are utilized in the coding stage of a PMSM driver board. 

In the fifth chapter, field oriented control is explained in detail. Six-step control 

method is also considered for the comparison. The advantage of the control method on 

dynamic performance is mentioned. A diagram of a space vector modulation for an 

inverter system are shown with the transformation equations and related graphs are 

given. BEMF based sensorless algorithm that is used in the thesis is explained at last. 

All sequences of control diagrams are implemented to the algorithm in a PMSM driver 

board.  

Hardware design is given in the sixth chapter. Main hardware block diagram of the 

inverter board is constructed at first. Design stage of the inverter board is summarized 

as follow. X and Y type capacitors, common mode and differential mode inductors are 

placed due to the EMC regulation. Differential mode inductor is also used as a 

harmonic filter at the same time. In addition to these components, some protection 

components such as fuse and varistor are placed. A negative temperature coefficient 

resistor (NTC) is used to limit the inrush currents. This NTC is bypassed via a relay 

after the electrolytic bus capacitor is charged in order to terminate power loss on NTC. 

The bleeding resistor is for discharging X capacitor after the plugging out. The second 

part is the rectification circuit. This circuit includes bridge diode and electrolytic bus 

capacitor. The grid voltage is rectified and smoothed in this stage. 15V voltage is 

generated by the SMPS circuit. This voltage is used for driving the gate of the power 

module and feeding the linear regulator. Buck converter was preferred as a converter 

topology. Linear regulator which is also called LDO generates 5V voltage. 

Microcontroller, Op-Amp and other related components are fed by this voltage. 

Currents through shunt resistors are sensed with the Op-Amp circuit and sent to the 

microcontroller. The voltage on shunt resistors is amplified with a predetermined gain 

value. And also offset voltage is added to this amplified value in order to sense 

negative voltage on the shunt resistor. This 2.5V offset voltage is generated with a 

buffer circuit. The inverter stage is the heart of the driver board. An intelligent power 

module which is called IPM is preferred as a switch type. This module includes six 

switches and their gate drivers. In addition to that, it has short circuit and temperature 
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protections. Sensorless field oriented control is executed with an algorithm embedded 

in the microcontroller. Six PWM signals are generated regarding current feedbacks 

coming from Op-Amp in the microcontroller. The speed of a rotor is also determined 

by the reading frequency of a square wave signal coming from a speed reference 

circuit. There is anolog or software protection feature on driver board such as over-

current, over-voltage, over-temperature and so on. 

Schematic and PCB designs are implemented in Altium Designer software. Double 

layer and FR4 type PCB is used for the driver board. PCB size is 155mmx150mm. 

After the PCB design, ten pieces of PCB are printed and assembling of two inverter 

board were carried out. 

Simulation of the driver board is run in PSIM simulation software in the seventh 

chapter. Hardware and control blocks are constructed. Phase currents are extracted 

with the sensors in simulation. On the other hand, in a real driver board, the sensorless 

algorithm is run. The simulation contains three different rotor speeds that are 1300 

rpm, 2000 rpm and 3000 rpm. Phase currents and actual rotor speed are taken from the 

simulation. 

Sensorless field oriented control is run in the motor control software and shown in the 

eighth chapter. This software contains classical function of field oriented control such 

as Clarke and Park transforms. In addition to that, there are special functions such as 

DC bus ripple elimination. BEMF observer is implemented for sensorless algorithm. 

In the nineth chapter, the inverter board is run with a compressor setup on the bench. 

Several measurements are taken from the inverter board such as phase current, bus 

voltage, PWM signals and so on. Speed references are remained the same with 

simulation to compare. 

Finally, simulation and real application are compared in terms of algorithm and 

waveforms in the tenth chapter. Some differences are observed and interpreted. On the 

algorithm side, simulation has field oriented control with the sensors. At starting 

condition, there is also a maximum torque algorithm. In a real application, sensorless 

field oriented control is implemented with the aligning, open loop and closed loop 

stages. Finally, after interpreting the measurements, studies are carried out to improve 

total harmonic distortion of the phase current, and the way for possible future studies 

is opened. 
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PMSM KULLANILAN KOMPRESÖR UYGULAMASI İÇİN 

ALGILAYICISIZ ALAN YÖNLENDİRMELİ KONTROLLÜ EVİRİCİ 

SÜRÜCÜ DEVRESİNİN BENZETİM VE TASARIMI  

ÖZET 

Tezin amacı algılayıcısız alan yönlendirmeli evirici sürücü devresinin tasarım, 

benzetim ve gerçeklemesini yaparak içinde daimi mıknatıslı senkron motor (PMSM) 

bulunan kompresör sistemini sürmektir. Bu bağlamda sürücü devrenin tasarımı ve 

benzetimi gerçekleştirilmiştir. Devre tasarımı gerçeklenerek kontrol algoritması 

evirici kartına gömülmüştür. Sürücü kartı kompresör sistemi üzerinde çalıştırılarak 

ölçümler alınmış ve benzetim ile karşılaştırmalar yapılmıştır. En sonunda da ölçümler 

yorumlanarak bazı noktaların iyileşmesine yönelik gelecekte yapılması olası 

çalışmalar belirtilmiştir. Tasarım, simülasyon ve gerçeklemeden önce, detaylı bir 

literatür araştırması yapılmıştır. Tez çalışmasının özeti aşağıdaki adım adım 

verilmiştir. 

Düşük kaliteli daimi mıknatısların kullanıldığı ilk daimi mıknatıslı senkron motor 

tasarım çalışmaları 19. yüzyıla dayanmaktadır. Malzeme biliminin gelişmesi ile 

birlikte 1950’li yıllarda yüksek enerjili daimi mıknatısların kullanıldığı motorların 

kullanımı artmıştır. Fırça kollektör sisteminin olmadığı bu motor türü ile bakım 

masrafları azalmış, basit ve yüksek enerji yoğunluklu tasarımlarının önü açılmıştır. 

Günümüzde bu motorlar endüstri, beyaz eşya, taşıma, askeri gibi birçok sektörde 

güvenilirliği ve yüksek enerji yoğunluğu nedeniyle vazgeçilmez bir konuma gelmiştir. 

1950’lerin sonlarına doğru, güç transistörlerinin ve silikon kontrollü doğrultucuların 

ortaya çıkmasıyla birlikte, mekanik komütatörlü sürücü sistemlerinin yerini, evirici 

tabanlı sürücü sistemleri almaya başlamıştır. Uçan kapasiteli çok seviyeli evirici, diyot 

kesimli çok seviyeli evirici gibi farklı evirici topolojileri ortaya çıkmıştır. Yarıiletken 

teknolojisinin hızlı bir şekilde gelişmesi ile birlikte SiC ve GaN gibi geniş bant aralıklı 

anahtarların sürücü sistemlerinde kullanılmaya başlanması, yüksek verimler elde 

edilmesini sağlamıştır. 

PMSM ve donanım teknolojileri gelişirken diğer yandan motor kontrol teorileri de 

gelişmiştir. Önceleri, altı adım kontrolü, diğer bir adı ile trapez kontrol, evirici 

sistemlerinde tercih ediliyordu. Bu kontrol yönteminde, gerilim ve frekans oranı her 

rotor hızında sabit tutulmaktadır. Ayrıca, gerilim vektör bilgilerinin olmamasından 

dolayı, bu kontrole ‘skaler kontrol’ de denilmektedir. Komütasyon zamanı için rotor 

pozisyonu belirlemede, Hall algılayıcıları kullanılmaktadır. Altı adım kontrol; moment 

dalgalanmasına neden olmakla birlikte, kontrol yönteminin dinamik performansı kritik 

yükler için yetersiz kalmaktadır. Dinamik performansı daha iyi  hale getirmek için alan 

yönlendirmeli kontrol geliştirilmiştir. Bu bir vektör kontrolüdür ve amaç, rotor ve 

stator manyetik akılarını rotorun her pozisyonu için birbirlerine 90° derecede 

tutmaktır. Bu durumda moment değeri maksimum olur. Bunu yapmak için, stator 

akımının moment ve akı bileşenleri birbirinden ayrılır ve moment bileşeni maksimum 

seviyede tutulmaya çalışılır. Bu hesaplamalarda, Clarke ve Park gibi bazı dönüşüm 

matrisleri kullanılmaktadır. Algılayıcısız alan yönlendirmeli kontrolde, rotor pozisyon 
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kestirimi, Hall algılayıcısı kullanmak yerine, stator sargılarındaki zıt elektromotor 

kuvvet (BEMF) sinyalini gözlemleyerek elde edilir. Algılayıcısız alan yönlendirmeli 

evirici sistemler, endüstri, beyaz eşya, ulaşım, askeri gibi geniş bir kullanım alanı 

vardır. Sessiz ve daha yumuşak motor kontrolünü mümkün kılar.  

Bu tezin ilk bölümünde literatür taraması gerçekleştirilmiştir. PMSM, evirici 

sistemleri ve kontrol yöntemlerinin 1962’den günümüze kadar olan gelişim süreci 

araştırılmıştır. Literatürde, verim ve yumuşak kontrol ile ilgili sürekli bir gelişim 

olduğu gözlemlenmiştir. 

İkinci bölümde ise de kalıcı mıknatıslar ile ilgili araştırma yapılmıştır. Yumuşak ve 

sert kalıcı mıknatısların özellikleri, grafikler ve denklemler verilmiştir. Malzeme 

biliminin gelişmesi ile birlikte daha verimli kalıcı mıknatısların üretildiği görülmüştür. 

PMSM ile ilgili araştırma üçüncü bölümde verilmiştir. Tarihi, çalışma ilkesi ve 

kullanım alanlarından bahsedilmiştir. Yüzey mıknatıslı, gömülü, spoke, ve şebeke 

kalkışlı PMSM türleri ile ilgili araştırma yapılmıştır. Her bir motor tipi farklı kullanım 

alanı için uygundur. Örnek olarak bazı tipler yüksek hızlı çalışma için uygunken, bazı 

tipler ise yüksek güç yoğunluğu gerektiren uygulamalar için daha uygundur. 

Dördüncü bölümde ise dinamik kontrol ele alınmış ve elektriksel model verilmiştir. 

PMSM için rotor ve stator referans çerçeve dönüşümleri, indüktans, halkalanma akısı, 

gerilim, akım ve moment denklemleri detaylı bir şekilde verildi. Ana denklemler, 

PMSM sürücü devresinin yazılım kısmında kullanılmıştır. 

Alan yönlendirmeli kontrol beşinci bölümde ele alınmıştır. Diğer bir kontrol yöntemi 

olan altı adım kontrol de karşılaştırma için verilmiştir. Kontrol yönteminin dinamik 

performans üzerindeki pozitif etkisinden bahsedilmiştir. Evirici sisteminde kullanılan 

uzay vektör modülasyonu, denklem ve ilgili grafikler sunulmuştur. Sonunda da tezde 

kullanılan BEMF tabanlı algılayıcısız kontrol algoritması verilmiştir. Tüm bu kontrol 

akışı evirici algoritmasına daha sonra uyumlu hale getirilmiştir. 

Altıncı bölümde ise donanım tasarımı bütünüyle ele alabilmek adına, öncelikle 

eviricinin ana donanım blok şeması çıkarılmıştır. Bu şemaya göre ilk bölüm 

elektromanyetik uyumluluk (EMC) filtre devresidir. X ve Y tipi kondansatörler, ortak 

ve fark modu indüktörleri EMC regülasyonu için eklenmiştir. Fark modu indüktörü 

aynı zamanda harmonik filtre işlevi de görmektedir. Bunların yanı sıra, sigorta ve 

varistör gibi koruma bileşenleri de devreye eklenmiştir. Negatif sıcaklık katsayılı 

direnç (NTC) de kartın ilk enerjilendirilmesi sırasında oluşacak ani hücum (inrush) 

akımını limitlemek için konulmuştur. Elektrolitik kondansatör şarj oldıktan sonra NTC 

röle vasıtası ile kısa devre edilerek NTC üzerinde oluşacak kayıp engellenmiştir. 

Enerjinin kesilmesinden sonra X kondansatörünü boşaltmak için de boşaltım direnci 

kullanılmıştır. İkinci donanım bölümü ise doğrultma devresidir. Köprü diyodu ve 

elektrolitik bara kondansatörü içeren devre şebeke geriliminin doğrultulmasını 

sağlamıştır. 15V gerilimi anahtarlamalı güç kaynağı (SMPS) devresi ile 

oluşturulmuştur. Bu gerilim ile güç modülünün kapı işaretlerinin ve doğrusal 

regülatörün beslemesi sağlanır. Alçaltıcı çevirici topoloji olarak tercih edilmiştir. 5V 

gerilim ise doğrusal regülatör diğer adı ile de LDO vasıtası ile üretilir. Mikro 

denetleyici, Op-Amp ve diğer bileşenler bu gerilim ile beslenmektedir. Şönt dirençleri 

üzerinden akım geçmesi ile oluşan gerilim, önceden belirlenen kazanç ile çarpılarak 

Op-Amp vasıtası ile mikro denetleyiciye gönderilir. Offset gerilimi de bu gerilime 

eklenerek şönt üzerinde oluşacak negatif gerilimlerin okunması sağlanır. 2.5V 

değerindeki bu gerilim tampon devresi ile üretilmiştir. Evirici bölümü sürücü sistemin 

en önemli bileşenidir. Bu kısımda akıllı güç modülü olan akıllı güç modülü (IPM) 



xxxiii 

 

anahtar tipi olarak tercih edilmiştir. Altı anahtar ve onların sürücülerini içerir. Bunlara 

ek olarak da modül, kısa devre ve sıcaklık korumalarını içerir. Algılayıcız alan 

yönlendirmeli kontrol mikro denetleyici içine gömülü olan algoritma ile koşturulur. 

Altı adet darbe genişlik modülasyonu (PWM) işareti Op-Amplardan mikro 

denetleyiciye gelen akım geribeslemesi doğrultusunda üretilir. Rotor hızı, hız referans 

devresinden gelen kare dalganın frekansı okunarak karar verilir. Devre üzerinde 

analog ve yazılımsal olarak aşırı akım, aşırı gerilim ve aşırı sıcaklık gibi korumalar 

mevcuttur. 

Şematik ve PCB tasarımı Altium Designer programı kullanılarak gerçekleştirilmiş ve 

yedinci bölümde verilmiştir. Sürücü kartı için FR4 tipi ve çift katlı PCB kullanılmıştır. 

PCB 155x150mm boyutundadır. Şematik ve devre sonra on adet PCB basılmış ve 

bunlardan iki adedinin dizgisi gerçekleştirilmiştir. 

Yedinci bölümde ise sürücü kartın PSIM yazılımı ile benzetim çalışmaları verilmiştir. 

Donanım ve kontrol blokları oluşturulmuştur. Faz akımı algılayıcı kullanılarak 

algılanmıştır. Gerçek uygulamada ise algılayıcısız algoritma adapte edilmiştir. 

Simülasyon, 1300 rpm, 2000 rpm ve 3000 rpm hızları için gerçekleştirilmiştir. 

Simülasyonda, faz akımları ve gerçek rotor hızı incelenmiştir. 

Algılayıcısız alan yönlendirmeli kontrol algoritmasının evirici kartına gömülme 

çalışmaları sekizinci bölümde yer almaktadır. Yazılım, Clarke ve Park dönüşümleri 

gibi klasik fonksiyonlar içermekle birlikte DA bara dalgalanması etkisini azaltma 

fonksiyonu gibi özel fonksiyonlar da içermektedir. BEMF gözleyicisi yardımıyla, faz 

akımları kullanılarak rotor pozisyonu belirlenir. 

Dokuzuncu bölümde ise, evirici kartı kompresör kullanılarak test düzeneğinde 

çalıştırılmıştır. Faz akımı, bara gerilimi, PWM işareti gibi birçok ölçüm alınmıştır. Hız 

referans değeri de benzetimlerdekine karşılaştırma yapabilmek için aynı tutulmuştur.  

Son bölüm olan onuncu bölümde ise, benzetim ve gerçek sistem algoritma ve ölçüm 

sonuçları karşılaştırılmıştır. Bazı farklılıklar gözlemlenmiş ve bunlar da 

yorumlanmıştır. Algoritma olarak düşünülürse, benzetimde algılayıcı kullanılarak alan 

yönlendirmeli kontrol yapılmıştır. Başlangıç durumunda ise maksimum moment 

algoritması vardır. Gerçek uygulamada ise algılayıcısız olarak alan yönlendirmeli 

kontrol yapılmıştır ve hizalama, açık çevrim ve kapalı çevrim gibi bölgelere sahiptir. 

Gerçek kompresör sisteminin sistem dinamiğinden dolayı modellenmesinin zor 

olduğu görülmüştür. En sonunda da ölçümler yorumlanarak akım harmonik 

bozunumunun iyileşmesine yönelik çalışmalar yapılarak gelecekte yapılacak olası 

çalışmaların önü açıldı. 
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1.  INTRODUCTION 

1.1 Purpose of the Thesis 

The purpose of this thesis is to design an inverter board with a sensorless field oriented 

control (FOC) algorithm and drive a PMSM with a compressor system using this 

inverter board. Model of the board is simulated and realized. Finally, measurements 

are taken, and some comparisons are made. The background of the subject is studied 

in detail to acquire the design inputs for the inverter board before starting to design, 

simulate and verify the inverter board. 

1.2 Litereture Review 

Cahill and Adkins (1962) implemented the first prototype of a PMSM by modifying 

an induction motor. The cage rotor of an induction motor (IM) was replaced by  

permanent magnets. They conducted the performance analysis and obtained the 

mathematical modelling for a PMSM. The permanent magnets of these motors were 

inserted into the rotor and the surface of the rotor was covered with the rotor cage. 

Because of the existence of the permanent magnet, reluctance torque which has the 

opposite magnitude concerning a wound rotor synchronous motor was arisen [1]. 

Slemon (1971) analyzed a PMSM in terms of electromagnetic perspective and derived 

equations [2]. 

Rahman (1979) analyzed a PMSM that had a cage rotor structure. This motor was 

operating at a fixed grid frequency which is 60 Hz. A steady state-analysis of a PMSM 

was accomplished in this study [3]. 

Richter (1979) analyzed the power density limitation of a PMSM. He used rare-earth 

cobalt in the rotor as a permanent magnet in a PMSM [4]. 

Honsinger (1980) analyzed a PMSM performance considering effect of iron loss. The 

startup condition of a PMSM with load was studied dealing with the effect of a 

permanent magnet and cage torque. Components of sub-synchronous torque were 
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analyzed with detailed explanations. Performance analysis of single-phase PMSM was 

obtained in terms of starting and steady state operations [5]. 

Miller (1981) observed transient torque characteristics in starting condition. Different 

rotor designs were handled while doing it. He analyzed the synchronization of the rotor 

and revealed the criteria’s of that condition [6]. 

Rahman, Little and Dash (1981) analyzed starting characteristics of a PMSM. d, q axis 

equations were used in a PMSM model with damper windings. Considering the 

saturation effect on the q axis, they designed a PMSM. It was pointed out that, usage 

of cage structure in rotor increases the probability of saturation because of rotor 

induced currents [7]. 

Slemon and Gumaste (1981) made a steady state analysis of a PMSM which was fed 

with voltage and current source inverter [8]. 

Weschta (1982) investigated the effect of various motor designs on the performance 

of the driving systems. Back EMF and current patterns were taken into account in order 

to achieve constant output power. To get maximum performance, the motor inductance 

value was calculated at the optimum point [9]. 

Pfaff, Weschta and Wick (1982) analyzed a PMSM and offered new design techniques 

in order to decrease rippled torque value. The volume of permanent magnets was 

recalculated for best performance. To get fast response for different load conditions of 

a PMSM, a low moment of inertia was aimed to implement [10]. 

Takeda, Morimoto and Hirasi (1983) made a field analysis of a PMSM using lumped 

and distributed parameters of a PMSM [11]. 

Binns and Wong (1984) used the finite elements method (FEM) in order to analyze 

motor performance. They conducted FEM analysis with various motor designs [12]. 

E. Richter, T.J.E. Miller and T.W. Neumann (1984) compared an induction motor and 

a PMSM in terms of efficiency and power factor. A PMSM was confirmed as the best 

choice for both topics. The possibility of replacing an induction motor with a PMSM 

and economic recovery of this implementation were also investigated [13]. 

Chalmers, Hamed and Baines (1985) offered to get magnetic circuit parameters of a 

PMSM with a systematic approach. They aimed to predict the steady state 

characteristics of a PMSM [14]. 

Neumann and Tompkins (1985) pointed out the effect of changing parameters for the 

performance of a PMSM. They were analyzed the effect of usage of different magnetic 

materials and their combinations such as NbFeB magnets in a PMSM [15]. 
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Enjeti, Lindsay and Rashid (1985) derived a PMSM model based on dynamic 

characteristics with no damper windings. In this study, a linear d-q transformation 

circuit model for a surface mounted PMSM was used [16]. 

Lajoie-Mazenc, Villaneuva and Hector (1985) conducted a detailed study on the drive 

performance of inverter systems. They investigated complementary switching and loss 

modulation in the inverter system of a PMSM. In this study, damper windings were 

not used; therefore, synchronous motor torque was only torque for a PMSM at starting 

condition [17]. 

Rahman and Osheiba (1986) studied self-starting characteristics of a PMSM in the 

situation of variable parameters [18]. 

Sebastian, Slemon and Rahman (1986) studied a flux weakening of inverter driven a 

PMSM in order to operate a PMSM above its rated speeds. They investigated operating 

limits when applying flux weakening to a PMSM [19].  

Pillay and R. Krishnan (1987) proposed a complete model in order to simulate, control 

and analyze a whole drive system based on vector controlled PMSM. In this system, 

the state-space model of a PMSM was used. Real-time models of the system which 

included speed controller, switching patterns of inverter and vector control flow 

diagram were offered [20]. 

Krause, Nucera, Krefta and Waynczuk (1987) obtained admittance matrixes and 

phasor diagrams of a PMSM and analyzed the performance of the motor. They 

investigated 180o phase-controlled voltage inverter and derived torque and voltage 

equations of a PMSM [21]. 

Pillay and Krishnan (1987) handled a PMSM and a BLDC motor and compared motors 

each others in terms of different characteristics [22]. 

Bose (1987) proposed a complete control strategy for 70 HP internal a PMSM. Vector 

control was used to produce constant torque; whereas, square wave currents were 

applied to a PMSM in order to get constant power from a motor [23]. 

Demerdash, Hijazi and Arkadan (1988) gave the computing technique of winding 

inductance of a PMSM [24]. 

Hijazi and Demerdash (1988) analyzed a PMSM with damper winding considering 

current density distributions and space harmonics [25]. 

Pillay and R. Krishnan (1988) designed a microprocessor-based speed controller. Z-

transform was used in the digital modelling. Analog circuitry and digital speed 

controller were combined and different sampling rates were tried in this study [26]. 
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Colby (1988) classified inverted driven a PMSM considering power electronics circuit 

design, motor design, current and commutation control and main motor control 

approach. He also compared a BLDC motor and a PMSM in terms of power density, 

torque per unit current, speed range, feedback devices, inverter rating, cogging torque, 

ripple torque and parameter sensitivity. Braking capacity, losses and thermal 

characteristics of these motors were also handled [27]. 

Schiferl and Lipo (1988) analyzed the power capability of the machine considering the 

effect of the d-q reactance and open-circuit voltage of a PMSM by using a lossless 

equivalent circuit. This study also contained enhancement of speed, torque and power 

capability of a PMSM [28]. 

Zeid (1998) designed an interior PMSM driver based on FOC, In control strategies, 

the outer control loop was used as a speed control loop; whereas, an inner loop was 

used to control direct (d) and quadrature (q) axis current using a PI controller. High-

speed DSP was used as a controller [29]. 

Bolognani, Oboe ve Ziglitto (1999) designed a sensorless interior PMSM driver to get 

a wide flux-weakening region. An Extended Kalman Filter was used to estimate rotor 

angular speed and position in this study [30]. 

Jin, Yong, Goo (2001) proposed an adaptive speed controller for a PMSM using FOC. 

It was aimed to minimize required motor parameters using FOC. The control algorithm 

has been simplified. A simple current controller with three-level comparators was also 

proposed [31]. 

Hwang, Kim, Kim, Baek (2001) studied an optimization method using the multiple 

responses optimization. Factor decision, design of experiment, regression analysis, 

response surface design, optimization process, and capability analysis were steps of 

optimization. Acoustic noise and power consumption were aimed to reduce with this 

study [32]. 

Perera, Petersen, Blaabjerg, Thøgersen (2003) implemented sensorless V/f control 

method for pump and fan applications. The negative effect of the absence of damper 

winding in certain applied frequency was aimed to eliminate in wide operation range 

with this study [33]. 

Sun, Shi, Wang, Wang (2005) proposed a digitized servo control system for a PMSM 

based radar driven system. DSP and CPLD were used to control the system. A 

SVPWM was a switching technique for FOC in this study [34]. 

https://ieeexplore.ieee.org/author/37954595400
https://ieeexplore.ieee.org/author/37275305300
https://ieeexplore.ieee.org/author/37275305300
https://ieeexplore.ieee.org/author/37281444400
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Jiang, Zhang, Liang, Liu (2005) designed a digital servo system using MC56F8357. 

DC bus ripple compensation, digital PI regulating with correction of the integral term 

and AntiHunt Processing control strategies were included in a FOC strategy [35]. 

Zhou, Li, Yang and Yan (2007) proposed the sliding model speed observer in order to 

estimate rotor angular speed and position reliably in both high and low-speed 

applications. Required low pass filter and shaft encoder was eliminated using this 

sensorless FOC method [36]. 

Song, Liu, and Luo (2008) studied FOC for a PMSM based on HIL simulation. A 

mathematical model was constructed considering iron losses. 3.7 KVA VSI and 8-

poles 1KW PMSM were used in the design. MATLAB/Simulink is used for 

programming the real-time control module [37]. 

Simanek, Novak,  Cerny and Dolecek (2008) analyzed control algorithm for a PMSM 

which was used in the light rail vehicles. A wide operation range was aimed for traction 

application with FOC based algorithm. Experiments were conducted with a 58 kW 

PMSM prototype [38]. 

Zhang and Feng (2008) studied on speed and position estimation for a PMSM using 

EKF based sensorless FOC. Different types of covariance matrixes were observed in 

order to get higher dynamic performance. The effect of changing of motor parameters 

was also investigated for optimum performance [39]. 

Accetta, Cirrincione, Pucci and Vitale (2009) proposed a signal injection method to 

detect machine saliency. Motor position and speed were obtained using a difference of 

axis inductances. Both rotating and pulsating voltage carrier injection methods by a 

neural adaptive band filter were taken into account to determine optimum performance 

solution [40]. 

El-Sousy (2010) designed a new robust motion-control system based on a hybrid H∞-

based wavelet neural network (WNN) position tracking controller for a PMSM. Usage 

of both WNN and H∞ together enhanced the performance of a PMSM in terms of 

robustness and overcoming the uncertainties of the servo drive [41]. 

Rahimi, Abbaszadeh and Radan (2010) developed a new algorithm that was based on 

Fourier analysis. It was aimed to reduce torque ripple and current harmonics using a 

simple harmonic computation method for surface mounted PMSM with FOC. Non-

sinusoidal currents were injected into a PMSM in order to reduce torque ripple which 

was caused by non-sinusoidal back electromotive force [42]. 

https://ieeexplore.ieee.org/author/37953341800
https://ieeexplore.ieee.org/author/37953341800
https://ieeexplore.ieee.org/author/37963695300
https://ieeexplore.ieee.org/author/37965243800
https://ieeexplore.ieee.org/author/37693461400
https://ieeexplore.ieee.org/author/37693461400
https://ieeexplore.ieee.org/author/37538611900
https://ieeexplore.ieee.org/author/37538611900
https://ieeexplore.ieee.org/author/37573314200
https://ieeexplore.ieee.org/author/37573314200
https://ieeexplore.ieee.org/author/37573329000
https://ieeexplore.ieee.org/author/37580916200
https://ieeexplore.ieee.org/author/37597154400
https://ieeexplore.ieee.org/author/37597154400
https://ieeexplore.ieee.org/author/37278459300
https://ieeexplore.ieee.org/author/37278459300
https://ieeexplore.ieee.org/author/37399592000
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Kangkang, Jianqiu,  Minggao, Jing and Yan (2011) studied performances of plug 

braking and regenerative braking of a PMSM. Maximum braking torque, braking 

torque ripple and the feedback power of braking energy have been taken into account 

in performance analysis. Six step commutation and FOC techniques were compared to 

each other for performance [43]. 

T. Wang, Y. Guo J. Zhu, Y. Zhang (2012) analyzed a PMSM with different control 

methods which were FOC, DTC and MPC. The steady state performances under a 

range of sampling frequency of each method were simulated. Sampling frequencies 

were applied between 1.5 kHz and 20 kHz. Results were compared and torque ripple 

was reduced for all control methods when sampling frequency increased [44]. 

Wang, Li, and Xu (2014) proposed a new model to enhance starting performance of a 

PMSM. In the classical model, a PMSM had been driven with the V/f control method 

until reaching a certain speed because the BEMF estimation method for sensorless 

control had a drawback in the low-speed regions. A position open loop constant current 

(I-F) method was developed instead of the V/f control method. Torque current 

feedback control method was applied in I/f until switching to BEMF-based sensorless 

FOC [45]. 

Savadkoohi, Khaburi, and Sadr (2015) introduced a new switching method for 

inverters. In the classical switching method, MOSFET or IGBT in inverters had been 

switched in constant frequency and this had caused narrow-band harmonics. Acoustic 

noises and EMI had been generated because of narrow-band harmonics. With proposed 

random-switching PWM techniques, this narrow band harmonics in the current 

spectrum were spread over all current spectrum. Classical and proposed switching 

patterns were compared and this spread of harmonic content reduced acoustic noises 

and EMI [46]. 

Kung and Risfendra (2016) proposed to combine the I/f startup method and EKF based 

sensorless FOC for PMSM. Initial rotor position and PMSM parameters were not 

needed in the I/f control method and I/f was appropriate for low-speed regions; 

whereas, in medium and high-speed regions, EKF based sensorless FOC was suitable. 

By using two control methods together, control of a PMSM in a wide speed range has 

become possible [47]. 

Tau and Tzou (2017) designed a mixed dq-control method for a sensorless PMSM 

drive in order to increase the input power factor. In this study, a very small film 

capacitor was used as a DC bus capacitor instead of using a bulky traditional 

https://ieeexplore.ieee.org/author/38548649300
https://ieeexplore.ieee.org/author/38548649300
https://ieeexplore.ieee.org/author/37086767961
https://ieeexplore.ieee.org/author/38239030000
https://ieeexplore.ieee.org/author/37277882800
https://ieeexplore.ieee.org/author/37405815000
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electrolytic capacitor. Although using film capacitor in DC bus increased torque ripple, 

this electrolytic capacitor-less design was more suitable for applications with large-

inertia load such as fan and pump systems. Inverter input current was controlled with 

dq currents in order to overlap with the phase voltage so the power factor was increased 

[48]. 

Li, Zhang, Hang, Ding, Liu and Wang (2018) compared MPC and FOC control 

strategies for a PMSM in order to observe the dynamic performance of the motor. Both 

continuous and discrete-time analyses were used for these two control methods. In 

terms of overshoot, peak and stable time of speed and torque, MPC gave better 

dynamic performance than FOC [49]. 

Chethan and Kumaran (2019) compared sinusoidal pulse width modulation (SPWM) 

and space vector pulse width modulation (SVPWM) in voltage source inverter (VSI) 

drive for PMSM with the field oriented control. Driver was analyzed in 

MATLAB/Simulink tool under the different speed conditions. According to analysis, 

SVPWM enables to drive PMSM with less voltage and current harmonic distortion. In 

addition to that, speed response under torque variation is also enhanced in SVPWM 

[50]. 

Nicola, Nicola and Duta (2020) designed sensorless control method for PMSM where 

Multiple Artificial Neural Networks (MANN) is utilized in the speed controller. 

Sliding Mode Observer (SMO) is also used in order to determine rotor speed. Load 

torque observer is implemented and variation of load torque is tracked and divided into 

sub intervals. Reference current values are generated for each interval by PI controllers 

and saved as a vector. These vectors are used to train Multiple Artificial Neural 

Networks. This control method is compared with classical field oriented control in 

simulation. Higher performance is acquired under variation of the load torque [51]. 

Zuluaga, Riba and Garcia (2021) studied on the estimation of PMSM electromagnetic 

parameters by implementing a new method. In classical method, the finite elements 

method (FEM) is generally used to extract the motor parameter. However, this new 

method is based on analyzing the motor at the full operation range and acquiring motor 

parameters as a function of the load condition by considering dq electrical model. The 

differential power factor which is caused by harmonic distortion is considered on 

parameter estimation. Geometry information of a motor, knowing the rotor position 

and sensors are not needed for implementation of the method. The method was tested 

by using two PMSM and consistent and accurate results were acquired [52]. 
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Tian, Molinas, An, Zhou and Wei (2022) constructed a new sensorless field oriented 

control algorithm for five phase PMSM that operate under single phase IGBT failure. 

The theory is based on utilizing freewheeling current that flows in the failed phase. 

BEMF value is estimated and position/speed information is determined by using 

second order generalized integrator with a frequency-locked loop. This method is 

proven both theoretically and experimentally at the mid and high speeds under internal 

and external disturbances [53]. 
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2.  PERMANENT MAGNETS 

Magnetic materials are basically classified into two types which are soft magnetic 

materials and the hard magnetic materials. Soft magnetic materials can be magnetized 

and demagnetized easily unlike the hard magnetic materials [54]. Permanent magnets 

(PM) are considered as hard magnetic materials that can strongly keep their 

magnetized states after the magnetization process. 

 

Figure 2.1: Hard magnetic material hysteresis loop and characteristic parameters 

[54]. 

The hard magnetic materials have a very large magnetic hysteresis loop as given in 

Figure 2.1. Quadrant I or III are the magnetizing area of the PMs; whereas, quadrant 

II or IV are the operation areas of the PMs. Dashed lines represent intrinsic hysteresis 

loop and a solid line represent normal hysteresis loop in Figure 2.1. Magnetic flux 

which is produced by the PM materials is represented in the intrinsic curve and the 

total magnetic flux which is the combination of the air and the PM is represented in 
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the normal curve. The residual flux density (𝐵𝑟) and the coercive force (𝐻𝑐) are two 

significant parameters of PMs. The residual flux density is the flux density of the PM 

while there is no external magnetizing field. The coercive force is the minimum value 

of an external opposite magnetic field in order to demagnetize the PM. The recoil line 

is the operation area of the PM. The operation area in the recoil line depends on load 

condition. As load increases, the operation point goes to the 𝐻𝑐  due to increasing of 

stator current. The differential relative magnetic permeability of the recoil line is 

labelled μrec and is slightly higher than unity. Equation (2.1) can be used to determine 

the recoil line: 

 

 𝐵𝑚 = 𝐵𝑟 + 𝜇𝑟𝑒𝑐𝜇0𝐻𝑚 (2.1) 

 

𝐵𝑚 : magnetic flux density [T] 

𝐵𝑟 : residual flux density [T] 

𝜇𝑟𝑒𝑐 : relative magnetic permeability of the recoil line 

𝜇0 : permeability of free space [H/m] 

𝐻𝑚 : magnetic field intensity [A/m] 

 

The PM energy product can be found by multiplying 𝐵𝑚 and 𝐻𝑚. The PM is 

demagnetized by the external system if the operation point moves from 𝐵𝑟 to 𝐻𝑐. On 

the other hand, the PM is magnetized by the external system if the operation point 

moves from  𝐻𝑐 to 𝐵𝑟. These magnetizing and demagnetizing processes are reversible 

if the operating point remains on the recoil line. If the demagnetizing field goes beyond 

𝐻𝑐𝑖, which is called an intrinsic coercive field, the PM materials lose all their magnetic 

properties and there is needed to implement a new magnetizing process. In every 

PMSM, 𝐻𝑐𝑖 >𝐻𝑐   is always met [55]. 

Table 2.1: Main properties of some hard magnetic materials [54]. 

 
Br (T) 

Hc 

(kA/m) 

Curie T 

(°C) 

Operating 

Tmax (°C) 

Density 

(kg/m3) 

{BmHm}max 

(kJ/m3) 

Ferrite 0.38 250 450 300 4800 30 

AlNiCo 1.20 50 860 540 7300 45 

SmCo 0.85 570 775 250 8300 140 

NdFeB 1.15 880 310 180 7450 260 
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Figure 2.2: Demagnetization curves of PM materials [54]. 

 

Figure 2.3: Effect of temperature on PM demagnetization curve [54]. 
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3.  PMSM TYPES 

The first design attempts of a PMSM were made around the 19th century. Very low 

quality hard magnetic materials were used such as steel and tungsten. AlNiCo was 

invented in 1932 and it was used in excitation in small power DC commutator motor. 

With the production of high energy density PM, dc machines with a PM field 

excitation have been started to develop in 1950s. The use of a PM in the production of 

a magnetic field instead of conventional excitation winding has made the electrical 

machines more compact. Slip rings and brush assembly disappeared as using a PM in 

rotor structure. With the removal of the brush system, the amount of maintenance has 

been reduced by 90 percent. With the appearance of switching power transistors and 

silicon-controlled rectifiers, the mechanical commutator driving system was replaced 

by an inverter-based driving system in the later part of 1950s. The development of a 

PM materials and switching devices had a considerable effect on the development of 

a PMSM and brushless DC machines. The armature of the DC machine need not be 

on the rotor if electronic control is used instead of a mechanical commutator. Better 

cooling and reaching high voltage can be achieved if the stator is used as the armature 

of the machine. Because stator has more clearance space for thermal dissipation and 

insulation. 

There are many advantages of using a PMSM. There are no excitation losses due to 

the absence of the field winding. Hence, the efficiency of the motor is increased. A 

PMSM has higher power and torque density if compared with other types of motor. 

Higher dynamic performance is obtained. Higher flux density is generated in the air 

gap thanks to PM materials. Comparing PMSM and PM commutator motor with the 

same output power, a PMSM can be produced with a smaller volume of about 40..50% 

than a PM commutator motor [56]. 

A PMSM can be produced in a wide power range from a few milliwatts to megawatts. 

A PMSM is frequently encountered in many fields. Some application areas and 

subtitles of these areas are as follows.  

 Industry 
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 Robots, servo drives, pumps, fans, blowers, compressors 

 Public life 

 air conditioning, automatic teller machine, barcode scanner at the 

supermarket 

 Domestic life 

 Refrigerators, dishwasher, washing machine, vacuum cleaners, cellular 

phone 

 Office equipment 

 Printers, scanners, computers, photocopies 

 Transportation 

 Elevators, light railways, electric cars, electric ships, electric aircraft 

 Military 

 Tanks, radar systems, submarines, rockets 

Electrical motors in a vehicle shown in Figure 3.1 can be given as an example of the 

usage area of a PMSM. 

 

Figure 3.1: PMSMs in a vehicle [57]. 

A PMSM can be basically classified into two categories based on the direction of field 

flux. If the flux direction is along the radius of the machine, this is called as a radial 

field motor. Whereas if the flux direction is parallel to the rotor shaft, this is also called 

as an axial field motor. The use of radial field PMSM is more common. However, the 

axial field PMSM has higher power density and acceleration capacity than the radial 

field PMSM and this type of machine is used in specific high performance 

applications. 
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The placement of PM in the rotor defines the type of the motor. Surface mounted 

PMSM with a radial field is more preferable in high power applications. Interior 

PMSM is frequently used in high speed applications. Regardless of the placement of 

the PM in a rotor structure, the operating principle of the motors is the same. Placement 

of the PM basically causes direct (d) and quadrature (q) axes inductance values to be 

different. The direct axis is defined as a rotor magnetic axis. This axis is parallel with 

a magnetic field of a rotor. Direct inductance is the inductance value measured when 

the flux of the permanent magnet and the stator flux are aligned. On the other hand, 

quadrature inductance is the inductance value measured at the intersection of stator 

and rotor flux by 90°. Inductance can be found as using equation (3.1). 

 

 
𝐿 =

𝜆

𝐼
=

𝑁𝛷

𝐼
=

𝑁𝐹

𝐼ℜ
=

𝑁𝑁𝐼

𝐼ℜ
=

𝑁2

ℜ
=

𝜇𝑜𝜇𝑟𝑁
2𝐴

𝑙
 (3.1) 

 

𝐿 : inductance [H] 

𝜆 : flux linkage [Wb] 

𝐼 : current in the coil [A] 

𝑁 : number of turns 

𝛷 : flux [Wb] 

𝐹 : MMF [A.t] 

ℜ : reluctance [A.t/Wb] 

𝜇𝑜 : permeability of free space [H/m] 

𝜇𝑟 : relative permeability of the ferromagnetic material 

ℓ : length of the flux line [m] 

𝐴 : area of the cross-section [m2] 

 

Reluctance can be also found as using equation (3.2). 

 

 
ℜ =

ℓ

𝜇𝑜𝜇𝑟𝐴
 (3.2) 

 

ℜ : reluctance [A.t/Wb] 

ℓ : length of the flux line [m] 

𝜇𝑜 : permeability of free space [H/m] 
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𝜇𝑟 : relative permeability of the ferromagnetic material 

𝐴 : area of the cross-section [m2] 

 

If only the air gap and magnet reluctance are taken into account and reluctance of the 

iron is ignored, the ratio of the direct axis and quadrature axis reluctance are basically 

calculated as using equation (3.3). 

 

 ℜ𝑑

ℜ𝑞
=

ℓ𝑔 + ℓ𝑚 

ℓ𝑔 

 (3.3) 

 

ℜ𝑑   : direct component of the reluctance [A.t/Wb] 

ℜ𝑞   : quadrature component of the reluctance [A.t/Wb] 

ℓ𝑔     : air gap length [m] 

ℓ𝑚    : thickness of the magnet [m] 

 

Magnet thickness is much bigger than the air gap in a PMSM. It is obviously seen in 

equation (3.3) that the direct axis reluctance is always bigger than the quadrature axis 

reluctance. If it is needed to say that differently, the effective air gap of the direct axis 

is multiple times that of the effective air gap of the quadrature axis. As a result of that, 

considering equation (3.3), inequality (3.4) can be found: 

 

 𝐿𝑞𝑠 > 𝐿𝑑𝑠  (3.4) 

 

𝐿𝑞𝑠    : quadrature component of the stator inductance [H] 

𝐿𝑑𝑠    : direct component of the stator inductance [H] 

 

Although the quadrature axis inductance is always greater than the direct axis 

inductance in PMSM, there is the opposite situation in a wound rotor salient 

synchronous motor. In this motor, there is embedded excitation winding in rotor slots. 

This winding is aligned with the direct axis. There is a uniform and small air gap 

between the direct axis and stator. On the other hand, the quadrature axis has non-

uniform and big air gap. This difference causes the quadrature axis inductance to be 

much smaller than the direct axis inductance, unlike a PMSM.  
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3.1 Surface Mounted PMSM 

Surface mounted PMSM is shown in Figure 3.2. Magnets are mounted on the outer 

surface of the rotor in this type of motor. The magnetic flux of magnets directly 

penetrates through the air gap without facing rotor lamination. Therefore, air gap has 

a high flux density. On the other hand, lower structural integrity and mechanical 

robustness can be counted as the drawbacks of this type of motor. Magnets are exposed 

to external mechanical influences. Besides, magnets face the danger of being 

demagnetized. 

 

Figure 3.2: Surface mounted PMSM [57]. 

Surface mounted PMSM is not used in high speed applications, greater than 3000 rpm, 

due to mechanical weakness of placement of magnets. However, surface mounted 

PMSM with a small rotor diameter can be used in some special high speed 

applications. In order to prevent from demagnetizing action of armature reaction and 

centrifugal forces, an external and high conductivity nonferromagnetic cylinder can be 

placed on the outer surface of the rotor.  This structure also provides asynchronous 

starting torque to the motor as if used a damper winding. There is a small difference 

in the reluctance value of the direct and quadrature axis due to the placement of 

magnets. Approximately less than 10% difference is observed in direct and quadrature 

axis inductance values. 

3.2 Surface Insert PMSM 

Surface insert PMSM is shown in Figure 3.3. 
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Figure 3.3: Surface insert PMSM [57]. 

Magnets are embedded on the outer surface of the rotor in surface mounted PMSM. 

This structure enables to construct the uniform cylindrical surface of the rotor. 

Nevertheless, structural integrity and mechanical robustness are enhanced if compared 

with surface mounted PMSM. The ratio between the quadrature and direct axes 

inductances can reach to between 2…2.5 in surface insert PMSM. EMF induced by 

the PM in surface insert PMSM is lower than surface mounted PMSM. 

3.3 Interior PMSM 

Interior PMSM is shown in Figure 3.4. 

 

Figure 3.4: Interior PMSM [57]. 

Magnets are placed inside of rotor lamination with different placement patterns. This 

type of a motor has excellent structural integrity and mechanical robustness 

characteristics if compared with the other two types of a motor. The magnets in this 

motor are more protected against centrifugal force. This feature makes this motor 

preferable for high-speed applications. These motors have a higher production 

difficulty. The ratio between the quadrature and direct axes inductances can be up to 
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three and in addition to that, this ratio can reach much higher for some special interior 

PM rotor structures. As seen in Figure 3.4, air gap is generated between each two 

adjacent magnets by removing some steel laminations. It is aimed to prevent the 

magnetic flux from dispersing from the rotor surface to adjacent magnets as soon as 

possible. This air isolation is called as a flux barrier. It enables more magnetic flux to 

reach to stator windings; therefore, mutual flux linkages between stator and rotor are 

increased. Flux barriers also provide to reduce the weight of the rotor and accordingly 

reduce rotor inertia. This feature makes this motor suitable for higher acceleration and 

higher speed applications. The position of magnets is circumferential and 

perpendicular to the rotor. This arrangement makes the motor large volume and costly. 

In addition to that, this type of a motor is not applicable for applications that need high 

energy density. Low-cost ferrite magnets are generally preferred for this placement of 

magnets. Using this configuration, the total cross-sectional area of magnets is 

increased if compared surface mounted PMSM. This provides more air gap flux 

density in the motor. Higher efficiency and small stator currents can be achieved. 

Briefly, the higher airgap flux density is provided with the drawback of higher rotor 

volume. 

Flux in the rotor lamination does not change with time both surface and interior 

PMSM. This stable flux value in the rotor causes zero eddy current and hysteresis 

losses. However, in the real world, there is some flux fluctuation in the rotor due to 

variation of reluctance caused by stator slots and teeth; therefore, it leads to some core 

losses which can be ignored in some situations. 

3.4 Spoke PMSM 

Spoke PMSM is shown in Figure 3.5. 

 

Figure 3.5: Spoke PMSM [57]. 
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PMs are embedded in deep slots and placed circumferentially in the rotor. This 

arrangement increases the distance between the shaft and the surface of the rotor. 

Quadrature axis inductance is higher than direct axis inductance in this type of the 

motor. Cage winding in the rotor pole shoes can be used to provide asynchronous 

starting torque to the motor. Distance of laminated of iron placed between 

neighbouring magnets has a significant parameter for design. A nonferromagnetic 

shaft is most preferable in the applications. As seen Figure 3.6, if the ferromagnetic 

shaft is used, most of the magnetic flux goes to the shaft and a small part of the flux 

crosses the air gap and reaches the stator. This unused flux leads to a loss of efficiency. 

Either a nonferromagnetic shaft or sleeve between a ferromagnetic shaft and rotor core 

can be used in order to canalize the magnetic flux to the stator. 

 

Figure 3.6: Magnetic flux distribution in the cross-section of a spoke PMSM (a) 

rotor with ferromagnetic shaft (b) rotor with nonferromagnetic shaft [57]. 

3.5 Line Start PMSM  

For constant speed application, line start PMSM can be used. It presents higher 

efficiency and higher power factor if compared to induction and wound rotor 

synchronous motor. Line start PMSM has a squirrel cage structure which is called 

damper winding in order to contribute initial torque for a motor. Voltage is induced in 

the squirrel cage until reaching synchronous speed. At that speed, there is no induced 

voltage as well as current in the cage structure; therefore, there is no torque production 

supplied by the squirrel cage in synchronous speed. This structure also provides natural 

damping for the oscillations under transient conditions without speed feedback. If the 

speed tends to lose synchronization, the slip of the rotor takes a nonzero value and 
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voltage is induced in the squirrel cage. Generated torque accelerates the rotor and the 

speed of the rotor reaches synchronous speed again. 

For variable speed applications, there is no need to use damper winding. Required 

current for starting and running conditions is supplied by an inverter. Not using the 

damping winding increases the efficiency of a motor due to the absence of the induced 

current loss. However, current and position feedback are needed for control of the 

inverter. 

Line start PMSM can be preferable in order to increase the security of the system. For 

normal conditions, the motor is driven by the inverter; however, in case of failure, the 

inverter is bypassed and the motor is connected to the grid system and driven by 

constant frequency thanks to damper winding [56]. Characteristics of a line start 

PMSM is shown in Figure 3.7. 

 

Figure 3.7: Characteristics of a line start PMSM  (a) steady state torque–slip 

characteristic  1: asynchronous torque 2: braking torque produced by PMs 3: 

resultant torque (b) speed–time characteristic (c) torque–time characteristic [56]. 
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4.  DYNAMIC MODEL OF A PMSM 

A two-pole and three-phase PMSM is given Figure 4.1. Stator windings are connected 

as wye and there is a PM in the rotor structure. Stator windings are displaced at 120°. 

Each winding has Ns equivalent turns and resistance rs so all three winding are the 

same. The stator windings will be considered to be distributed as sinusoidal in the 

analysis. 

 

Figure 4.1: Two-pole, three-phase permanent-magnet AC machine [58]. 
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The voltage equations of a PMSM are written as,  

 

       𝒗𝑎𝑏𝑐𝑠 = 𝒓𝑠𝒊𝑎𝑏𝑐𝑠 + 𝑝𝝀𝑎𝑏𝑐𝑠 (4.1) 

 

𝒗𝑎𝑏𝑐𝑠 : matrix of the stator voltages [V] 

𝒓𝑠 : matrix of the stator resistances [Ohm] 

𝒊𝑎𝑏𝑐𝑠 : matrix of the stator currents [A] 

𝑝 : derivative operator 

𝝀𝑎𝑏𝑐𝑠 : matrix of the stator flux linkages [Wb.t] 

 

Where, 

 (𝒇𝑎𝑏𝑐𝑠)
𝑇 = [𝑓𝑎𝑠      𝑓𝑎𝑠     𝑓𝑎𝑠] (4.2) 

 

                𝒓𝑠 = 𝑑𝑖𝑎𝑔[𝑟𝑠     𝑟𝑠     𝑟𝑠] (4.3) 

 

The flux linkages are given as, 

 

 𝝀𝑎𝑏𝑐𝑠 = 𝑳𝑠𝒊𝑎𝑏𝑐𝑠 + 𝝀𝑚
′  

 

(4.4) 

𝝀𝒂𝒃𝒄𝒔 : matrix of the stator flux linkages [Wb] 

𝑳𝒔 : matrix of the stator inductances [H] 

𝒊𝒂𝒃𝒄𝒔 : matrix of the stator currents [A] 

𝝀𝒎
′  : flux linkage of the permanent magnet [Wb] 

 

Mutual leakage terms are neglected and 𝑳𝑠 is given as, 

 

𝑳𝒔 =

[
 
 
 
 
 𝐿𝑙𝑠 + 𝐿𝐴 + 𝐿𝐵𝑐𝑜𝑠2𝜃𝑟 −

1

2
𝐿𝐴 + 𝐿𝐵𝑐𝑜𝑠2 (𝜃𝑟 −

𝜋

3
) −

1

2
𝐿𝐴 + 𝐿𝐵𝑐𝑜𝑠2 (𝜃𝑟 +

𝜋

3
)

−
1

2
𝐿𝐴 + 𝐿𝐵𝑐𝑜𝑠2 (𝜃𝑟 −

𝜋

3
) 𝐿𝑙𝑠 + 𝐿𝐴 + 𝐿𝐵𝑐𝑜𝑠2 (𝜃𝑟 −

2𝜋

3
) −

1

2
𝐿𝐴 + 𝐿𝐵𝑐𝑜𝑠2(𝜃𝑟 + 𝜋)

−
1

2
𝐿𝐴 + 𝐿𝐵𝑐𝑜𝑠2 (𝜃𝑟 +

𝜋

3
) −

1

2
𝐿𝐴 + 𝐿𝐵𝑐𝑜𝑠2 (𝜃𝑟 +

𝜋

3
) 𝐿𝑙𝑠 + 𝐿𝐴 + 𝐿𝐵𝑐𝑜𝑠2 (𝜃𝑟 −

2𝜋

3
)]
 
 
 
 
 

 (4.5) 

 

𝑳𝒔  : matrix of the stator inductances [H] 

𝐿𝑙𝑠 : leakage inductance of the stator [H] 
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𝜃𝑟 : displacement of the rotor [rad] 

 

The flux linkage 𝝀𝑚
′  is written as, 

 

𝝀𝒎
′ = 𝜆𝑚

′

[
 
 
 
 

𝑠𝑖𝑛𝜃𝑟

𝑠𝑖𝑛 (𝜃𝑟 −
2𝜋

3
)

𝑠𝑖𝑛 (𝜃𝑟 +
2𝜋

3
)]
 
 
 
 

 (4.6) 

 

𝝀𝑚
′  : flux linkage of permanent magnet [Wb] 

𝜆𝑚
′  : magnitude of flux linkage of permanent magnet 

 

𝜆𝑚
′  is the amplitude of the flux linkages which are generated by a permanent magnets 

as seen from thee stator windings. Therefore, 𝑝𝜆𝑎𝑏𝑐𝑠 are the open circuit voltage which 

are induced in the stator windings. Damper windings are also neglected in the 

calculations. Induced voltages in stator windings are assumed as constant amplitude 

sinusoidal voltages [59].  

Electromagnetic torque is expressed as, 

 

 
𝑇𝑒 = (

𝑃

2
)
𝜕𝑊𝑐

𝜕𝜃𝑟
 (4.7) 

 

𝑇𝑒 : electromagnetic torque [Nm] 

𝑃 : pole number of the rotor 

𝜃𝑟 : displacement of the rotor [rad] 

 

Where, 

 
𝑊𝑐 =

1

2
𝒊𝒂𝒃𝒄𝒔
𝑻 𝑳𝒔 𝒊𝒂𝒃𝒄𝒔 + 𝒊𝒂𝒃𝒄𝒔

𝑻 𝝀𝒎
′ + 𝑾𝒑𝒎 (4.8) 

 

𝒊𝒂𝒃𝒄𝒔 : matrix of the stator currents [A] 

𝑳𝒔  : matrix of the stator inductances [H] 

𝝀𝒎
′  : flux linkage of the permanent magnet [Wb] 

𝑾𝒑𝒎 : energy in coupling field due to presence of the permanent magnet [J] 
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Substituting equation (4.8) into (4.7) and neglecting any change in 𝑊𝑝𝑚with rotor 

position, the electromagnetic torque can be written as, 

 

𝑇𝑒 = (
𝑃

2
) {

𝐿𝑚𝑑 − 𝐿𝑚𝑞

3
[(𝑖𝑎𝑠

2 −
1

2
𝑖𝑏𝑠
2 −

1

2
𝑖𝑐𝑠
2 − 𝑖𝑎𝑠𝑖𝑏𝑠 − 𝑖𝑎𝑠𝑖𝑐𝑠 + 2𝑖𝑏𝑠𝑖𝑐𝑠) 𝑠𝑖𝑛2𝜃𝑟

+
√3

2
(𝑖𝑏𝑠

2 − 𝑖𝑐𝑠
2 − 2𝑖𝑎𝑠𝑖𝑏𝑠 + 2𝑖𝑎𝑠𝑖𝑐𝑠)𝑐𝑜𝑠2𝜃𝑟]

+ 𝜆𝑚
′ [(𝑖𝑎𝑠 −

1

2
𝑖𝑏𝑠 −

1

2
𝑖𝑐𝑠) 𝑐𝑜𝑠𝜃𝑟 +

√3

2
(𝑖𝑏𝑠 − 𝑖𝑐𝑠)𝑠𝑖𝑛𝜃𝑟]} 

(4.9) 

 

𝑇𝑒 : electromagnetic torque [Nm] 

𝑃 : pole number of the rotor 

𝐿𝑚𝑑 : direct component of the stator magnetizing inductance [H] 

𝐿𝑚𝑞 : quadrature component of the stator magnetizing inductance [H] 

𝑖𝑎𝑠 : phase a current of the stator [A] 

𝑖𝑏𝑠 : phase b current of the stator [A] 

𝑖𝑐𝑠 : phase c current of the stator [A] 

𝜃𝑟 : displacement of the rotor [rad] 

𝜆𝑚
′  : magnitude of the flux linkage of the permanent magnet [Wb] 

 

Where, 

 
𝐿𝑚𝑞 =

3

2
(𝐿𝐴 + 𝐿𝐵) (4.10) 

 
𝐿𝑚𝑑 =

3

2
(𝐿𝐴 − 𝐿𝐵) (4.11) 

 

𝐿𝑚𝑞 : quadrature component of the stator magnetizing inductance [H] 

𝐿𝑚𝑑 : direct component of the stator magnetizing inductance [H] 

 

Torque equation may be arranged using speed as, 

 

 
𝑇𝑒 = 𝐽 (

2

𝑃
) 𝑝𝜔𝑟 + 𝐵𝑑𝑎𝑚𝑝 (

2

𝑃
)𝜔𝑟 + 𝑇𝐿 (4.12) 

   

𝑇𝑒 : electromagnetic torque [Nm] 
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𝐽 : total inertia of the rotor and a connected load [kg.m2] 

𝑃 : pole number of the rotor 

𝑝 : derivative operator 

𝜔𝑟 : angular velocity of the rotor [rad/s] 

𝐵𝑑𝑎𝑚𝑝 : damping coefficient of the rotational system [Nm.s/rad] 

𝑇𝐿 : load torque [Nm] 

 

Load torque 𝑇𝐿 is positive for motor action and damping coefficient 𝐵𝑑𝑎𝑚𝑝 is often 

neglected due to its small value. 

The voltage equations can be written in rotor reference frame by taking 𝜔 = 𝜔𝑟 . 

 

 𝒗𝒒𝒅𝟎𝒔
𝒓 = 𝒓𝒔𝒊𝒒𝒅𝟎𝒔

𝒓 + 𝜔𝑟𝝀𝒒𝒅𝟎𝒔
𝒓 + 𝑝𝝀𝒒𝒅𝟎𝒔

𝒓  (4.13) 

 

𝒗𝒒𝒅𝟎𝒔
𝒓  : matrix of the stator voltages referred to the rotor [V] 

𝒓𝑠 : matrix of the stator resistances [Ohm] 

𝒊𝒒𝒅𝟎𝒔
𝒓  : matrix of the stator currents referred to the rotor [A] 

𝜔𝑟 : angular velocity of the rotor [rad/s] 

𝝀𝒒𝒅𝟎𝒔
𝒓  : matrix of the stator flux linkages referred to the rotor [Wb] 

𝑝 : derivative operator 

 

Where, 

 (𝝀𝑑𝑞𝑠
𝑟 )𝑇 = [𝜆𝑑𝑠

𝑟      −𝜆𝑞𝑠
𝑟      0] (4.14) 

 

 

𝝀𝑞𝑑0𝑠
𝑟 = [

𝐿𝑙𝑠 + 𝐿𝑚𝑞 0 0

0 𝐿𝑙𝑠 + 𝐿𝑚𝑑 0
0 0 𝐿𝑙𝑠

] [

𝑖𝑞𝑠
𝑟

𝑖𝑑𝑠
𝑟

𝑖0𝑠
𝑟

] + 𝝀𝑚
′𝑟 [

0
1
0
] (4.15) 

 

𝝀𝒒𝒅𝟎𝒔
𝒓  : matrix of the stator flux linkages referred to the rotor [Wb] 

𝐿𝑙𝑠 : leakage inductance of the stator [H] 

𝐿𝑚𝑞 : quadrature component of the stator magnetizing inductance [H] 

𝐿𝑚𝑑 : direct component of the stator magnetizing inductance [H] 

𝑖𝑞𝑠
𝑟  : quadrature component of the stator current referred to the rotor [A] 
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𝑖𝑑𝑠
𝑟  : direct component of the stator current referred to the rotor [A] 

𝑖0𝑠
𝑟  : zero component of the stator current referred to the rotor [A] 

𝝀𝑚
′𝑟  : magnitude of the flux linkage of the permanent magnet referred to the 

rotor [Wb] 

 

The voltage equation for each axis can be obtained as, 

 

 𝑣𝑞𝑠
𝑟 = 𝑟𝑠𝑖𝑞𝑠

𝑟 + 𝜔𝑟𝜆𝑑𝑠
𝑟 + 𝑝𝜆𝑞𝑠

𝑟  (4.16) 

 

 𝑣𝑑𝑠
𝑟 = 𝑟𝑠𝑖𝑑𝑠

𝑟 − 𝜔𝑟𝜆𝑞𝑠
𝑟 + 𝑝𝜆𝑑𝑠

𝑟  (4.17) 

 

 𝑣0𝑠 = 𝑟𝑠𝑖0𝑠 + 𝑝𝜆0𝑠 (4.18) 

 

𝑣𝑞𝑠
𝑟  : quadrature component of the stator current voltage referred to a rotor [V] 

𝑟𝑠 : resistance of the stator [Ohm] 

𝑖𝑞𝑠
𝑟  : quadrature component of the stator current referred to the rotor [A] 

𝜔𝑟 : angular velocity of the rotor [rad/s] 

𝜆𝑑𝑠
𝑟  : direct component of the flux linkage referred to the rotor [Wb] 

𝑝 : derivative operator 

𝜆𝑞𝑠
𝑟  : quadrature component of the flux linkage referred to the rotor [Wb] 

𝑣𝑑𝑠
𝑟  : direct component of the stator current voltage referred to a rotor [V] 

𝑖𝑑𝑠
𝑟  : direct component of the stator current referred to the rotor [A] 

𝑣0𝑠 : zero component of a stator voltage referred to a rotor [V] 

𝑖0𝑠 : zero component of the stator current referred to the rotor [A] 

𝜆0𝑠 : zero component of the flux linkage [Wb] 

 

Where, 

 𝜆𝑞𝑠
𝑟 = 𝐿𝑞𝑠𝑖𝑞𝑠

𝑟  (4.19) 

 

 𝜆𝑑𝑠
𝑟 = 𝐿𝑑𝑠𝑖𝑑𝑠

𝑟 + 𝜆𝑚
′𝑟  (4.20) 

   

 𝜆0𝑠 = 𝐿𝑙𝑠𝑖0𝑠 (4.21) 
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𝜆𝑞𝑠
𝑟  : quadrature component of the flux linkage referred to the rotor [Wb] 

𝐿𝑞𝑠 : quadrature component of the stator inductance [H] 

𝑖𝑞𝑠
𝑟  : quadrature component of the stator current referred to the rotor [A] 

𝜆𝑑𝑠
𝑟  : direct component of the flux linkage referred to the rotor [Wb] 

𝐿𝑑𝑠 : direct component of the stator inductance [H] 

𝑖𝑑𝑠
𝑟  : direct component of the stator current referred to the rotor [A] 

𝜆𝑚
′𝑟  : flux linkage of permanent magnet referred to the rotor [Wb] 

𝜆0𝑠 : zero component of the flux linkage [Wb] 

𝐿𝑙𝑠 : leakage inductance of the stator [H] 

𝑖0𝑠 : zero component of the stator current [A] 

 

Where, 

 𝐿𝑞𝑠 = 𝐿𝑙𝑠 + 𝐿𝑚𝑞 (4.22) 

 

 𝐿𝑑𝑠 = 𝐿𝑙𝑠 + 𝐿𝑚𝑑  (4.23) 

 

𝐿𝑞𝑠 : quadrature component of the stator inductance [H] 

𝐿𝑙𝑠 : leakage inductance of the stator [H] 

𝐿𝑚𝑞 : quadrature component of the stator magnatizing inductance [H] 

𝐿𝑑𝑠 : direct component of the stator inductance [H] 

𝐿𝑚𝑑 : direct component of the stator magnatizing inductance [H] 

 

Equations (4.19), (4.20) and (4.21) are substituted into equations (4.16), (4.17) and 

(4.18) by considering 𝑝𝜆𝑚
′𝑟 , the voltage equations can be arranged as, 

 

 𝑣𝑞𝑠
𝑟 = (𝑟𝑠 + 𝑝𝐿𝑞𝑠)𝑖𝑞𝑠

𝑟 + 𝜔𝑟𝐿𝑑𝑠𝑖𝑑𝑠
𝑟 + 𝜔𝑟𝜆𝑚

′𝑟  (4.24) 

 

 𝑣𝑑𝑠
𝑟 = (𝑟𝑠 + 𝑝𝐿𝑑𝑠)𝑖𝑑𝑠

𝑟 − 𝜔𝑟𝐿𝑞𝑠𝑖𝑞𝑠
𝑟  (4.25) 

 

 𝑣0𝑠 = (𝑟𝑠 + 𝑝𝐿𝑙𝑠)𝑖0𝑠 (4.26) 

   

𝑣𝑞𝑠
𝑟  : quadrature component of the stator voltage referred to a rotor [V] 
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𝑟𝑠 : resistance of the stator [Ohm] 

𝑝 : derivative operator 

𝐿𝑞𝑠 : quadrature component of the stator inductance [H] 

𝑖𝑞𝑠
𝑟  : quadrature component of the stator current referred to the rotor [A] 

𝜔𝑟 : angular velocity of the rotor [rad/s] 

𝐿𝑑𝑠 : direct component of the stator inductance [H] 

𝑖𝑑𝑠
𝑟  : direct component of the stator current referred to the rotor [A] 

𝜆𝑚
′𝑟  : flux linkage of the permanent magnet referred to the rotor [Wb] 

𝑣𝑑𝑠
𝑟  : direct component of the stator voltage referred to the rotor [V] 

𝑣0𝑠 : zero component of the stator current voltage [V] 

𝑖0𝑠 : zero component of the stator current [A] 

 

Input power of a PMSM can be expressed by using direct and quadrature axis current 

as, 

 
𝑇𝑒 (

2

𝑃
)𝜔𝑟 =

3

2
(𝑣𝑞𝑠

𝑟 𝑖𝑞𝑠
𝑟 + 𝑣𝑑𝑠

𝑟 𝑖𝑑𝑠
𝑟 + 2𝑣0𝑠𝑖0𝑠) (4.27) 

 

𝑇𝑒 : electromagnetic torque [Nm] 

𝑃 : pair of the rotor 

𝜔𝑟 : angular velocity of the rotor [rad/s] 

𝑣𝑣𝑞𝑠
𝑟  : quadrature component of the stator voltage referred to the rotor [V] 

𝑖𝑞𝑠
𝑟  : quadrature component of the stator current referred to the rotor [A] 

𝑣𝑑𝑠
𝑟  : direct component of the stator voltage referred to the rotor [V] 

𝑖𝑑𝑠
𝑟  : direct component of the stator current referred to the rotor [A] 

𝑣0𝑠 : zero component of the stator voltage referred to the rotor [V] 

𝑖0𝑠 : zero component of the stator current referred to the rotor [A] 
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Figure 4.2: a) Stator q-axis equivalent circuit b) Stator d-axis equivalent circuit c) 

Zero sequence equivalent circuit [57]. 

If the equations (4.24), (4.25) and (4.26) are substituted into equation (4.27), another 

form of the input power can be obtained as, 

 

 
𝑇𝑒 (

2

𝑃
)𝜔𝑟 =

3

2
𝑟𝑠(𝑖𝑞𝑠

𝑟 2 + 𝑖𝑑𝑠
𝑟 2

+ 2𝑖0𝑠
2) +

3

2
(𝜆𝑑𝑠

𝑟 𝑖𝑞𝑠
𝑟 − 𝜆𝑞𝑠

𝑟 𝑖𝑑𝑠
𝑟 )𝜔𝑟

+
3

2
(𝑖𝑞𝑠

𝑟 𝑝𝜆𝑞𝑠
𝑟 + 𝑖𝑑𝑠

𝑟 𝑝𝜆𝑑𝑠
𝑟 + 2𝑖0𝑠𝑝𝜆0𝑠)(𝑖𝑞𝑠

𝑟 𝑝𝜆𝑞𝑠
𝑟

+ 𝑖𝑑𝑠
𝑟 𝑝𝜆𝑑𝑠

𝑟 + 2𝑖0𝑠𝑝𝜆0𝑠) 

 

(4.28) 

𝑇𝑒 : electromagnetic torque [Nm] 

𝑃 : pole number of the rotor 

𝜔𝑟 : angular velocity of the rotor [rad/s] 

𝑟𝑠 : resistance of the stator [Ohm] 

𝑖𝑞𝑠
𝑟  : quadrature component of the stator current referred to the rotor [A] 

𝑖𝑑𝑠
𝑟  : direct component of the stator current referred to the rotor [A] 
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𝑖0𝑠 : zero component of the stator current referred to the rotor [A] 

𝜆𝑑𝑠
𝑟  : direct component of the flux linkage referred to the rotor [Wb] 

𝜆𝑞𝑠
𝑟  : quadrature component of the flux linkage referred to the rotor [Wb] 

𝜔𝑟 : angular velocity of the rotor [rad/s] 

𝑝 : derivative operator 

𝜆0𝑠 : direct component of the flux linkage [Wb] 

 

Ohmic power loss in the stator windings is presented in the first term on the right-hand 

side of the equation (4.28). The change of stored energy is also presented in the last 

term on the right-hand side. Electromagnetic torque can be obtained by equating the 

coefficient 𝑤𝑟 as, 

 

 
𝑇𝑒 = (

3

2
) (

𝑃

2
) (𝜆𝑑𝑠

𝑟 𝑖𝑞𝑠
𝑟 − 𝜆𝑞𝑠

𝑟 𝑖𝑑𝑠
𝑟 ) (4.29) 

 

𝑇𝑒 : electromagnetic torque [Nm] 

𝑃 : pole number of the rotor 

𝜆𝑑𝑠
𝑟  : direct component of the flux linkage referred to the rotor [Wb] 

𝑖𝑞𝑠
𝑟  : quadrature component of the stator current referred to the rotor [A] 

𝜆𝑞𝑠
𝑟  : quadrature component of the flux linkage referred to the rotor [Wb] 

𝑖𝑑𝑠
𝑟  : direct component of the stator current referred to the rotor [A] 

 

If the equations (4.19) and (4.20) are substituted into equation (4.29), another form of 

the electromagnetic torque can be expressed as, 

 

 
𝑇𝑒 = (

3

2
) (

𝑃

2
) (𝜆𝑚

′𝑟𝑖𝑞𝑠
𝑟 + (𝐿𝑑𝑠 − 𝐿𝑞𝑠)𝑖𝑞𝑠

𝑟 𝑖𝑑𝑠
𝑟 ) (4.30) 

 

𝑇𝑒 : electromagnetic torque [Nm] 

𝑃 : pole number of the rotor 

𝜆𝑚
′𝑟  : flux linkage of permanent magnet referred to the rotor [Wb] 

𝑖𝑞𝑠
𝑟  : quadrature component of the stator current referred to the rotor [A] 

𝐿𝑑𝑠 : direct component of the stator inductance [H] 
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𝐿𝑞𝑠 : quadrature component of the stator inductance [H] 

𝑖𝑑𝑠
𝑟  : direct component of the stator current referred to the rotor [A] [60] 

 

The sign of the electromagnetic torque is positive for motor operation.  

Angular rotor speed is calculated as, 

 

 𝑑𝜃𝑟

𝑑𝑡
= 𝜔𝑟 (4.31) 

 

𝜃𝑟 : displacement of the rotor [rad] 

𝜔𝑟 : angular velocity of the rotor [rad/s] 

 

Angular rotor position can be found by integrating equation (4.31). However, 𝜃𝑟 is 

obtained in different ways instead of using this equation in order to simplify the 

calculation. Hall sensor, a position observer or encoder are commonly used practically 

for the calculation of the angular rotor position. The applied stator voltages are 

assumed as sinusoidal as a step in finding the rotor position. 

 

 𝑣𝑎𝑠 = √2𝑣𝑠𝑐𝑜𝑠𝜃𝑒𝑣 (4.32) 

 

 
𝑣𝑏𝑠 = √2𝑣𝑠𝑐𝑜𝑠 (𝜃𝑒𝑣 −

2𝜋

3
) (4.33) 

 

 
𝑉𝑐𝑠 = √2𝑣𝑠𝑐𝑜𝑠 (𝜃𝑒𝑣 +

2𝜋

3
) (4.34) 

 

𝑣𝑎𝑠 : stator voltage of a phase [V] 

𝑣𝑏𝑠 : stator voltage of b phase [V] 

𝑣𝑐𝑠 : stator voltage of c phase [V] 

𝑣𝑠 : magnitude of the stator voltage [V] 

𝜃𝑒𝑣 : phase angle of the stator voltage [rad] 

 

The stator voltages are controlled with the inverter in order to satisfy equation (4.35). 
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 𝜃𝑒𝑣 = 𝜃𝑟 + ɸ𝑣 (4.35) 

 

𝜃𝑒𝑣 : phase angle of the stator voltage [rad] 

𝜃𝑟 : displacement of the rotor [rad] 

ɸ𝑣 : angular displacement referred to the rotor [rad] 

 

If it is assumed that equations (4.32), (4.33) and (4.34) have only fundamental 

components and all harmonic contents which are caused by switching are ignored, the 

stator voltage referred to rotor reference can be written as, 

 

 𝑣𝑞𝑠
𝑟 = √2𝑣𝑠𝑐𝑜𝑠ɸ𝑣 (4.36) 

 

 𝑣𝑑𝑠
𝑟 = −√2𝑣𝑠𝑠𝑖𝑛ɸ𝑣 (4.37) 

 

𝑣𝑞𝑠
𝑟  : quadrature component of the stator voltage referred to the rotor [V] 

𝑣𝑑𝑠
𝑟  : direct component of the stator voltage referred to the rotor [V] 

𝑣𝑠 : magnitude of the stator voltage [V] 

ɸ𝑣 : angular displacement referred to the rotor [rad] 

 

Sinusoidal stator voltages can be expressed for steady state with balanced operation 

as, 

 

 𝑉𝑞𝑠
𝑟 = 𝑟𝑠𝐼𝑞𝑠

𝑟 + 𝜔𝑟𝐿𝑑𝑠𝐼𝑑𝑠
𝑟 + 𝜔𝑟𝜆𝑚

′𝑟  (4.38) 

 

 𝑉𝑑𝑠
𝑟 = 𝑟𝑠𝐼𝑑𝑠

𝑟 − 𝜔𝑟𝐿𝑞𝑠𝐼𝑞𝑠
𝑟  (4.39) 

   

𝑉𝑞𝑠
𝑟  : quadrature component of the stator voltage referred to the rotor in steady 

state [V] 

𝑟𝑠 : resistance of the stator [Ohm] 

𝐼𝑞𝑠
𝑟  : quadrature component of the stator current referred to the rotor in steady 

state [A] 

𝜔𝑟 : angular velocity of the rotor [rad/s] 



35 

 

𝐿𝑑𝑠 : direct component of the stator inductance [H] 

𝐼𝑑𝑠
𝑟  : direct component of the stator current referred to the rotor in steady state 

[A] 

𝜆𝑚
′𝑟  : flux linkage of the permanent magnet referred to the rotor [Wb.turns] 

𝑉𝑑𝑠
𝑟  : direct component of the stator voltage referred to the rotor in steady state 

[V] 

𝐿𝑞𝑠 : quadrature component of the stator inductance [H] 

 

Steady state parameters which are constant are indicated with uppercase letters. If the 

demagnetization effect is ignored, 𝜆𝑚
′𝑟  can be treated as a constant value. In light of 

this information, the steady state torque can be written as, 

 

 
𝑇𝑒 = (

3

2
) (

𝑃

2
) [𝜆𝑚

′𝑟𝐼𝑞𝑠
𝑟 + (𝐿𝑑𝑠 − 𝐿𝑞𝑠)𝐼𝑞𝑠

𝑟 𝐼𝑑𝑠
𝑟 ] (4.40) 

 

𝑇𝑒 : electromagnetic torque [Nm] 

𝑃 : pole number of the rotor 

𝜆𝑚
′𝑟  : flux linkage of the permanent magnet referred to the rotor [Wb] 

𝐼𝑞𝑠
𝑟  : quadrature component of the stator current referred to the rotor in steady 

state [A] 

𝐿𝑑𝑠 : direct component of the stator inductance [H] 

𝐿𝑞𝑠 : quadrature component of the stator inductance [H] 

𝐼𝑑𝑠
𝑟  : direct component of the stator current referred to the rotor in steady state 

[A] 

 

The angular displacement between the peak value of the fundamental component of 

Vas and quadrature axis fixed in the rotor is denoted with ɸ𝑣 that is the constant value. 

The phasor voltage equations can be obtained by referencing the phasor to quadrature 

axis which is assumed positive real axis of the stationary phasor diagram. Phasor 𝑉̃𝑎𝑠 

can be expressed as, 

 

 𝑉̃𝑎𝑠 = 𝑉𝑠𝑒
𝑗ɸ𝑣 = 𝑉𝑠𝑐𝑜𝑠ɸ𝑣 + 𝑗𝑉𝑠𝑠𝑖𝑛ɸ𝑣 (4.41) 

 



36 

 

𝑉̃𝑎𝑠 : phasor of the stator voltage [V] 

𝑉𝑠 : magnitude of the stator voltage in steady state [V] 

ɸ𝑣 : angular displacement referred to the rotor [rad] 

 

If equations (4.38) and (4.39) are combined with equation (4.41), equation (4.42) is 

obtained as, 

 

 √2𝑉̃𝑎𝑠 = 𝑉𝑞𝑠
𝑟 − 𝑗𝑉𝑑𝑠

𝑟  (4.42) 

 

𝑉̃𝑎𝑠 : phasor of the stator voltage [V] 

𝑉𝑞𝑠
𝑟  : quadrature component of the stator voltage referred to the rotor in steady 

state [V] 

𝑉𝑑𝑠
𝑟  : direct component of the stator voltage referred to the rotor in steady state 

[V] 

 

Similar equation can be established for currents as, 

 

 √2𝐼𝑎𝑠 = 𝐼𝑞𝑠
𝑟 − 𝑗𝐼𝑑𝑠

𝑟  (4.43) 

 

𝐼𝑎𝑠 : phasor of the stator current [A] 

𝐼𝑞𝑠
𝑟  : quadrature component of the stator current referred to the rotor in steady 

state [A] 

𝐼𝑑𝑠
𝑟  : direct component of the stator current referred to the rotor in steady state 

[A] 

 

If voltage and current equations are arranged, the phasor voltage can be expressed as, 

 

 𝑉̃𝑎𝑠 = (𝑟𝑠 + 𝑗𝜔𝑟𝐿𝑞𝑠)𝐼𝑎𝑠 + 𝐸̃𝑎 (4.44) 

   

𝑉̃𝑎𝑠 : phasor of the stator voltage [V] 

𝑟𝑠 : resistance of the stator [Ohm] 

𝜔𝑟 : angular velocity of the rotor [rad/s] 



37 

 

𝐿𝑞𝑠 : direct component of the stator inductance [H] 

𝐼𝑎𝑠 : phasor of the stator current [A] 

𝐸̃𝑎 : phasor of the BEMF volatge [V] 

 

Where, 

 

 
𝐸̃𝑎 =

1

√2
[𝜔𝑟(𝐿𝑑𝑠 − 𝐿𝑞𝑠)𝐼𝑑𝑠

𝑟 + 𝜔𝑟𝜆𝑚
′𝑟]𝑒𝑗0 (4.45) 

 

𝐸̃𝑎 : phasor of the BEMF volatge [V] 

𝜔𝑟 : angular velocity of the rotor [rad/s] 

𝐿𝑑𝑠 : direct component of the stator inductance [H] 

𝐿𝑞𝑠 : quadrature component of the stator inductance [H] 

𝐼𝑑𝑠
𝑟  : direct component of the stator current referred to the rotor in steady state 

[A] 

𝜆𝑚
′𝑟  : flux linkage of the permanent magnet referred to the rotor [Wb.t] 

 

𝐸̃𝑎 is placed in the real axis for a PM [58]. 
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5.  FIELD ORIENTED CONTROL (FOC) 

The Field Oriented Control (FOC) method is generally used in sensitive motor drives 

such as compressors, pumps, fans etc. Sensorless FOC which is used in BLDC or 

PMSM driving decreases overall system cost. Because sensors and their wiring 

harnesses are eliminated. Sensors may have manufacturing problems and they may be 

affected by magnetic field or sunlight. Besides cost efficiency, FOC reduces problems 

caused by using sensors and increases system reliability. On the other, FOC has a 

significant contribution to the energy efficiency of a motor. Efficiency can be raised 

up to 95% by using FOC. The dynamic response of a motor is enhanced with FOC. 

Heat dissipation is kept at a minimum value in this technique. Provided sinusoidal 

current shape with FOC generates less rippled torque and represents the quiet operation 

to consumers [61]. 

In the FOC theory, one of the fluxes which can be rotor, stator or airgap is taken as a 

reference frame corcerning all other parameters. The main purpose of FOC is to 

decouple torque and flux components of the stator current. By extracting these two 

components from the stator current, a complex three-phase motor is transformed DC 

motor with separate excitation. This means the torque is generated by the armature 

current and the flux is generated by the excitation current. The control of a PMSM is 

aimed to get easier by transforming a PMSM into a DC motor with FOC. Rotor flux 

will be taken as a reference frame for a PMSM. The air gap flux has a smooth shape 

and BEMF is sinusoidal for a PMSM. Direct axis current is considered as a reference 

frame for surface mounted PMSM and a reference direct axis current which can be 

thought of as armature reaction flux is set to zero. The sum of the stator and the rotor 

flux linkage generate the airgap flux. The permanent magnets generate rotor flux 

linkage and stator currents generate stator flux linkage in a PMSM. The stator flux 

linkages are not generated in the airgap below the rated speed which means the direct 

axis current is set to zero and the air gap flux is equal to the rotor flux linkage. Above 

the rated speed, the direct axis current is set to a negative value in order to generate 

opposite stator flux linkage to the rotor flux linkage so the airgap flux is weakened. 
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Six step commutation is preferred as the traditional control technique for a BLDC 

motor drives. This method causes torque ripple in a motor. Hall sensors are placed in 

a motor with 60° or 120° each other. They generate six exact position regions on the 

rotor side. In every region, only two windings are energized until the rotor reaches the 

next region. Electronic commutation is carried out considering the output of hall 

sensors. On the other hand, in the sensorless FOC technique, the rotor position is 

determined by observing the Back-EMF signal in the stator winding. Six step control 

which is also called as trapezoidal control is not an applicable to device that has a 

dynamically changing load such as a washing machine. In every cycle, load varies 

spontaneously and the dynamic response of six step control is insufficient in this type 

of load. FOC has an excellent dynamic response and this feature makes FOC one of 

the most suitable methods for these kinds of load [62]. 

 

Figure 5.1: Six step commutation diagram [63]. 

Before summarizing PMSM equations, some assumptions must be made. The stator 

winding is connected as wye connection. If the delta connection is used, the connection 

must be converted to the wye. Secondly, the magnetic saturation of lamination is 

neglected in order to reduce the complexity of the equation and reach the results easier. 

Lastly, eddy current and hysteresis losses are also neglected due to the above reasons. 

Voltage and flux linkage equation of a PMSM are summarized as below: 

 

       𝑽𝑎𝑏𝑐𝑠 = 𝒓𝑠𝒊𝑎𝑏𝑐𝑠 + 𝑝𝝀𝑎𝑏𝑐𝑠 (5.1) 
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𝒗𝒂𝒃𝒄𝒔 : matrix of the stator voltages [V] 

𝒓𝒔 : matrix of the stator resistance [Ohm] 

𝒊𝒂𝒃𝒄𝒔 : matrix of the stator currents [A] 

𝒑 : derivative operator 

𝝀𝒂𝒃𝒄𝒔 : matrix of the stator flux linkages [Wb.t] 

   

𝛌abcs =

[
 
 
 
 
 Lls + Lms −

Lms

2
−

Lms

2

−
Lms

2
Lls + Lms −

Lms

2

−
Lms

2
−

Lms

2
Lls + Lms]

 
 
 
 
 

𝐢abcs +

[
 
 
 
 

sin θr

sin (θr −
2π

3
)

sin (θr +
2π

3
)]
 
 
 
 

λm
′  (5.2) 

 

𝜆𝑎𝑏𝑐𝑠 : matrix of the stator flux linkages [Wb.t] 

𝐿𝑙𝑠 : stator leakage inductance [H] 

𝐿𝑚𝑠 : magnetizing inductance of the stator [H] 

𝑖𝑎𝑏𝑐𝑠 : matrix of the stator currents [A] 

𝜃𝑟 : displacement of the rotor [rad] 

𝜆𝑚
′  : magnitude of the flux linkage of the permanent magnet [Wb.t] [64]. 

 

As seen in equation (5.2), stator flux linkages are mutually coupled and dependent on 

the rotor position. As will be explained in detail in the following section, the stator 

values can be divided into two components rotating synchronously with the rotor by 

ninety degrees apart. The direct ‘d’ axis is aligned with the rotor flux and the 

quadrature ‘q’ axis leads at 90 degrees. Voltage and flux equations corcerning direct 

and quadrature axis are written as 

 

 
𝑣𝑞𝑠 = 𝑟𝑠𝑖𝑞𝑠 +

𝑑𝜆𝑞𝑠

𝑑𝑡
+ 𝜔𝑟𝜆𝑑𝑠 (5.3) 

   

 
𝑣𝑑𝑠 = 𝑟𝑠𝑖𝑑𝑠 +

𝑑𝜆𝑑𝑠

𝑑𝑡
− 𝜔𝑟𝜆𝑞𝑠 (5.4) 

   

 𝜆𝑞𝑠 = 𝐿𝑞𝑠𝑖𝑞𝑠 (5.5) 
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 𝜆𝑑𝑠 = 𝐿𝑑𝑠𝑖𝑑𝑠 + 𝝀𝑚
′  (5.6) 

   

𝑣𝑞𝑠 : quadrature component of the stator voltage [V] 

𝑟𝑠 : resistance of the stator [Ohm] 

𝑖𝑞𝑠 : quadrature component of the stator current [A] 

𝜆𝑞𝑠 : quadrature component of the flux linkage [Wb.t] 

𝜔𝑟 : angular velocity of the rotor [rad/s] 

𝜆𝑑𝑠 : direct component of the flux linkage [Wb.t] 

𝑣𝑑𝑠 : direct component of the stator voltage [V] 

𝑖𝑑𝑠 : direct component of the stator current [A] 

𝝀𝑚
′  : flux linkage of the permanent magnet [Wb.t] 

 

Inductances of d and q axis are the same for surface mounted PMSM and inductances 

can be written as, 

 

 
𝐿𝑠 = 𝐿𝑞𝑠 = 𝐿𝑑𝑠 = 𝐿𝑙𝑠 =

3𝐿𝑚𝑠

2
  (5.7) 

 

𝐿𝑠 : inductance of the stator [H] 

𝐿𝑞𝑠 : quadrature component of the stator inductance [H] 

𝐿𝑑𝑠 : direct component of the stator inductance [H] 

𝐿𝑙𝑠 : leakage inductance of the stator [H] 

𝐿𝑚𝑠 : magnetizing inductance of the stator [H] 

 

Figure 5.2: Surface mounted PMSM structure [65].  
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On the other hand, interior PMSM has salient magnetic properties; therefore, these two 

axis inductances are not equal to each other. Inductance values can be expressed as, 

 

 
𝐿𝑞𝑠 = 𝐿𝑙𝑠 +

3(𝐿𝑚𝑠 + 𝐿2𝑠)

2
 (5.8) 

 

 
𝐿𝑑𝑠 = 𝐿𝑙𝑠 +

3(𝐿𝑚𝑠 − 𝐿2𝑠)

2
  (5.9) 

 

𝐿𝑞𝑠 : quadrature component of a stator inductance [H] 

𝐿𝑙𝑠 : leakage inductance of the stator [H] 

𝐿𝑚𝑠 : magnetizing inductance of the stator [H] 

𝐿2𝑠 : second harmonic of stator inductance [H] 

𝐿𝑑𝑠 : direct component of a stator inductance [H] 

 

Figure 5.3: Interior PMSM structure [65]. 

Electromagnetic torque equation of surface mounted PMSM is given as, 

 

 
𝑇𝑒 = (

3

2
) (

𝑃

2
) (𝜆𝑑𝑠𝑖𝑞𝑠 − 𝜆𝑞𝑠𝑖𝑑𝑠)

= (
3

2
) (

𝑃

2
) (𝐿𝑠𝑖𝑑𝑠𝑖𝑞𝑠 + 𝜆𝑚

′ 𝑖𝑞𝑠 − 𝐿𝑠𝑖𝑞𝑠𝑖𝑑𝑠) 

 

(5.10) 

 
𝑇𝑒 = (

3

2
) (

𝑃

2
) (𝜆𝑚

′ 𝑖𝑞𝑠) (5.11) 

   

𝑇𝑒 : electromagnetic torque [Nm] 

𝑃 : pole number of the rotor 
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𝜆𝑑𝑠 : direct component of the flux linkage [Wb.t] 

𝑖𝑞𝑠 : quadrature component of a stator current [A] 

𝜆𝑞𝑠 : quadrature component of the flux linkage [Wb.t] 

𝑖𝑑𝑠 : direct component of a stator current [A] 

𝐿𝑠 : inductance of the stator [H] 

𝜆𝑚
′  : flux linkage of the permanent magnet [Wb.t] 

 

As seen in equation (5.11), generated torque is only and linearly dependent on 𝑖𝑞𝑠 

current for surface mounted PMSM. 𝑖𝑑𝑠 current has no contribution to torque 

generation in this type of a motor. The electromagnetic torque equation of interior 

PMSM is expressed as 

 

 
𝑇𝑒 = (

3

2
) (

𝑃

2
) (𝜆𝑑𝑠𝑖𝑞𝑠 − 𝜆𝑞𝑠𝑖𝑑𝑠)

= (
3

2
) (

𝑃

2
) (𝐿𝑠𝑖𝑑𝑠𝑖𝑞𝑠 + 𝜆𝑚

′ 𝑖𝑞𝑠 − 𝐿𝑠𝑖𝑞𝑠𝑖𝑑𝑠) 

(5.12) 

 

 
𝑇𝑒 = (

3

2
) (

𝑃

2
) (𝜆𝑚

′ 𝑖𝑞𝑠) + (
3

2
) (

𝑃

2
) (𝐿𝑑𝑠 − 𝐿𝑞𝑠)𝑖𝑞𝑠𝑖𝑑𝑠 (5.13) 

 

𝑇𝑒 : electromagnetic torque [Nm] 

𝑃 : pole number of the rotor 

𝜆𝑑𝑠 : direct component of the flux linkage [Wb.t] 

𝑖𝑞𝑠 : quadrature component of a stator current [A] 

𝜆𝑞𝑠 : quadrature component of the flux linkage [Wb.t] 

𝑖𝑑𝑠 : direct component of a stator current [A] 

𝐿𝑠 : inductance of the stator [H] 

𝜆𝑚
′  : flux linkage of the permanent magnet [Wb.t] 

 

Unlike surface mounted PMSM, in the above equation, there are two terms on the right 

side of the equation. The first term indicates permanent magnet excitation torque 

which is similar to the electromagnetic torque equation of surface mounted PMSM. 

The second term expresses the reluctance torque. Because interior PMSM has saliency 

in the rotor so inductance values of the quadrature and direct axis are not the same and 
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typically 𝐿𝑑 < 𝐿𝑞 . As seen, not just iqs contributes torque generation and  𝑖𝑑𝑠 also 

generates torque in interior PMSM. 

FOC is also called as the vector control. Briefly, this control method contains 

coordinate transformation processes, PI controllers, speed and position estimation and 

space vector modulation that are given in Figure 5.4 [66]. 

 

Figure 5.4: Sensorless FOC control block diagram [67]. 

In Figure 5.5, a basic hardware block diagram of the sensorless FOC system is shown. 

The main parts of a hardware system are a microcontroller unit (MCU), inverter stage, 

a PMSM, current sampling circuit and communication interface. The power and the 

signal circuits can be designed to be on the same board or as a separate modular system. 

 

Figure 5.5: Overview of a typical sensorless FOC system [67]. 
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In Figure 5.6, the basic topology of three-phase full bridge inverter is shown. The 

power system of the inverter consists of six N channel MOSFETs. Required gate 

signals which are space vector modulation in this thesis for six MOSFETs are 

generated by MCU and these signals are transferred to the gates via MOSFET gate 

driver. Each phase of a motor is connected between high side and low side MOSFETs 

in the same leg. The shunt resistors for current measurement are placed between low 

side MOSFETs and the ground. IGBT is generally used in high power motor drive 

applications instead of MOSFET. Fast diodes are connected to each MOSFET in order 

to allow reverse current coming from a PMSM. Vbus is supplied by rectified grid 

voltage or separated DC power sources. In some motor driver applications, a boost 

converter is placed between Vbus and rectified grid voltage. With a boost converter, the 

power factor can reach up to 99.9% and efficiency is increased. 

 

Figure 5.6: Inverter block [67]. 

The stator currents are measured via the shunt resistors in order to start the coordinate 

transformation processes. The shunt resistors are typically in the order of milliohms. 

The resistors must have tolerance of at least 1% or lower. Measured current values on 

the shunt resistors are amplified by the operational amplifier and sent to a 

microcontroller. Only 𝑖𝑎𝑠 and 𝑖𝑏𝑠 are used for calculations in order to decrease sensor 

quantity and as well as reduce the total cost. Because instantaneous sum of three stator 

currents are zero and 𝑖𝑐𝑠 current is easily extracted by using the below formula, 
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 𝑖𝑎𝑠 + 𝑖𝑏𝑠 + 𝑖𝑐𝑠 = 0 (5.14) 

   

𝑖𝑎𝑠 : phase a current of the stator[A] 

𝑖𝑏𝑠 : phase b current of the stator [A] 

𝑖𝑐𝑠 : phase c current of the stator [A] 

 

In some applications, instead of three shunt resistors in each phase, the single resistor 

is used where the phases combine and go to earth connection. In this case, the 

measurement should be taken as considering time intervals where three-phase currents 

belong to. 

 

Figure 5.7: Dual shunt current sampling [67]. 

The coordinate transformation process starts with the Clarke Transform. Calculated 

𝑖𝑐𝑠 phase current, and measured 𝑖𝑎𝑠 and 𝑖𝑏𝑠 phase currents are converted to 𝑖𝛼𝑠 and 𝑖𝛽𝑠 

currents which are perpendicular to each other and these currents are as viewed from 

the perspective of the stator. In other words, 𝑖𝛼𝑠 and 𝑖𝛽𝑠 currents have a stationary 

reference. Calculations of 𝑖𝛼𝑠 and 𝑖𝛽𝑠 currents are given below, 

 

 𝑖𝑎𝑠 + 𝑖𝑏𝑠 + 𝑖𝑐𝑠 = 0 (5.15) 

 

 𝑖𝛼𝑠 = 𝑖𝑎𝑠 (5.16) 

 

 
𝑖𝛽𝑠 =

𝑖𝑎𝑠 + 2𝑖𝑏𝑠

√3
  (5.17) 
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𝑖𝑎𝑠 : phase a current of the stator [A] 

𝑖𝑏𝑠 : phase b current of the stator [A] 

𝑖𝑐𝑠 : phase c current of the stator [A] 

𝑖𝛼𝑠 : alfa component of the stator current [A] 

𝑖𝛽𝑠 : beta component of the stator current [A] 

 

Figure 5.8: Clarke Transformation [62]. 

Two-axis orthogonal system with the axis called αβ is obtained after performing the 

Clarke Transform. These stationary currents are transformed to another two-axis 

system which is rotating with the rotor flux. This process is called as the Park 

Transform and 𝑖𝑑𝑠 and 𝑖𝑞𝑠 currents at rotating reference frame are obtained. Equations 

related to the Park Transform are written below, 

 

 𝑖𝑑𝑠 = 𝑖𝛼𝑠 𝑐𝑜𝑠 𝜃𝑟 + 𝑖𝛽𝑠 𝑠𝑖𝑛 𝜃𝑟 (5.18) 

 

 𝑖𝑞𝑠 = −𝑖𝛼𝑠 𝑠𝑖𝑛 𝜃𝑟 +𝑖𝛽𝑠 𝑐𝑜𝑠 𝜃𝑟 (5.19) 

   

𝑖𝑑𝑠 : direct component of the stator current [A] 

𝑖𝑞𝑠 : quadrature component of the stator current [A] 

𝑖𝛼𝑠 : alfa component of the stator current [A] 

𝑖𝛽𝑠 : beta component of the stator current [A] 

𝜃𝑟 : displacement of the rotor [rad] 
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Figure 5.9: Park transformation [62]. 

After these two transformations, three PI loops are used to control three variables 

independently. Rotor speed, 𝑖𝑑𝑠 which is used to control the rotor flux and 𝑖𝑞𝑠 that is 

used to control the torque have a different PI controllers. A PMSM is controlled as if 

a separated excited DC motor is controlled. PI controllers generate an error signal for 

speed, flux and torque in a closed loop to achieve that the desired system response is 

generated rapidly. Coefficients of PI controllers can be adjusted empirically 

considering desired system response. The proportional term (P) multiplies the error 

signal by P gain. Dynamic system response and overshoot increases, the overall error 

decreases by using the proportional term. As an error goes to zero, the proportional 

term loses its impact and a small steady state error remains. To get rid of this error, the 

integral term (I) is used. Small steady state error accumulates into a large error value 

over time. This accumulated error signal is multiplied by I gain factor; therefore, 

steady state error is zero when the integral term is used. The derivative term (D) is not 

used in the motor control algorithm generally. Because the derivative term could 

generate an excessive error signal when there is high-frequency noise. This cause 

sudden change in the PWM duty cycle and excessive current tend to flow in a motor 

so over current error signal could be received. In some cases, the integral term causes 

saturation in the output parameters. When this happens, any increasing integrated error 

signal does not affect the output. In order to eliminate this phenomenon, an integral 

windup is included in the PI controller. 

After the PI controller section, two voltage vectors based on the rotating dq axis are 

obtained. In order to obtain three-phase motor voltage, inverse transformations are 

needed. Two-axis rotating 𝑉𝑞 and 𝑉𝑑 voltages are transformed to two-axis stationary 

𝑉𝛼𝑠 and 𝑉𝛽𝑠 voltages. This process is known as the Inverse Park Transform. Related 

calculation about the Inverse Park Transform is given as, 
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 𝑉𝛼𝑠 = 𝑉𝑑𝑠 ∗ 𝑐𝑜𝑠 𝜃𝑟 − 𝑉𝑞𝑠 ∗ 𝑠𝑖𝑛 𝜃𝑟 (5.20) 

 

 𝑉𝛽𝑠 = 𝑉𝑑𝑠 ∗ 𝑠𝑖𝑛 𝜃𝑟 + 𝑉𝑞𝑠 ∗ 𝑐𝑜𝑠 𝜃𝑟 (5.21) 

 

𝑉𝑑𝑠 : direct component of the stator voltage [V] 

𝑉𝑞𝑠 : quadrature component of the stator voltage [V] 

𝑉𝛼𝑠 : alfa component of the stator voltage [V] 

𝑉𝛽𝑠 : beta component of the stator voltage [V] 

𝜃𝑟 : displacement of the rotor [rad] 

 

Figure 5.10: Inverse Park transformation [62]. 

After obtaining stationary two axes 𝑉𝛼 and 𝑉𝛽 voltages, stationary three-axis 𝑉𝑟1, 

𝑉𝑟2 and 𝑉𝑟3 reference stator voltage is calculated by using Inverse Clarke Transform. 

Equations for calculations are expressed as, 

 

 𝑉𝑟1 = 𝑉𝛽𝑠 (5.22) 

   

 
𝑉𝑟2 =

−𝑉𝛽𝑠 + √3 ∗ 𝑉𝛼𝑠

2
 (5.23) 

 
Vr3 =

−Vβs − √3 ∗ Vαs

2
  (5.24) 

 

𝑉𝑟1 : reference stator voltage of a phase [V] 

𝑉𝑟2 : reference stator voltage of b phase [V] 

𝑉𝑟3 : reference stator voltage of c phase [V] 

𝑉𝛼𝑠 : alfa component of the stator voltage [V] 
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𝑉𝛽𝑠 : beta component of the stator voltage [V] 

 

Figure 5.11: Inverse Clarke transformation [62]. 

Finally, PWM signals for the inverter are generated to get three phase stator voltage. 

In space vector modulation, calculations of PWM are based on a few simple equations. 

A special scheme is used to switch power transistors in order to generate sinusoidal 

currents in the stator windings. Phases of a motor can be connected to either the 

positive bus or the negative bus. High side and low side transistors in the same leg 

cannot be fired at the same time. Because excessive current flows in this leg and the 

transistors and driver system may be damaged. Therefore, there are eight switching 

combinations for the power transistors. In two switching patterns which are 0(1.1.1) 

and 0(0.0.0), all three windings are connected either to the positive bus or the negative 

bus; hence, there are no voltages across the phases. These states are called as the null 

states. If the remaining six states that are U0(1.0.0), U60(1.1.0), U120(0.1.0), U180(0.1.1), 

U240(0.0.1) and U300(1.0.1) can be represented as vectors with 60° rotation between 

each state, space vector modulation (SVM) star is obtained as Figure 5.12 [68]. 

 

Figure 5.12: Voltage space vectors [69]. 
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SVM enables to express any desired vector in terms of the sum of components 

belonging to two adjacent space vectors. 𝑉𝑟𝑒𝑓
⃑⃑ ⃑⃑ ⃑⃑  ⃑ is desired reference vector in Figure 

5.13. This vector is placed between 𝑉1
⃑⃑  ⃑ and 𝑉2

⃑⃑  ⃑  in sector A. This means vector 𝑉𝑟𝑒𝑓
⃑⃑ ⃑⃑ ⃑⃑  ⃑  can 

be expressed using  𝑉1
⃑⃑  ⃑ and 𝑉2

⃑⃑  ⃑. In addition to that, null vector 𝑉0
⃑⃑  ⃑ is also needed in the 

calculation. PWM duty cycles of each transistor are computed as below, 

 

 𝑇𝑠 = 𝑇1 + 𝑇2 + 𝑇0 (5.25) 

 

Where, 

 

𝑇𝑠 : sampling period of PWM 

𝑇1 : on time for 𝑉1
⃑⃑  ⃑ 

𝑇2 : on time for 𝑉2
⃑⃑  ⃑ 

𝑇0 : on time for 𝑉0
⃑⃑  ⃑ 

 

 𝑉𝑟𝑒𝑓
⃑⃑ ⃑⃑ ⃑⃑  ⃑ ∗ 𝑇𝑠 = 𝑉1

⃑⃑  ⃑ ∗ 𝑇1 + 𝑉2
⃑⃑  ⃑ ∗ 𝑇2 + 𝑉0

⃑⃑  ⃑ ∗ 𝑇0 (5.26) 

 

 𝑉0
⃑⃑  ⃑ ∗ 𝑇0 = 0 (5.27) 

 

So, 

 
𝑉𝑟𝑒𝑓
⃑⃑ ⃑⃑ ⃑⃑  ⃑ =

𝑇1

𝑇𝑠
∗ 𝑉1
⃑⃑  ⃑ +

𝑇2

𝑇𝑠
∗ 𝑉2
⃑⃑  ⃑ (5.28) 

 

𝑉𝑟𝑒𝑓
⃑⃑ ⃑⃑ ⃑⃑  ⃑ : reference vector 

𝑇𝑠 : sampling period of PWM 

𝑉1
⃑⃑  ⃑ : vector of V1 

𝑇1 : on time for 𝑉1
⃑⃑  ⃑ 

𝑉2
⃑⃑  ⃑ : vector of V2 

𝑇2 : on time for 𝑉2
⃑⃑  ⃑ 

𝑉0
⃑⃑  ⃑ : null vector 

𝑇0 : on time for 𝑉0
⃑⃑  ⃑ 
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Considering the complex numbers in polar coordinate, PWMs on time of a SVM are 

expressed as, 

 

 
𝑇1 =

√3 ∗ 𝑇𝑠 ∗ 𝑉𝑟𝑒𝑓

𝑉𝐷𝐶
𝑠𝑖𝑛 (

𝜋

3
− 𝛾𝑟𝑒𝑙) (5.29) 

 

 
𝑇2 =

√3 ∗ 𝑇𝑠 ∗ 𝑉𝑟𝑒𝑓

𝑉𝐷𝐶
𝑠𝑖𝑛(𝛾𝑟𝑒𝑙) (5.30) 

 

 𝑇0 = 𝑇𝑠 + 𝑇1 + 𝑇2 (5.31) 

 

𝑇1 : on time for 𝑉1
⃑⃑  ⃑ 

𝑇𝑠 : sampling period of PWM 

𝑉𝑟𝑒𝑓 : magnitude of the reference vector 

𝑉𝐷𝐶 : DC bus voltage  

𝛾𝑟𝑒𝑙 : relative angle 

𝑇2 : on time for 𝑉2
⃑⃑  ⃑ 

𝑇0 : on time for 𝑉0
⃑⃑  ⃑ 

 

Figure 5.13: Reference vector diagram [67]. 

As shown in Figure 5.14, the PWM period is expressed as 𝑇𝑃𝑊𝑀, the vector 𝑇1 is output 

for 
𝑇1

𝑇𝑃𝑊𝑀
 and the vector 𝑇1 is output for 

𝑇2

𝑇𝑃𝑊𝑀
 . During the remaining time, the null 

vector 𝑇0  is output. There is a symmetry with respect to the centre of the period. 
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Generally, centre aligned PWM is used in the motor drive systems. Two pulses in line 

to line are generated each period with the centre aligned mode. Using this method, the 

effective frequency value is doubled and the ripple current is reduced while not 

increasing the switching losses in the power devices; therefore, this type of PWM 

generates less current harmonic than edge-aligned PWM. Two PWM signals in the 

same leg of the inverter are complementary to each other. Dead time should be inserted 

to the period for the same leg in order to prevent the leg from the short circuit [70]. 

PWM frequency determines the cycle period of FOC. This period is increased or 

decreased by adjusting PWM frequency. A shorter control period of s system has two 

significant advantages. First of all, the motor can be driven at a higher speed. This 

feature can be desirable in high-speed applications. Secondly, decreasing period 

allows a motor to respond better to load changes. This feature can be useful for 

applications with sudden load changes such as a washing machine. 

 

Figure 5.14: PWM pattern of a seven-segment switching sequence [61]. 

With the SVM, six voltage states and two null states are generated in the stator 

windings. There are all switching combinations of the power transistors and phase to 

neutral voltages of each phase in Table 5.1. 

Table 5.1: SVM inverter states [62]. 

Phase C Phase B Phase A Vab Vbc Vca Vds Vqs Vector 

0 0 0 0 0 0 0 0 U(000) 

0 0 1 VDC 0 -VDC 2/3VDC 0 U0 

0 1 1 0 VDC -VDC 1/3VDC 1/3VDC U60 

0 1 0 -VDC VDC 0 -1/3VDC 1/3VDC U120 

1 1 0 -VDC 0 VDC -2/3VDC 0 U180 

1 0 0 0 -VDC VDC -1/3VDC -1/3VDC U240 

1 0 1 VDC -VDC 0 1/3VDC -1/3VDC U300 

1 1 1 0 0 0 0 0 U(111) 
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The maximum output voltage based on the space vector theory is  
2

√3
= 1.155 times as 

large as the conventional sinusoidal modulation. It causes higher torque at high speed 

and higher efficiency. 3rd harmonic injection is seen for each phase. The line to ground 

voltages for each phase are shown Figure 5.15. 

 

Figure 5.15: The line to ground voltages using space vector modulation [71]. 

Although the line to ground voltages don’t have a  pure sinusoidal shape, the resulting 

line to line voltages in the motor phases are sinusoidal and shown in Figure 5.16. 

 

Figure 5.16: The line-to-line voltages using space vector modulation [71]. 

All transformations used in the FOC technique are shown in Figure 5.17. Three phase 

currents are converted to two phase rotating reference frame currents. The PI controller 

compares these two currents with reference currents and rotating reference frame 
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currents are converted to three-phase currents again. Finally, three phase SVPWM 

signals are generated according to the current transformation.  

 

Figure 5.17: Sensorless FOC calculation flow [67]. 

Determining the position and the speed of a motor is one of the most significant 

sections for FOC. The rotor position angle 𝜃𝑟 which is between the rotor flux linkage 

and α axis is used in Park Transform. Information of the rotor position can be obtained 

from physical sensors. Hall effect sensors, optical encoders and resolvers are the most 

used physical sensors in applications. Determination of the position and speed is 

developed as sensorless due to reducing system cost and required maintenance. In 

sensorless FOC, the position and the speed of a motor are calculated by using back 

electromagnetive force (Back-EMF). In Figure 5.18, 𝑒𝛼 and 𝑒𝛽 components of EMF 

that are used in the calculation are shown. The algorithm that is used to determine the 

position and the speed. 

 

Figure 5.18: Back-EMF and theta relationship [62]. 

The rotor position is calculated in every PWM period with interrupt service routine 

using below basic equations, 
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𝑒𝛼𝑠 = 𝑉𝛼𝑠 − 𝑟𝑠𝑖𝛼𝑠 − 𝐿𝑠

𝑑𝑖𝑎𝑠

𝑑𝑖𝑡
 (5.32) 

 
𝑒𝛽𝑠 = 𝑉𝛽𝑠 − 𝑅𝑠𝑖𝛽𝑠 − 𝐿𝑠

𝑑𝑖𝛽𝑠

𝑑𝑖𝑡
 [11] (5.33) 

 

𝑒𝛼𝑠 : alfa component of the Back-EMF voltage [V] 

𝑉𝛼𝑠 : alfa component of the stator voltage [V] 

𝑟𝑠 : resistance of the stator [Ohm] 

𝑖𝛼𝑠 : alfa component of the stator current [A] 

𝐿𝑠 : inductance of the stator [H] 

𝑒𝛽𝑠 : beta component of the Back-EMF voltage [V] 

𝑉𝛽𝑠 : beta component of the stator voltage [V] 

𝑖𝛽𝑠 : beta component of the stator current [A] 

 

Figure 5.19: Equivalent circuit of α-β frame [61]. 

And 𝑒𝛼𝑠 and 𝑒𝛽𝑠 values can be also shown as, 

 

 𝑒𝛼𝑠 = −𝜆𝑚
′ ∗ 𝜔𝑟 ∗ 𝑠𝑖𝑛 𝜃𝑟 (5.34) 

 

 𝑒𝛽𝑠 = 𝜆𝑚
′ ∗ 𝜔𝑟 ∗ 𝑐𝑜𝑠 𝜃𝑟 (5.35) 

 

So, 

 

 𝜃𝑟 = 𝑎𝑟𝑐𝑡𝑎𝑛
−𝑒𝛼𝑠

𝑒𝛽𝑠
 (5.36) 

 



58 

𝑒𝛼𝑠 : alfa component of the Back-EMF voltage [V] 

𝜆𝑚
′  : magnitude of the flux linkage of the permanent magnet [Wb.turns] 

𝜔𝑟 : angular velocity of the rotor [rad/s] 

𝜃𝑟 : displacement of the rotor [rad] 

𝑒𝛽𝑠 : beta component of the Back-EMF voltage [V] 

 

Signal is filtered by first-order low pass filter (LPF). The smoother signal is taken via 

LPF. Because of using the filter in the calculation of the rotor position, the little phase 

delay is seen in the rotor angle if compared to the real rotor position. In order to 

eliminate delay, an offset angle value is added to the calculated angle. 

 

 𝜃𝑟_𝑐𝑜𝑟𝑟𝑒𝑐𝑡 = 𝜃𝑟 + 𝜃𝑜𝑓𝑓𝑠𝑒𝑡 (5.37) 

 

𝜃𝑟_𝑐𝑜𝑟𝑟𝑒𝑐𝑡 : corrected displacement of the rotor [rad] 

𝜃𝑟 : displacement of the rotor [rad] 

𝜃𝑜𝑓𝑓𝑠𝑒𝑡 : offset angle [rad] 

 

𝜃𝑜𝑓𝑓𝑠𝑒𝑡 value depends on the rate of change of theta in other words, depends on the 

rotor speed. Before calculating 𝜃𝑟_𝑐𝑜𝑟𝑟𝑒𝑐𝑡, the speed of the motor must be calculated. 

Uncompensated theta (𝜃𝑟) is a main parameter for the calculation. Theta values are 

accumulated with over samples and the obtained value is multiplied by a constant. The 

result is filtered with a LPF and the speed of the rotor is calculated. Related speed 

equation is given below, 

 

 
𝜔𝑟 = ∑((𝜃𝑟)𝑛 − (𝜃𝑟)𝑛−1)

𝑚

𝑖=0

∗ 𝐾 (5.38) 

 

𝜔𝑟 : angular velocity of the rotor [rad/s] 

𝑚 : number of the accumulated value of the angular velocity of the rotor  

(𝜃𝑟)𝑛 : current value of the displacement of the rotor [rad] 

(𝜃𝑟)𝑛−1 : previous value of the displacement of the rotor [rad] 

𝐾 : amplification factor for desired speed range  
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As above mentioned, the Back-EMF voltage is used to determine the position and the 

speed of the rotor in sensorless FOC operation. However, the FOC algorithm is 

unstable at low speed. Because the Back-EMF voltage is not sufficient to take 

measurement for the calculations. Hence, scalar control in another saying V/f control 

that is open loop is carried out from startup until the rotor reaches the predefined 

threshold speed value. After that point, the Back-EMF voltage is accurate enough to 

measure and the sensorless FOC algorithm which is closed loop can be conducted by 

taking into account the real rotor position. If desired operating speed is under the 

threshold speed value, the algorithm remains in open loop V/f control and does not 

pass to closed loop sensorless FOC algorithm. In the open loop V/f control, the rotor 

position is calculated as considering a linear and fixed relationship between voltage 

and frequency regardless of the real rotor position. V/f constant depends on the motor 

and load characteristics [72]. 

A PMSM reaches its maximum speed when the maximum phase voltage 
𝑉𝑏𝑢𝑠

√3
 and zero 

load is applied to the motor. In this condition, the Back-EMF voltage almost reaches 

to the phase voltage. The rotor speed is linearly proportional with the Back-EMF 

voltage, so the rotor speed saturates. As described on previous pages, 𝑖𝑞 current is 

responsible for the production of the torque and 𝑖𝑑 current is also responsible for the 

building the field. 𝑖𝑑 current is kept at zero because permanent magnets produce the 

required rotor flux. If  𝑖𝑑 current has the negative value instead of zero, a reverse 

magnetic field against the rotor magnetic field is generated. In this way, the rotor flux 

is weakened by negative  𝑖𝑑 current. 

 

  𝑉𝑏𝑒𝑚𝑓 =  𝐾𝑐 ∗ 𝜆𝑚
′ ∗ 𝜔𝑟 (5.39) 

 

 𝑉𝑏𝑒𝑚𝑓 : Back-EMF voltage 

 𝐾𝑐 : Back-EMF constant 

𝜆𝑚
′  : magnitude of the flux linkage of the permanent magnet [Wb.t] 

𝜔𝑟 : angular velocity of the rotor [rad/s] 

 

If the Back-EMF is considered to be constant at the phase voltage, decrease of the rotor 

flux linkage  𝜆𝑚 
′ allows increase of the rotor speed 𝜔. By the weakening flux, the 

nominal speed of the rotor can be increased to 10 times for interior PMSM. However, 
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surface mounted PMSM has large airgap space. This situation causes a weak armature 

reaction that affects the flux linkage of the permanent magnets. Therefore, this type of 

a motor cannot spin faster more than double of the base speed. In addition to that, there 

is the risk of mechanical damage at high speed for surface mounted PMSM. Because 

the permanent magnets are embedded on the surface of the rotor and they may break 

due to high-speed stress. Secondly, demagnetization of the permanent magnets may 

occur if they are exposed to a high magnetic field due to exceeded 𝑖𝑑𝑠 current.  

By adding  𝑖𝑑 current to the stator current, the total power supply current may reach to 

a dangerous value. The stator current must not exceed the predetermined maximum 

value when flux weakening is applied. Above nominal speed, this current is kept 

constant at maximum value by decreasing 𝑖𝑞 current in order to obtain the maximum 

torque. The dynamic d-q voltage equations which are used in the calculation of flux 

weakening parameters are shown as, 

 

 
𝑉𝑑𝑠  = 𝑟𝑠 ∗ 𝑖𝑑𝑠 − 𝜔𝑟 ∗ 𝐿𝑠 ∗ 𝑖𝑞𝑠 + 𝐿𝑠 ∗

𝑑𝑖𝑑𝑠

𝑑𝑡
 (5.40) 

 

 
𝑉𝑞𝑠  = 𝑟𝑠 ∗ 𝑖𝑞𝑠 + 𝜔𝑟 ∗ 𝐿𝑠 ∗ 𝑖𝑑𝑠 + 𝜔𝑟 ∗  𝜆𝑚 

′ + 𝐿𝑠 ∗
𝑑𝑖𝑞𝑠

𝑑𝑡
 (5.41) 

 

𝑉𝑑𝑠 : direct component of the stator voltage [V] 

𝑟𝑠 : resistance of the stator [Ohm] 

𝑖𝑑𝑠 : direct component of the stator current [A] 

𝜔𝑟 : angular velocity of the rotor [rad/s] 

𝐿𝑠 : inductance of the stator [H] 

𝑖𝑞𝑠 : quadrature component of the stator current [A] 

𝑉𝑞𝑠 : quadrature component of the stator voltage [V] 

 

𝑖𝑑𝑠 and 𝑖𝑞𝑠 are DC parameters so derivative terms can be cancelled in steady state. If 

these two equations are rewritten as, 

 

 𝑉𝑑𝑠  = 𝑟𝑠 ∗ 𝑖𝑑𝑠 − 𝜔𝑟 ∗ 𝐿𝑠 ∗ 𝑖𝑞𝑠 (5.42) 
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 𝑉𝑞𝑠  = 𝑟𝑠 ∗ 𝑖𝑞𝑠 + 𝜔𝑟 ∗ 𝐿𝑠 ∗ 𝑖𝑑𝑠 + 𝜔𝑟 ∗  𝜆𝑚 
′  (5.43) 

 

𝑉𝑑𝑠 : direct component of the stator voltage [V] 

𝑟𝑠 : resistance of the stator [Ohm] 

𝑖𝑑𝑠 : direct component of the stator current [A] 

𝜔𝑟 : angular velocity of the rotor [rad/s] 

𝐿𝑠 : inductance of the stator [H] 

𝑖𝑞𝑠 : quadrature component of the stator current [A] 

𝑉𝑞𝑠 : quadrature component of the stator voltage [V] 

 𝜆𝑚 
′  : magnitude of the flux linkage of the permanent magnet [Wb] 

 

𝑉𝑞𝑠 voltage needed 𝑖𝑑 current for flux weakening and the maximum 𝑖𝑞𝑠 current that 

can be injected are calculated according to the following equation. 

 

 
𝑉𝑞_𝑟𝑒𝑓 = √𝑉𝑠_𝑚𝑎𝑥

2 − 𝑉𝑑𝑠
2  (5.44) 

 

 
𝑖𝑑𝑠_𝑓𝑙𝑢𝑥_𝑤𝑒𝑎𝑘 = 

𝑉𝑞_𝑟𝑒𝑓 − 𝑟𝑠 ∗ 𝑖𝑞𝑠 − 𝜔𝑟 ∗  𝜆𝑚 
′

𝜔 ∗ 𝐿𝑠
 (5.45) 

 

 
𝑖𝑞𝑠_𝑟𝑒𝑓_𝑚𝑎𝑥 = √𝑖𝑠_𝑚𝑎𝑥

2 − 𝑖𝑑𝑠_𝑓𝑙𝑢𝑥_𝑤𝑒𝑎𝑘
2  (5.46) 

   

𝑉𝑞𝑠_𝑟𝑒𝑓 : reference voltage of the quadrature axis [V] 

𝑉𝑠_𝑚𝑎𝑥 : maximum allowable stator voltage [V] 

𝑉𝑑𝑠 : direct component of the stator voltage [V] 

𝑖𝑑𝑠_𝑓𝑙𝑢𝑥_𝑤𝑒𝑎𝑘 : calculated reference current for flux weakening 

𝑟𝑠 : resistance of the stator [Ohm] 

𝑖𝑞𝑠 : quadrature component of the stator current [A] 

𝜔𝑟 : angular velocity of the rotor [rad/s] 

 𝜆𝑚 
′  : magnitude of the flux linkage of the permanent magnet [Wb] 

𝑖𝑞𝑠_𝑟𝑒𝑓_𝑚𝑎𝑥 : maximum reference current of the quadrature axis [A] 
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𝑖𝑠_𝑚𝑎𝑥  : maximum allowable stator current [A] 

 

It is obvious that, torque is also decreased in this region because of a decrease in 𝑖𝑞 

current. These negative  𝑖𝑑 current and positive  𝑖𝑞 current are also controlled by PI 

controller as a nominal range. In addition to that, the resulting stator flux and the rotor 

flux is not perpendicular to each other anymore in the flux weakening situation [73]. 
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6.  HARDWARE DESIGN 

Main hardware blocks are shown in Figure 6.1 as a chart. These blocks can be basically 

classified into two groups regarding to their functions. Power and control signals are 

generated with these hardware blocks. 

 

Figure 6.1: Hardware block diagram. 

6.1 Schematic Design 

Schematic design of the inverter board is performed in Altium Designer software. 

Before starting the design in detail, hardware block diagram that is shown in Figure 

6.1 is constructed. After that, each block is designed component by component as will 

be explained in the following sections. The order of the blocks is given by considering 

the power flow. 
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6.1.1 EMI filter and rectification circuits 

The designed input and rectification stage are shown in Figure 6.2. This circuit 

basically contains protection components, EMI filter components and rectification 

components.  

 

Figure 6.2: Input and rectification circuit. 

First of all, AC input voltage is applied to KN1 connector. Input voltage is typically 

230VAC; however, the motor could be driven without any problem between 120VAC 

and 265VAC input voltage. Although this maximum input voltage is mostly transient, 

components should be selected properly in order to withstand maximum voltage stress 

which is 265VAC and as explained before, nominal working voltage 230VAC. VCR1 

component is a 14mm varistor and its rated value is 320VAC. In Figure 6.3, the 

voltage-current graph of the used varistor is shown. As seen in Figure 6.3, the varistor 

is not expected to clamp the input voltage to 320VAC directly. 

 

Figure 6.3: Voltage-current graph of the varistor [74]. 

It is actually used for transient condition in grid voltage which can be up to a few kV’s. 

This type of the transient voltage can be caused by lightning. Varistor cannot protect 
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the circuit from abnormal steady state voltage which is above 265VAC and the circuit 

in this abnormal condition probably is damaged. 

NTC1 is the negative temperature constant resistor. It is used to limit inrush current 

caused by electrolytic rectification capacitor which is 470uF in this circuit. When the 

circuit is energized, a high dV/dt value is applied to the electrolytic capacitor electrode. 

This causes an excessive current which can reach to hundreds of amps depending on 

capacitor value throught the electrolytic capacitor. This inrush current generates 

current stress in the capacitor and rectification bridge diode and the probability of 

failure of these components dramatically increase due to inrush current. When there is 

no current through NTC, it has high resistance and its value is 22R in this circuit. When 

the circuit is energized, the electrolytic capacitor tends to draw high current but NTC 

limits current depending on its value. As current increases, the temperature of NTC 

also increases so the resistance of the NTC dramatically decreases due to its negative 

temperature characteristics. 

Table 6.1: Parameters of used NTC [75].  

 

Parameters which are used in calculations are given in Table 6.1. In addition to these 

parameters, its maximum power dissipation is 3.1W and its maximum working voltage 

is 265VAC. If a relay is not used to bypass NTC, this maximum power dissipation 

should be considered to avoid excessive temperature over NTC. Generally, this NTC 

is bypassed in order to increase the efficiency of the driver so it only operates in start-

up condition. In this circuit, NTC is also bypassed. If it is not bypassed, equation (6.1) 

could be used to calculate the operating resistance of the 22R NTC, 

 

 𝑅𝑛𝑡𝑐 = 𝑘 × 𝐼𝑟𝑎𝑡𝑒𝑑
𝑛  (6.1) 
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𝑅𝑛𝑡𝑐 : NTC resistance [Ohm] 

𝑘 : product coefficient 

𝐼𝑟𝑎𝑡𝑒𝑑 : rated RMS current [A] 

n : exponent coefficient 

 

Power dissipation could be calculated as below, 

 

 𝑃𝑙𝑜𝑠𝑠_𝑛𝑡𝑐 = 𝐼𝑟𝑎𝑡𝑒𝑑
2 × 𝑅𝑛𝑡𝑐 (6.2) 

 

𝑃𝑙𝑜𝑠𝑠_𝑛𝑡𝑐 : power loss of the NTC [W] 

𝐼𝑟𝑎𝑡𝑒𝑑 : rated RMS current [A] 

𝑅𝑛𝑡𝑐 : NTC resistance [Ohm] 

 

𝑅𝑛𝑡𝑐 and 𝑃𝑙𝑜𝑠𝑠_𝑛𝑡𝑐 is calculated as 0.61 Ohms and 2.43 W respectively. If considering 

%10 tolerance of NTC resistance, the calculated 2.43W power loss could be higher or 

lower than this value. In order to eliminate this power dissipation, NTC is bypassed 

via relay. 

F1 is the fuse that has 4A value for short circuit protection. This type of failure can be 

caused by the short circuit of the electrolytic capacitor used in a DC bus or a short 

circuit of the motor phases. Response of the fuse is slow especially in inductive load 

such as the motor. So, this feature could be a problem for semiconductor devices such 

as IGBT in the short circuit condition. Because IGBT can withstand to short circuit 

maximum 5-15 microseconds depending on its characteristics. Due to that, the fuse 

should be considered as backup protection for short circuits. Other hardware and 

software short circuit protections are much faster than a response time of the fuse. 

L1 is used for two important purposes. First of all, this inductor can be thought as a 

passive PFC. Power factor (PF) is increased up to 0.65 thanks to this component. In 

addition to that, the harmonic content of the input current is also decreased. 

Compliance with international regulations is ensured in terms of both power factor and 

harmonic content. 
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Table 6.2: Classification of equipments [76]. 

Class A  Balanced three-phase equipment 

 Household appliances, excluding equipment identified by 

Class D 

 Tools excluding portable tools 

 Dimmers for incandescent lamps 

 Audio equipment 

 Everything else that is not classified as B, C or D 

Class B  Portable tools 

 Arc welding equipment which is not professional 

equipment 

Class C  Lighting equipment 

Class D  Personal computers and monitors 

 Television receivers 

 Note: Equipment must have power level 75W up to and not 

exceeding 600W 

 

Classification of equipment in terms of harmonic content is shown in Table 6.2. 270W 

motor driver circuit for compressor applications get involved to Class D group. For 

class D equipment, Table 6.3 is taken as a reference for the calculations. Odd harmonic 

frequencies from 3 to 39 are taken into an account. Applications in class D must follow 

both maximum permissible harmonic current per Watt and maximum permissible 

harmonic current for specified odd harmonics mentioned above. 

Table 6.3: Harmonic limits for class D equipment [76]. 

Harmonic Order 

(n) 
Maximum Permissible Harmonic 

Current per Watt (mA/W) 

Maximum Permissible 

Harmonic Current (A) 

3 3.4 2.30 

5 1.9 1.14 

7 1.0 0.77 

9 0.5 0.40 

11 0.35 0.33 

𝟏𝟑 ≤ 𝐧 ≤ 𝟑𝟗 
(odd harmonics 

only) 

3.85

𝑛
 0.15 ×

15

𝑛
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The second purpose of the usage of L1 is for EMI. This inductor attenuates the 

differential mode (DM) conducted noise with X capacitors which are C2 and C3 in 

this circuit. Conducted emission limits for class B application is shown in Figure 6.4. 

Industrial devices are part of class A and residential devices such as refrigerators, 

washing machines, dishwashers etc. are interpreted as class B devices.  

 

Figure 6.4: Conducted emission limits for class B applications [77]. 

L2 is used to attenuate the common mode (CM) conducted noise with Y capacitors 

that are C1 and C8 in the circuit. The fluxes that are generated by the currents with 

different directions cancel each other and these currents do not encounter with the 

inductance. However, the currents that flow through the same direction generate fluxes 

that support each other. Inductance is built, therefore; conducted common-mode noise 

is attenuated. The leakage inductance of the common mode filter behaves like 

differential-mode inductor like L1. The percentage of the leakage inductance of the 

common-mode inductor can be in the range of between 1% and %3 depending on the 

winding geometry. C2 and C3 are the X capacitors and used to attenuate the 

differential mode noise with L1. They can also smooth the effects of the electrical fast 

transient (EFT) signals with the varistor. These capacitors storage energy and when 

the consumer unplugs the device, this residual energy must be dissipated. Otherwise, 

the consumer may face the risk of the electric shock when they touch the plug of the 

device. According to the regulation, after unplugging the device, the voltage level must 

decrease under 34V which is peak voltage within 1 second. In order to dissipate this 
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residual energy, R3 and R6 resistors are used. These resistors are also called as 

bleeding resistors. Considering these two resistors and C2, C3 capacitors, a residual 

voltage is simulated using PSIM. As seen in Figure 6.5, approximately 29V remains 

at 1 second point after unplugging.  

 

Figure 6.5: PSIM simulation result for residual voltage. 

R3 and R6 are useful to dissipate residual energy; however, they keep consuming 

energy while the circuit is in a plug. Lost energy is calculated as 56 mW using equation 

(6.3). 

 

 
𝑃𝑙𝑜𝑠𝑠_𝑏𝑙𝑒𝑒𝑑𝑖𝑛𝑔 =

𝑉𝑖𝑛𝑝𝑢𝑡
2

𝑅𝑏𝑙𝑒𝑒𝑑𝑖𝑛𝑔
 (6.3) 

 

𝑃𝑙𝑜𝑠𝑠_𝑏𝑙𝑒𝑒𝑑𝑖𝑛𝑔 : power loss of the bleeding resistor [W] 

𝑉𝑖𝑛𝑝𝑢𝑡 : input RMS voltage [V] 

𝑅𝑏𝑙𝑒𝑒𝑑𝑖𝑛𝑔 : bleeding resistor [Ohm] 

 

C1 and C8 are Y capacitors that are used to attenuate the common mode noise with 

L2. They also affect the differential mode noise; however, their effects are minor in 

the differential mode and can be omitted. These capacitors cause the leakage current 

that flows through the earth. The value of these capacitors is directly related to the 

leakage current. In case of disconnection of earth connection for class I equipment, 

these capacitors may cause a risk of electrical shock. Because class I equipment have 

earthed chassis and if a user touches the chassis which is unearthed, the leakage current 
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flows from the body of the user to the earth. This current has various effects that are 

described in Table 6.4. 

Table 6.4: Effects of the current on the human body [78]. 

Current Effect 

1mA Barely perceptible 

1-3mA Perception threshold 

(most cases) 

3-9mA Painful sensation 

9-25mA Muscular contraction 

(can’t let go) 

25-60mA Respiratory paralysis 

(may be fatal) 

60mA or more Ventricular fibrillation 

(probably fatal) 

4A or more Heart paralysis 

(probably fatal) 

5A or more Tissue burning  

(fatal if vital organ) 

Due to the effect of the leakage current, the value of the Y capacitor must be limited 

for class I equipment. The limit of the leakage current varies by region. The leakage 

current that is caused by the Y capacitor is calculated as 238 uA by using equation 

(6.4) [79]. 

 

 𝐼𝑙𝑒𝑎𝑘𝑎𝑔𝑒 = 𝑉𝑖𝑛𝑝𝑢𝑡 ∗ 2 ∗ 𝜋 ∗ 𝑓 ∗ 𝐶𝑦 (6.4) 

 

𝐼𝑙𝑒𝑎𝑘𝑎𝑔𝑒 : leakage current [A] 

𝑉𝑖𝑛𝑝𝑢𝑡 : input RMS voltage [V] 

𝑓 : grid frequency [Hz] 

𝐶𝑦 : value of the Y capacitor [F] 

 

470uF DC bus capacitor is used in the rectification circuit. There is an also +-20% 

tolerance at capacitance value. Maximum DC voltage on DC bus, when 265V input 

voltage is applied, 377V so 400V is preferred in capacitor voltage value. As seen in 
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Figure 6.6, the capacitor can withstand 450V surge voltage without damage. Its 

working ambient voltage is between -25°C and 85°C. Tanδ is the dissipation factor 

that is used to calculate the ESR value in desired frequency. Leakage current is caused 

by equivalent parallel resistance to the capacitor. The most important parameter is the 

rated ripple current. It is ensured that 2510mA ripple current can be supplied to the 

load at 85°C and 120Hz frequency.  

 

Figure 6.6: Capacitor spesification [80]. 

However, it is needed to recalculate this ripple current value according to working 

conditions. If the ambient temperature is taken as 60°C, 1.4 coefficient is acquired. In 

addition to that, the frequency of the rectified voltage is 100Hz. If the linear correlation 

is done between 50Hz and 120Hz, 0.95 coefficient is calculated for 100Hz. The 

resulted ripple current is calculated as 3.33 A by using equation (6.5). 

 

 𝐼𝑟𝑖𝑝𝑝𝑙𝑒_𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 = 𝐼𝑟𝑖𝑝𝑝𝑙𝑒 ∗ 𝑛𝑡𝑒𝑚𝑝 ∗ 𝑛𝑓𝑟𝑒𝑞 (6.5) 

 

𝐼𝑟𝑖𝑝𝑝𝑙𝑒_𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 : calculated ripple current [A] 

𝐼𝑟𝑖𝑝𝑝𝑙𝑒 : ripple current [A] 

𝑛𝑡𝑒𝑚𝑝 : the temperature coefficient 

𝑛𝑓𝑟𝑒𝑞 : the frequency coefficient 

 

Even the maximum input current is smaller than the capacitor current. So, this 

capacitor is suitable for usage in this study. Temperature and frequency coefficients of 

the capacitor are given in Table 6.5 and Table 6.6. 

Table 6.5: Temperature coefficients of the capacitor [80]. 

Temperature 60 °C 70 °C 85 °C 

Ripple Factor 1.40 1.23 1.00 
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Table 6.6: Frequency coefficients of the capacitor [80]. 

Frequency 50Hz 120Hz 300Hz 1kHz 10kHz 

Ripple Factor 0.85 1.00 1.15 1.20 1.40 

Maximum peak to peak voltage ripple on DC bus at different voltage levels of 120 V 

(minimum), 230 V (nominal), 265 V (maximum) can be calculated as 37V, 19V, 17V 

using the equation (6.6) respectively. 

 

 
𝑉𝑝−𝑝_𝑟𝑖𝑝𝑝𝑙𝑒 =

𝑃𝑖𝑛𝑝𝑢𝑡_𝑚𝑎𝑥 

2 × 𝑓 × 𝐶𝑏𝑢𝑠 × 𝑉𝑖𝑛𝑝𝑢𝑡_𝑝𝑒𝑎𝑘
 (6.6) 

 

𝑉𝑝−𝑝_𝑟𝑖𝑝𝑝𝑙𝑒 : peak to peak voltage ripple of the rectified side [V] 

𝑃𝑖𝑛𝑝𝑢𝑡_𝑚𝑎𝑥  : maximum input power [W] 

𝑓 : grid frequency [Hz] 

𝐶𝑏𝑢𝑠 : capacitance of the DC bus capacitor [F] 

𝑉𝑖𝑛𝑝𝑢𝑡_𝑝𝑒𝑎𝑘 : peak voltage of the input [V] 

 

These peak-to-peak values is proper for motor control. 2x10nF 630V SMD ceramic 

capacitors are used for enhancing switching performance. High-frequency voltage 

oscillation on DC bus due to switching is decreased thanks to these capacitors. In 

addition to that, inrush current requirement in switching time is also provided from 

these capacitors. If the approximate power loss of the bridge diode at the full load 

which is 300W is calculated as 3.4 W by using equation (6.7). 

 

 𝑃𝑙𝑜𝑠𝑠_𝑏𝑟𝑖𝑑𝑔𝑒 = 2 ∗ 𝑉𝑓 ∗ 𝐼𝑖𝑛𝑝𝑢𝑡_𝑚𝑎𝑥 (6.7) 

 

𝑃𝑙𝑜𝑠𝑠_𝑏𝑟𝑖𝑑𝑔𝑒 : power loss of the bridge diode [W] 

𝑉𝑓  : forward voltage [V] 

𝐼𝑟𝑎𝑡𝑒𝑑  : rated RMS current [A] 
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Figure 6.7: Forward voltage - forward current graph of the bridge diode [81]. 

If 2A is determined as a maximum input voltage, 0.85V is can be taken as a voltage 

drop on the bridge diode as seen Figure 6.7. The bridge diode will be connected to the 

heatsink with IPM. Thermal calculations will be done after calculating power loss on 

IPM. The thermal impedance of the heatsink will be also calculated. 

6.1.2 15V SMPS design 

Buck converter is chosen as a topology to supply voltage to the circuit. 15V output 

voltage is directly used to drive IGBT gates. In addition to that, a linear regulator which 

has a 5V output voltage is fed by 15V. Constructed buck converter circuit is shown in 

Figure 6.8. 

 

 

Figure 6.8: Buck converter with 15V output voltage. 
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LNK304D is used as a controller in the buck converter. This IC has fully integrated 

auto-restart for short circuit and open loop fault protection. It has 66 kHz switching 

frequency. Maximum 120mA current can be drawn from the output in discontinuous 

conduction mode. This value is enough to supply current for all components. Internal 

MOSFET can withstand up to 700VDC without any breakdown. When the maximum 

input voltage which is 265V is applied, it has 375VDC rectified voltage and this value 

is lower than the breakdown limit of the MOSFET. IC has a universal input voltage 

range (85VAC to 265VAC). The maximum 80mW is consumed in no-load condition. 

Maximum on state resistance of MOSFET is 44.2Ω and the typical efficiency value in 

full load is 75%. 

LNK304D has high-side MOSFET due to buck converter topology. High voltage bus 

is converted to 15V. This means a very low duty cycle. It has a basic on/off control 

technique for regulation. A high voltage switched current source is used for start-up 

and operation conditions to provide power for IC. This feature eliminates bias supply. 

The frequency of the oscillator is 66kHz and it produces two signals which are the 

maximum duty signal and the starting clock signal of the PWM period. Oscillator 

frequency changes between 64kHz and 68kHz in order to spread EMI noise in a wide 

area and decrease peak value. Functional block diagram of LNK304D is given in 

Figure 6.9. 

 

Figure 6.9: Functional block diagram of LNK304D [82]. 

The output voltage is regulated via voltage at the feedback pin. It has a low impedance 

source follower output. It is set to 1.65V.  Voltage is sampled at the beginning of each 

cycle on the rising edge of the clock cycle. If the voltage at that pin is lower than the 
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threshold, MOSFET is opened for that switching period. On the other hand, in the light 

load condition, the voltage at that pin may be higher than the threshold voltage. In that 

condition, MOSFET is not open for that period. This is also called as cycle skipping 

mode. The effective switching frequency can be decreased to 16kHz in light load 

condition. Regulation is provided and switching loss is decreased in light load 

condition thanks to cycle skipping mode. 

LNK304D has an internal regulator which is fed by a drain pin. This regulator has a 

5.8V output voltage and charge capacitor connected to the bypass pin when MOSFET 

is off. When MOSFET is on, the needed power for the circuit in IC is provided by a 

charged capacitor. 100nF is enough to store energy. Bias supply with an external 

resistor can be used to provide energy to the capacitor. The internal zener diode clamps 

the voltage to 6.3V. In that way, the no-load power consumption of IC can be 

decreased to 50mW and efficiency is enhanced. A bypass pin also provides under-

voltage protection. Whenever bypass pin voltage drops below 4.85, MOSFET is 

disabled until this voltage rises to 5.8V again. 

LNK304D has over-temperature protection. If the temperature exceeds the threshold 

value which is 142 °C, MOSFET is disabled. MOSFET is not opened until the 

temperature decreases in IC 75 °C which is hysteresis value. 

As mentioned before. LNK304D has a basic on-off control strategy. When the current 

flowing through MOSFET exceeds the threshold value, MOSFET is closed for this 

period. At the beginning of the period, the current flowing through MOSFET may 

exceed the threshold value due to reverse recovery of the freewheeling diode. This 

causes a false turn-off for MOSFET and regulation can be lost. In order to prevent this 

condition, the edge blanking circuit ignores the high current value at the beginning of 

each period and disables the current comparator. After removing this transient 

condition, the edge blanking circuit enables the current comparator again and false 

turn-off is avoided. 

In case of overload, short circuit or open loop, LNK304D runs into the auto-start 

condition and MOSFET is disabled during 800ms. After this period, LNK304D tries 

to start again. If the fault does not disappear, IC again runs into fault condition until 

and this process continues until fault is removed. 

In Figure 6.8, C27 capacitor is charged to the output voltage. It works as a sample and 

hold function. Value of C27 is recommended between 10uF and 22uF for regulation. 

In this circuit, 10uF is preferred.  R23 and R27 are sense resistors and selected in order 
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to keep the voltage at feedback pin with 1.65V. In addition to that, approximately 

0.8mA feedback current is recommended for regulation. With used resistors, the 

calculated output voltage is 15.15V. D5 diode is selected as a fast diode in order to 

reduce current stress in MOSFET. 1mH “I” core inductor is recommended to eliminate 

audible sound for discontinuous conduction mode. Continuous conduction mode is not 

needed due to low power demand.  The output voltage ripple is closely related to the 

ESR of the output capacitor. In over-load condition, auto-start power is limited to 6% 

of the maximum over-load power. LD4 LED is used as both voltage indicator and pre-

load. Regulation gets better by using small pre-load considering power consumption. 

Z2 is a 18V Zener diode and used for over-voltage protection at the output stage [83]. 

6.1.3 5V voltage source design 

NCP1117 linear regulator with fixed 5V output voltage is shown in Figure 6.10.  It is 

used to supply voltage to a microcontroller, Op-Amp and reference voltage in the 

circuit. NCP1117 has a low dropout voltage which is a maximum 1.2V. The output 

current can reach up to 1A but such a large current is not required for the driver circuit. 

The input voltage of the regulator is 15V that is provided by the SMPS circuit and it 

can operate with up to 20V input voltage. 

 

Figure 6.10: Linear regulator with 5V output. 

IC has a 10mA quiescent current that causes an additional power loss. Ceramic 

capacitors at input and output are used to bypass high-frequency noise to the ground. 

The electrolytic capacitor at output storage energy and maintain the regulation. 5.6V 

zener diode is also used for over-voltage condition. LD5 is a 5V indicator and it 

consumes approximately 1mA current. 
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Figure 6.11: Typical series linear regulator structure [84]. 

A simplified circuit of a series linear regulator is shown in Figure 6.11. The main 

purpose of this kind of regulator is to compare reference voltage with output voltage 

divided by resistors and supply current to transistor connected series positive rail via 

op-amp in order to keep the output voltage constant at a desired level. It is obviously 

seen that, the voltage difference between input and output is on the series transistor 

that carries the main output current. This causes a high-power loss especially in the 

case of high input voltage. Therefore, this situation shows why switched power 

supplies have a higher efficiency value than the linear regulators [85]. 

6.1.4 2V5 reference voltage design 

A voltage follower which is also called as a buffer amplifier is shown in Figure 6.12. 

 

 

Figure 6.12: Reference voltage for Op-Amps. 
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It is used to generate reference voltage for current feedback op-amps. R54 and R55 are 

low tolerance resistors and 2.5V is generated in non-inverting input of the Op-Amp. 

This voltage is directly reflected to output voltage, so the voltage follower circuit has 

unit gain. The biggest advantage of using a voltage follower is that the output 

impedance is too low and it is also independent of the input impedance which is very 

high compared to output.  Shunt voltages on the source of low side IGBTs are 

amplified with pre-defined gain value via current feedback op-amps and these voltages 

superpose with a reference voltage which is 2.5V. In this way, a swing of the shunt 

voltages spread over a full range of analog to digital converter. The utilization factor 

and resolution of analog to digital converter is maximized. In addition to that, reference 

voltage also allows the negative voltage on the shunt resistors to be read with analog 

to digital converter.     

6.1.5 Current feedback Op-Amp design 

The current feedback Op-Amp circuit is shown in Figure 6.13. Shunt voltages are 

amplified for a microcontroller. The reference voltage is also added as mentioned 

before. There is a three times amplification ratio that is adjusted by the feedback 

resistor. 

 

Figure 6.13: Current feedback Op-Amp circuit. 

In addition to that, input and output have reserve polarity due to inverting Op-Amp 

structure. C38 and C40 are placed to eliminate the noise in the power input. There are 

three Op-Amp circuits for each shunt reading. Analog ground is placed in the power 

stage. C39 and C42 are placed to prevent amplification of high-frequency noise signal.  



79 

 

Figure 6.14: PSIM simulation circuit of current feedback Op-Amp. 

This circuit is simulated in PSIM and it is given in Figure 6.14. The refence voltage 

circuit is also added to analyze all system. White noise which has 50mV peak to peak 

voltage is added to both the shunt resistor side and the input of the reference voltage 

circuit to get closer to real circuit behaviour. In order to bypass this noise, bypass 

capacitors are added to critical points. Three amps flow through the shunt resistor and 

a current source is used for that. 3A is the maximum allowed peak current in one phase.  

 

Figure 6.15: PSIM simulation result of Op-Amp  circuit. 

The simulation result is given in Figure 6.15. Red line represents the reference voltage 

which is 2.5V. The green one shows the shunt voltage and blue one shows amplified 

and filtered shunt voltage with offset. As seen in the graph, after the transient 
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condition, amplified voltage has a 2.5V average voltage as expected. There times 

amplification ratio and reverse polarity are also seen. Noise effect can be observed in 

three signals especially in amplified voltage. Because noise is also amplified with op-

amp. This is the main drawback of these kinds of circuits. By taking the average value 

of the current with software, this condition can be solved [86].  

6.1.6 IPM stage design 

An intelligent power module which is called as IPM is shown in Figure 6.16.  

 

 

Figure 6.16: IPM circuit. 

PWM signals coming from the microcontroller are filtered before corresponding pins 

of IPM. On threshold voltage of these pins is 2.1V and the off-threshold voltage is also 

1.3V. In addition to that, the allowable minimum input pulse width is 0.7us. The time 

constant of these filters is small enough not to affect the shape of the square wave. 

2.2uF and 100nF bypass capacitors are recommended in the 15V input side for the best 

performance. KN3 is a motor connector. Shunt_U, Shunt_V and Shunt_W are the 

input of the shunt resistors. VOT is analog output of the temperature signal. CIN is 

input for over-current detection. FO is the fault signal. These inputs and outputs will 

be explained in the next sections. 



81 

 

Figure 6.17: Internal block diagram of IPM [87]. 

The internal block diagram of IPM is shown in Figure Figure 6.17. This module 

includes six IGBTs that are used for three-phase inverter stage to drive the motor. It is 

suitable for up to 1.5kW motor power which is common on consumer appliances such 

as air-conditioners, washing machines, refrigerators and so on. The maximum 

collector-emitter voltage of the IGBTs is 600V. It is recommended to consider a safety 

margin for this maximum voltage. Each IGBT has a 15A maximum current value 

under the 25°C case temperature. This maximum value should be calculated for each 

special design considering ambient temperature, power factor, switching frequency 

and so on. There are built-in bootstrap diodes with current limiter resistors as series 

configuration for each phase. The typical forward voltage of this bootstrap diode is 

1.7V and the typical built-in limiting resistance value is 100Ω. Arm-shoot-through 

blocking time is determined as 1us in the chip. The maximum junction temperature of 

the chip is 150°C. Junction to the case thermal resistance of each IGBT in the module 

is 4K/W at steady state condition. The maximum PWM input frequency is 20kHz; 

however, a 6kHz switching frequency will be used in this thesis. 
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Bootstrap capacitor value plays an important role for the driving stage. If the value is 

chosen too low, gate voltage on the high side can decrease especially when the high 

duty cycle is applied to the high side. This causes additional heating on high side 

IGBTs and permanent damage may occur if there is an insufficient cooling condition. 

If the capacitor value is too high, the charging time is too long and this causes the 

capacitor to not be charged enough. 10uF 25V is chosen as a generic value for the 

bootstrap capacitor. This capacitor value can decrease by 80% of the nominal value 

under DC bias voltage. With 100nF is placed parallel with the bootstrap capacitor in 

order to eliminate high-frequency noise on the gate voltage. 

Before starting to calculate power loss on the IPM, some assumptions should be made 

in order to make the calculation easier. These assumptions are, 

 Output currents of the IPM are sinusoidal that do not include ripple. 

 PWM signals are generated by the comparison of sine waveform and triangular 

waveform. 

 PWM signals are sinusoidal and vary between 0% and 100% duty ratio. 

 Load is an ideal inductive load. 

Conduction losses on IPM are caused by two components that are IGBT and internal 

diode. The conduction power loss of one IGBT (without diode) can be calculated, by 

using the equation (6.8). 

 

 
𝑃𝑙𝑜𝑠𝑠_𝑐𝑜𝑛𝑑_𝐼𝐺𝐵𝑇 = 𝑉𝐶𝐸0 ∗ 𝐼𝑝ℎ𝑎𝑠𝑒_𝑝𝑒𝑎𝑘 ∗ (

1

2𝜋
+

𝑚𝑖𝑛𝑑𝑒𝑥 ∗ 𝑐𝑜𝑠 𝜑

8
)

+ 𝑟𝐼𝐺𝐵𝑇 ∗ 𝐼𝑝ℎ𝑎𝑠𝑒_𝑝𝑒𝑎𝑘
2 ∗ (

1

8
+

𝑚𝑖𝑛𝑑𝑒𝑥 ∗ 𝑐𝑜𝑠 𝜑

3𝜋
) 

(6.8) 

 

𝑃𝑙𝑜𝑠𝑠_𝑐𝑜𝑛𝑑_𝐼𝐺𝐵𝑇 : conduction power loss on IGBT [W] 

𝑉𝐶𝐸0 : VCE that is found by tangenting to operation point [V] 

𝐼𝑝ℎ𝑎𝑠𝑒_𝑝𝑒𝑎𝑘 : peak of the motor phase current [A] 

𝑚𝑖𝑛𝑑𝑒𝑥 : modulation index 

𝑐𝑜𝑠 𝜑 : power factor of the motor 

𝑟𝐼𝐺𝐵𝑇 : dynamic IGBT resistance [Ohm] 

 

In order to determine the 𝑉𝐶𝐸0 a tangent is drawn to the curve (the blue one) at the 

operation point as Figure 6.18. The operation point will be taken as 1.36A that is 
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expected to be the peak of the motor phase current. So, 0.625V is determined as the  

𝑉𝐶𝐸0. On the other hand, the cotangent value of the angle x gives dynamic resistance 

of the IGBT that is called as rIGBT. This value can be found as 0.14Ω. The modulation 

index will be determined as 0.972 on the software. Power factor will be taken as a 1 

for worst-case conditions. The conduction power loss of one IGBT (without diode) is 

equal to 0.3 W with these values.  

 

Figure 6.18: Collector-emitter voltage and collector current graph of the IPM [87]. 

In order to find the conduction loss on diode (in IGBT package), equation (6.9) can be 

used. 

 
𝑃𝑙𝑜𝑠𝑠_𝑐𝑜𝑛𝑑_𝑑𝑖𝑜𝑑𝑒 = 𝑉𝑑0 ∗ 𝐼𝑝ℎ𝑎𝑠𝑒_𝑝𝑒𝑎𝑘 ∗ (

1

2𝜋
−

𝑚𝑖𝑛𝑑𝑒𝑥 ∗ 𝑐𝑜𝑠 𝜑

8
)

+ 𝑟𝑑 ∗ 𝐼𝑝ℎ𝑎𝑠𝑒_𝑝𝑒𝑎𝑘
2 ∗ (

1

8
−

𝑚𝑖𝑛𝑑𝑒𝑥 ∗ 𝑐𝑜𝑠 𝜑

3𝜋
) 

(6.9) 

 

𝑃𝑙𝑜𝑠𝑠_𝑐𝑜𝑛𝑑_𝑑𝑖𝑜𝑑𝑒 : conduction power loss on the diode [W] 

𝑉𝑑0 : Vd  that is found by tangenting to operation point [V] 

𝐼𝑝ℎ𝑎𝑠𝑒_𝑝𝑒𝑎𝑘 : peak of the motor phase current [A] 
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𝑚𝑖𝑛𝑑𝑒𝑥 : modulation index 

𝑐𝑜𝑠 𝜑 : power factor of the motor 

𝑟𝑑 : dynamic diode resistance [Ohm] 

 

Forward voltage-current graph of the diode is not given in the datasheet. Due to that, 

the value of the diode parameters will be taken as the same as IGBT parameters. As a 

result, the conduction loss on diode (in IGBT package) is calculated as 0.04 W.  

Sum of the conduction loss on IGBT and the diode which are results in as 0.34 W for 

one switch 2.04 W for the six switches by using the equation (6.10). 

 

 𝑃𝑙𝑜𝑠𝑠_𝑐𝑜𝑛𝑑_𝑝𝑎𝑐𝑘 = 𝑃𝑙𝑜𝑠𝑠_𝑐𝑜𝑛𝑑_𝐼𝐺𝐵𝑇 + 𝑃𝑙𝑜𝑠𝑠_𝑐𝑜𝑛𝑑_𝑑𝑖𝑜𝑑𝑒 (6.10) 

 

𝑃𝑙𝑜𝑠𝑠_𝑐𝑜𝑛𝑑_𝑝𝑎𝑐𝑘 : conduction power loss on the package [W] 

𝑃𝑙𝑜𝑠𝑠_𝑐𝑜𝑛𝑑_𝐼𝐺𝐵𝑇 : conduction power loss on IGBT [W] 

𝑃𝑙𝑜𝑠𝑠_𝑐𝑜𝑛𝑑_𝑑𝑖𝑜𝑑𝑒 : conduction power loss on the diode [W] 

 

After calculating all conduction losses on IPM, switching losses are needed to 

calculate in order to find total IPM losses. Switching losses consists of turn-on IGBT 

loss, turn-off IGBT loss and turn-off diode loss. Turn-on diode loss is so small and it 

does not worth calculating. 

In order to find the switching losses on IGBT; firstly, the average current of IGBT over 

half period is calculated as 0.866 A with equation (6.11). 

 

 
𝐼𝐼𝐺𝐵𝑇_𝑎𝑣𝑒_ℎ𝑎𝑙𝑓 =

2 ∗ 𝐼𝑝ℎ𝑎𝑠𝑒_𝑝𝑒𝑎𝑘

𝜋
  (6.11) 

 

𝐼𝐼𝐺𝐵𝑇_𝑎𝑣𝑒_ℎ𝑎𝑙𝑓 : average current of IGBT over half period [A] 

𝐼𝑝ℎ𝑎𝑠𝑒_𝑝𝑒𝑎𝑘 : peak of the motor phase current [A] 

 

After calculating this value, switching losses can be found by using triangle approach. 

The switching times that are given in Figure 6.19 are used for calculations. Values are 

given for 15A current; however, they can be taken as worst-case values. 
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Figure 6.19: Switching time of the IPM [87]. 

Switching times are defined in Figure 6.20. 

 

Figure 6.20: Switching time definition [87]. 

Turn-on IGBT loss is found by using equation (6.12). 

 

 
𝑃𝑙𝑜𝑠𝑠_𝑜𝑛_𝐼𝐺𝐵𝑇 =

1

2
∗ 𝑉𝐷𝐶 ∗ 𝐼𝐼𝐺𝐵𝑇_𝑎𝑣𝑒_ℎ𝑎𝑙𝑓 ∗ 𝑡𝑐(𝑜𝑛) ∗

𝑓𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔

2
 (6.12) 

 

𝑃𝑙𝑜𝑠𝑠_𝑜𝑛_𝐼𝐺𝐵𝑇 : turn-on IGBT loss [W] 

𝑉𝐷𝐶 : DC bus voltage [V] 

𝐼𝐼𝐺𝐵𝑇_𝑎𝑣𝑒_ℎ𝑎𝑙𝑓 : average current of IGBT over half period [A] 

𝑡𝑐(𝑜𝑛) : turn-on time [s] 

𝑓𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔 : switching frequency [Hz] 

 

In the 180° commutation type, an IGBT is only in conduction over half period. 

Therefore, switching loss on an IGBT only occurs over half period. Due to that, the 

switching frequency in equation (6.12) is divided by two.  
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𝑃𝑙𝑜𝑠𝑠_𝑜𝑓𝑓_𝐼𝐺𝐵𝑇 =

1

2
∗ 𝑉𝐷𝐶 ∗ 𝐼𝐼𝐺𝐵𝑇_𝑎𝑣𝑒_ℎ𝑎𝑙𝑓 ∗ 𝑡𝑐(𝑜𝑓𝑓) ∗

𝑓𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔

2
 (6.13) 

 

𝑃𝑙𝑜𝑠𝑠_𝑜𝑓𝑓_𝐼𝐺𝐵𝑇 : turn-off IGBT loss [W] 

𝑉𝐷𝐶 : DC bus voltage [V] 

𝐼𝐼𝐺𝐵𝑇_𝑎𝑣𝑒_ℎ𝑎𝑙𝑓 : average current of IGBT over half period [A] 

𝑡𝑐(𝑜𝑓𝑓) : turn-off time [s] 

 

If values are inserted in the equation (6.12) and (6.13) for the turn on and turn off  

IGBT losses, they are calculated as 0.274 W and 0.127 W respectively.  

In order to find the turn-off diode loss which is caused by the reverse recovery 

characteristic of the diode, the average peak current of the reverse recovery over a half 

period should be estimated. Figure 6.21 can be used for this estimation. As seen in 

Figure 6.21, there is a reverse recovery current about two-thirds of the main IGBT 

current. 

 

Figure 6.21: Typical turn-on switching waveform [87]. 

The average peak current of the reverse recovery over half period is calculated as 

0.58 A using equation (6.14), 

 

 
𝐼𝑟𝑒𝑣_𝑎𝑣𝑒_ℎ𝑎𝑙𝑓 =

2

3
∗ 𝐼𝐼𝐺𝐵𝑇_𝑎𝑣𝑒_ℎ𝑎𝑙𝑓 (6.14) 

   

𝐼𝑟𝑒𝑣_𝑎𝑣𝑒_ℎ𝑎𝑙𝑓 : average peak current of the reverse recovery over half period [A] 

𝐼𝐼𝐺𝐵𝑇_𝑎𝑣𝑒_ℎ𝑎𝑙𝑓 : average current of IGBT over half period [A] 



87 

The turn-off diode loss can be calculated using equation (6.15) and it is found as 

0.021 W. 

 

 
𝑃𝑙𝑜𝑠𝑠_𝑜𝑓𝑓_𝑑𝑖𝑜𝑑𝑒 =

𝐼𝑟𝑒𝑣_𝑎𝑣𝑒_ℎ𝑎𝑙𝑓 ∗  𝑡𝑟𝑟 ∗ 𝑉𝐷𝐶

8
∗
𝑓𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔

2
 (6.15) 

 

 

𝑃𝑙𝑜𝑠𝑠_𝑜𝑓𝑓_𝑑𝑖𝑜𝑑𝑒 : turn-off diode loss [W] 

𝐼𝑟𝑒𝑣_𝑎𝑣𝑒_ℎ𝑎𝑙𝑓 : average peak current of the reverse recovery over half period [A] 

𝑡𝑟𝑟 : reverse recovery time [s] 

𝑉𝐷𝐶 : DC bus voltage [V] 

𝑓𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔 : switching frequency [Hz] 

 

The turn-off diode loss also occurs over half of the period due to 180° commutation. 

If all values are put in equation (6.15), 

If all the switching losses should be added as given in equation (6.16) and equal to 

0.422 W for one IGBT, 2.532 W for six IGBTs, 

 

 𝑃𝑙𝑜𝑠𝑠_𝑠𝑤_𝑝𝑎𝑐𝑘 = 𝑃𝑙𝑜𝑠𝑠_𝑜𝑛_𝐼𝐺𝐵𝑇 + 𝑃𝑙𝑜𝑠𝑠_𝑜𝑓𝑓_𝐼𝐺𝐵𝑇 + 𝑃𝑙𝑜𝑠𝑠_𝑜𝑓𝑓_𝑑𝑖𝑜𝑑𝑒 (6.16) 

 

𝑃𝑙𝑜𝑠𝑠_𝑠𝑤_𝑝𝑎𝑐𝑘 : switching loss in package [W] 

𝑃𝑙𝑜𝑠𝑠_𝑜𝑛_𝐼𝐺𝐵𝑇 : turn-on IGBT loss [W] 

𝑃𝑙𝑜𝑠𝑠_𝑜𝑓𝑓_𝐼𝐺𝐵𝑇 : turn-off IGBT loss [W] 

𝑃𝑙𝑜𝑠𝑠_𝑜𝑓𝑓_𝑑𝑖𝑜𝑑𝑒 : turn-off diode loss [W] 

 

The total power loss that is consisted of conduction loss and switching loss is 

calculated for the inverter as 4.572 W by using the equation (6.17), 

 

 𝑃𝑙𝑜𝑠𝑠_𝑡𝑜𝑡_𝑖𝑛𝑣 = 𝑃𝑙𝑜𝑠𝑠_𝑐𝑜𝑛𝑑_𝑖𝑛𝑣 + 𝑃𝑙𝑜𝑠𝑠_𝑠𝑤_𝑖𝑛𝑣 (6.17) 

 

𝑃𝑙𝑜𝑠𝑠_𝑡𝑜𝑡_𝑖𝑛𝑣 : total power loss on the inverter [W] 

𝑃𝑙𝑜𝑠𝑠_𝑐𝑜𝑛𝑑_𝑖𝑛𝑣 : conduction power loss on the inverter [W] 

𝑃𝑙𝑜𝑠𝑠_𝑠𝑤_𝑖𝑛𝑣 : switching power loss on the inverter [W] 
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In order to find the temperature value of the bridge diode and the IPM which are 

connected to the heatsink, the thermal model of these two circuits are generated as seen 

in Figure 6.22. 

 

Figure 6.22: Thermal model of the bridge and the IPM circuits. 

𝑃𝑙𝑜𝑠𝑠_𝑏𝑟𝑖𝑑𝑔𝑒  : power loss of the bridge diode [W] 

𝑃𝑙𝑜𝑠𝑠_𝑡𝑜𝑡_𝑖𝑛𝑣 : total power loss on the inverter [W] 

𝑇𝑗_𝑏𝑟𝑖𝑑𝑔𝑒  : junction temperature of the bridge diode [°C] 

𝑇𝑗_𝐼𝑃𝑀 : junction temperature of the IPM [°C] 

𝑇𝑐_𝑏𝑟𝑖𝑑𝑔𝑒 : case temperature of the bridge diode [°C] 

𝑇𝑐_𝐼𝑃𝑀 : case temperature of the IPM [°C] 

𝑇𝑠𝑖𝑛𝑘 : heatsink temperature [°C] 

𝑇𝑎 : ambient temperature [°C] 

𝑅𝑗𝑐_𝑏𝑟𝑖𝑑𝑔𝑒 : junction to case thermal resistance of the bridge diode [°C/W] 

𝑅𝑗𝑐_𝐼𝑃𝑀 : junction to case thermal resistance of the IPM [°C/W] 

𝑅𝑐𝑠_𝑏𝑟𝑖𝑑𝑔𝑒 : case to the heatsink thermal resistance of the bridge diode [°C/W] 

𝑅𝑐𝑠_𝐼𝑃𝑀 : case to the heatsink thermal resistance of the IPM [°C/W] 

𝑅𝑠𝑎 : sink to the ambient thermal resistance of the heatsink [°C/W] 

 

In order to find the junction temperature of the bridge diode, equation (6.18) can be 

used according to Figure 6.22. 

 

 𝑇𝑗_𝑏𝑟𝑖𝑑𝑔𝑒 = 𝑃𝑙𝑜𝑠𝑠_𝑏𝑟𝑖𝑑𝑔𝑒 ∗ (𝑅𝑗𝑐_𝑏𝑟𝑖𝑑𝑔𝑒 + 𝑅𝑐𝑠_𝑏𝑟𝑖𝑑𝑔𝑒)

+ (𝑃𝑙𝑜𝑠𝑠_𝑏𝑟𝑖𝑑𝑔𝑒 + 𝑃𝑙𝑜𝑠𝑠_𝑡𝑜𝑡_𝑖𝑛𝑣) ∗ 𝑅𝑠𝑎 + 𝑇𝑎 
(6.18) 
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𝑇𝑎will be taken as a maximum ambient temperature which is 55°C. Case to sink 

thermal resistances of the bridge diode and the IPM will be taken as 1°C/W for worst-

case condition. Junction to case thermal resistances of them will be taken from its 

datasheets. The junction temperature is calculated as 77.8°C. This value is less than 

the maximum junction temperature of the bridge diode which is 150°C. The junction 

temperature of the IPM is calculated AS 74.6 °C using the equation (6.19). 

 

 𝑇𝑗_𝐼𝑃𝑀 = 𝑃𝑙𝑜𝑠𝑠_𝑡𝑜𝑡_𝑖𝑛𝑣 ∗ (𝑅𝑗𝑐_𝐼𝑃𝑀 + 𝑅𝑐𝑠_𝐼𝑃𝑀)

+ (𝑃𝑙𝑜𝑠𝑠_𝑡𝑜𝑡_𝑖𝑛𝑣 + 𝑃𝑙𝑜𝑠𝑠_𝑏𝑟𝑖𝑑𝑔𝑒) ∗ 𝑅𝑠𝑎 + 𝑇𝑎 
(6.19) 

 

The recommended maximum junction temperature of the IPM is 125°C. Therefore, 

74.6°C is lower than this value [88]. 

6.1.7 Microcontroller design 

The microcontroller circuit for the motor control is shown in Figure 6.23. 

 

 

Figure 6.23: Microcontroller circuit. 

Renesas RX13T group 32-Bit microcontroller is used. Its maximum clock frequency 

is 32MHz. There is a CISC Harvard architecture with 5-stage pipeline. On-chip code 

flash memory capacity is 128 Kbytes and on-chip data flash memory capacity is 4 

Kbytes. In addition to that, this microcontroller includes 12 Kbytes of SRAM. All 

memories have no wait states to execute. It also has an independent watchdog timer 
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clocked by an on-chip oscillator for reset. There are seven types of reset sources such 

as power-on reset and low voltage detection reset. and I2C, SPI, USART and UART 

can be used as communication protocols. It has 8 channel 12-Bit analog to digital 

converter (ADC). 3 channel has an amplifier as internal for shunt reading. However, 

in this thesis, an external op-amp circuit is preferred to amplify shunt voltage. 16-Bit 

timer is used to generate PWM signals. Three of these six signals are complementary 

signals. Dead time should be inserted between complementary signals in order to avoid 

cross conduction. Sleep mode can be used to decrease IDLE power of the driver circuit. 

A microcontroller has two digital power inputs and one analog power input. The 

voltage level of these inputs is 5V. This voltage comes from a linear regulator. 100nF, 

10nF and 1nF capacitors are placed at each three power inputs to bypass noise to the 

ground. These capacitors should be as close as possible to pins in order not to lose their 

effects. It is recommended to connect VCL pin to the VSS pin via 4.7uF smoothing 

capacitor used to stabilize the internal power supply. This capacitor should be also as 

close as to the pin. KN4 is a programming connector. The reset pin is pulled up to 5V 

and a button is placed for external reset by users. Current_U, Current_V and 

Current_W are amplified and offset added signals. These signals pass through RC filter 

and reach ADC pins. The time constant should not be so large to disrupt the signals. 

PWM signals are generated considering these current signals so, these signals must be 

read correctly. Analog and digital ground are also separated to enhance current reading 

accuracy.  Grounds are connected from one point via ferrite bead. There is a fault pin 

that comes from IPM. In case of fault condition which will explain below in detail, 

IPM disables the PWM signals as hardware protection. After then, fault signal 

becomes low logic and the microcontroller interprets that as a fault. All PWM signals 

are also disabled as software protection. NTC relay signal is generated after the 

transient current condition is disappeared in the first energized. DC bus voltage is 

sensed regularly by the microcontroller. If voltage dividers are considered, there is 

2.34V on DC bus voltage sense pin when 230VAC voltage is applied to the input. 

When the maximum input voltage which is 265VAC is applied, the voltage on that pin 

becomes 2.69V. In case of voltage transient on DC bus, diode pair D9 is placed on DC 

bus sense pin. Because this voltage transient reflects to sense pin and microcontroller 

may be damaged. Diode pair clamps both negative and positive transient voltage on 

the pin to a certain value. The signals pass through the RC filter before it reaches the 

pin. 
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6.1.8 Protection and indicator circuits design 

The fault circuit is shown in Figure 6.24. 

 

 

Figure 6.24: Fault circuit. 

FO label is directly connected to the related pin of IPM. This pin has an open collector 

structure so it should be pulled up to 5V with the resistor. LED is also connected series 

to the resistor for the indication. The maximum source current of this pin is 1mA and 

R23 resistor is chosen considering this value. When there is no fault condition, the 

voltage on FO pin is 5V. Whenever a fault occurs, the voltage on that pin decreases to 

0V. This voltage is continuously sensed from the Fault label via the microcontroller. 

All gate signals are disabled immediately when the fault is perceived by the 

microcontroller. R26 and C31 are filter for fault signal. They are selected to detect 

fault within 2us. Three abnormal conditions affect the output of the fault pin. These 

are short circuit which means an over-current condition, an under-voltage condition in 

supply voltage and over-temperature condition. These failures which can pull down 

fault voltage to 0V are only valid for low side IGBTs. However, if there is under-

voltage on the high side supply, all gate signals are disabled. On the other hand, the 

fault state does not change which means the voltage on that pin remains at a high state. 

Trip level of the under-voltage varies between 10.3V and 12.5V. Gate driving with 

low voltage can be dangerous for IGBTs. High temperature can occur and if 

temperature rise becomes excessive, this may damage the module. 
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Figure 6.25: Relay circuit. 

In Figure 6.25, the relay circuit for bypassing for the NTC is shown. As mentioned 

before, inrush current occurs due to charging of the capacitor when the circuit is first 

energized. In order to overcome this situation, NTC is used to limit input current. 

However, NTC causes additional power losses and the efficiency of the circuit 

decreases. The relay bypasses the NTC after the current transient disappears. Duration 

of the current transient can last a few hundred milliseconds. 

The relay has a 12V working voltage and there are only 5V and 15V sources in the 

circuit so R9 should be connected to the bobbin of the relay to keep current at rated 

value. When the transistor is closed, the bobbin of the relay gets reverse polarity and 

voltage stress on the collector of the transistor may exceed the breakdown voltage. D1 

should be also connected between terminals of the bobbin to clamp this inductive kick 

to 15V. 

 

Figure 6.26: Over-current protection circuit. 
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The driver has hardware over-current protection as shown in Figure 6.26. CIN is an 

over-current input for IPM. When the voltage on that pin exceeds the threshold voltage 

which is 0.48V, a trip signal is generated. According to the datasheet, the threshold 

voltage can change between 0.455 and 0.505V. When the trip occurs, all N-side IGBTs 

gates are hard interrupted and the FAULT output of IPM is pulled down to 0V. It is 

recommended to set the RC time constant of filter 1.5-2us so that IGBT shut down 

within 2us when short circuit condition. If this time is exceeded in over-current 

condition, permanent and irreversible damage can occur in IPM. Phase currents are 

sensed through Shunt_U, Shunt_V and Shunt_W. These inputs come from the terminal 

of shunt resistors. MBR0540 is a schottky diode and it has approximately 0.3V forward 

voltage at a very low current. If considered voltage divider on the above circuit and 

the minimum-maximum threshold voltage of trip level on CIN pin, the minimum 

voltage is 0.776V and maximum voltage is 0.828V on shunt side for generating trip 

signal. The value of the shunt resistors is 0.15Ω so this corresponds to an over-current 

value that varies between 5.17A and 5.52A. C30 is placed to avoid false over-current 

alarm due to the circuit noise. 

 

Figure 6.27: Over-temperature indicator. 

The over-voltage indicator is shown in Figure 6.27. Input VOT comes from the pin of 

the IPM. This is the analog signal. The temperature signal in IPM is amplified by the 

internal op-amp. In Figure 6.28, VOT voltage versus LVIC temperature is shown.  
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Figure 6.28: VOT voltage versus LVIC voltage [87]. 

As seen in Figure 6.28, there is a linear characteristic between these two parameters. 

If considered forward voltage of US1J which is 0.7V and forward voltage of LD2 (red 

colour) which is 1.7V, LED starts to light approximately 95 °C. The tolerance of the 

components may change the threshold value. As temperature increases in LVIC, the 

brightness of LED also increases. R11 is used to enhance linear characteristic between 

two parameters. The maximum source current of this pin is 1.7mA and care should be 

taken not to exceed this current. IPM has its own over-temperature protection. The 

nominal trip level is 130 °C and this level can change between 115 °C and 145 °C. 

There is a 10 °C hysteresis temperature. In case of exceeding this threshold, all N-side 

IGBTs turn-off despite control input condition and the FAULT output of IPM is pulled 

down to 0V. 
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Figure 6.29: Over-voltage indicator. 

In Figure 6.29, the over-voltage indicator is given. In case of pre-determined over-

voltage is occurred, the indicator LED is open to alert. In order to open the transistor, 

voltage on TP18 must be the sum of zener voltage and VBE. Considering VBE as 0.7V 

and zener voltage as 5.6V, the voltage on TP18 must be approximately 6.3V. If voltage 

divider resistors that are R1, R4 and R7 are taken into account, DC Bus threshold 

voltage for over-voltage is calculated as 360V. This value can be adjusted by changing 

the value of voltage divider resistors. This threshold value is just an indicator. Main 

over-voltage protection is provided by the software to decide the driving situation. C29 

and C10 are used to eliminate high-frequency noise to avoid false over-voltage alarm. 

It is set to pass 1mA through each LED in the circuit. 

6.1.9 Reference speed circuit design 

The reference circuit used for rotor speed calculation is shown in Figure 6.30. 
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Figure 6.30: Speed reference circuit. 

PC817A photocoupler is used for reinforced isolation between driver and signal 

generator. There is 5kV isolation guaranteed by PC817A. A signal generator sends a 

square wave with 50% duty cycle. The frequency of this signal varies between 50Hz 

and 150Hz depending on desired speed value. Rotor speed which is from 1000 rpm to 

3000 rpm is linearly adjusted by changing the frequency of the signal generator.  The 

most important parameter of a photocoupler is the current transfer ratio. The forward 

current of the photocoupler should be large enough to saturate the transistor of the 

photocoupler. 

 

Figure 6.31: Forward current versus current transfer ratio of the photocoupler [89]. 
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As seen in Figure 6.31, the current transfer ratio approximately varies between 75% 

and 135%. The magnitude of signal generator voltage is 5V and maximum forward 

voltage is 1.4V. If the value of R56 is also considered, the forward current is 

approximately 6.5mA. And even if the lowest value of the current transfer ratio which 

is 75% is taken, it is obvious that the transistor goes into saturation. In the case of the 

reverse connection of the signal generator, D10 protects the photocoupler from any 

damage. LD6 is an indicator of the speed reference and D11 is also protects the LD6. 
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Figure 6.32: Overall schematic of the driver circuit. 
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6.2 PCB Design 

Main PCB information is given in Table 6.7. 

Table 6.7: PCB information. 

PCB size 155mm x 150mm 

PCB material FR4 

PCB thickness 1.6mm 

Number of layers 2 

Copper thickness 35um 

Number of SMD components 161 

Number of THD components 25 

Number of total components 186 

Number of tracks 1746 

Minimum track thickness 0.4mm 

Number of via 315 

Minimum via size 0.35 hole size, 0.7 diameter 

HASL colour green 

 

 

Figure 6.33: Top layer of the PCB in Altium Designer. 
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In Figure 6.33, the top layer of the PCB is shown. Analog ground is indicated by 

enclosing with the green line. There is a digital ground at outside of that. Analog 

ground is separated from the digital ground and they are connected to each other via 

ferrite bead on the ground pin of the 5V side electrolytic capacitor shown by the blue 

rectangle. In this way, the mixing of the noises of these two grounds is prevented. A 

ground plane is directly connected to DC bus electrolytic capacitor. 

 

Figure 6.34: Bottom layer of the PCB in Altium Designer. 

A bottom layer of the PCB is shown in Figure 6.34. This layer is used as a signal and 

power signal layer. Ground signals of the components are directly connected to the top 

layer using via. The main power ground is first connected to SMD high voltage 

ceramic capacitors shown by the yellow rectangle. This prevents a DC bus from a high 

voltage spike.  After that, this ground is connected to the DC bus electrolytic capacitor. 

An orange rectangle shows the drain polygon plane of the LNK304D. And this 

polygon is connected to the top layer with a lot of via. In this way, thermal properties 
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are improved. LDO thermal pad is shown with re rectangle. With the same method, 

thermal properties are improved by using a large copper area and connecting to the top 

layer with a lot of via. 

 

Figure 6.35: Top overlay of the PCB in Altium Designer. 

Top side component places, names, indicator texts and test points are placed on top 

overlay as shown in Figure 6.35. This layer is used to improve the visuality of the 

circuit.  
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Top view of the PCB in Altium Designer is shown in Figure 6.36. 

 

Figure 6.36: Top view of the PCB in Altium Designer. 

The red rectangles placed in Figure 6.36 shows below sections. 

1: Input stage and EMI filter  

2: Rectification stage 

3: Motor output connector 
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Bottom view of the PCB in Altium Designer is given in Figure 6.37. 

 

Figure 6.37: Bottom view of the PCB in Altium Designer. 

The red rectangles placed in Figure 6.37 shows below sections. 

4: Shunt resistors 

5: Current sense op-amp circuits 

6: Bootstrap capacitors 

7: Reference voltage circuit 

8: Microcontroller 

9: 15V circuit 

10: 5V circuit 

11: Speed reference circuit. 
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Side view of the PCB in Altium Designer is shown in Figure 6.38. 

 

Figure 6.38: Side view of the PCB in Altium Designer. 

Top side of the not assembled PCB is given in Figure 6.39. 

 

Figure 6.39: Top side of the not assembled PCB. 

 



105 

Bottom side of the not assembled PCB is seen in Figure 6.40. 

 

Figure 6.40: Bottom side of the not assembled PCB. 

Top side of the assembled PCB is shown in Figure 6.41. 

 

Figure 6.41: Top side of the assembled PCB. 

Two boards are assembled for the thesis study. 
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Bottom side of the assembled PCB is given in Figure 6.42. 

 

Figure 6.42: Bottom side of the assembled PCB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



107 

 

7.  SIMULATION 

PMSM driver with field oriented control is simulated by using PSIM for three different 

reference speeds: 1300 rpm, 2000 rpm and 3000 rpm. In the simulation, a sensored 

control technique is used. Information of rotor position directly comes from the sensor 

placed in the rotor shaft. In a real application, Back-EMF based sensorless algorithm 

will be executed.  PSIM schematic of driver circuit is shown in Figure 7.1. 

 

Figure 7.1: PSIM schematic of the driver circuit. 

Parameters of a PMSM with compressor is given in Table 7.1 

Table 7.1: Motor parameters. 

Phase to neutral stator resistance [Ohm] 7.05 

Phase to phase stator resistance [Ohm] 14.1 

Phase to neutral stator inductance [mH] 21.4 

Phase to phase stator inductance [mH] 57.8 

Ld at 50Hz [mH] 81.0 

Lq at 50Hz [mH] 38.7 

Phase to phase Back-EMF voltage at 2000 rpm [V] 193 

Phase to phase Back-EMF voltage at 3000 rpm [V] 288 

Ke [V/rad.s] 0.92 

Maksimum power [W] 270 
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Figure 7.2: Phase currents and rotor speed @1300 rpm reference speed.  

Phase currents and rotor speed at 1300 rpm reference speed is shown in Figure 7.2. 

The current value is fixed to 2A peak at the maximum torque algorithm region. Rotor 

speed reaches to reference speed from zero speed in 175ms. RMS value of the phase 

current after reaching reference speed is 0.22A. 

 

Figure 7.3: Phase currents and rotor speed @2000 rpm reference speed. 

Phase currents and rotor speed at 2000 rpm reference speed is shown in Figure 7.3. 

The current value is fixed to 2A peak at the maximum torque algorithm region. Rotor 

speed reaches to reference speed from zero speed in 275ms. RMS value of the phase 

current after reaching reference speed is 0.22A. 
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Figure 7.4: Phase currents and rotor speed @3000 rpm reference speed. 

Phase currents and rotor speed at 2000 rpm reference speed is shown in Figure 7.4. 

The current value is fixed to 2A peak at the maximum torque algorithm region. Rotor 

speed reaches to reference speed from zero speed in 515ms. RMS value of the phase 

current after reaching reference speed is 0.22A. 

If Figure 7.2, Figure 7.3 and Figure 7.4 are investigated, time duration of reaching 

reference speed increases as rotor speed increases. In addition to that, RMS values of 

the current when motor is running at reference speed are the same regardless of the 

rotor speed. 
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8.  SOFTWARE DESIGN 

A flowchart of sensorless field oriented control that is used in the driver is shown in 

Figure 8.1.  

 

Figure 8.1: Flow chart of sensorless FOC. 

Main control functions are listed below, 

1) Clarke Transform 

2) Park Transform 

3) Back-EMF Observer 

4) Inverse Park Transform 

5) Inverse Clarke Transform 

6) DC Ripple Elimination 

7) SVPWM Generator 

8) PI Regulator 

Main functions of FOC which are vector transformations and SVPWM generator are 

explained in fifth chapter in detail. Inverter drive systems that use field oriented 

control algorithm have the same calculation methods for these type of functions.  

However, there may also be some special algorithms specific to drive systems. In this 
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thesis, DC bus ripple elimination and Back-EMF observer functions can be given as 

an example of these explanation.  

 

 

Bus voltage fluctuation in any inverter drive system that has electrolytic capacitor is 

shown in Figure 8.2. The magnitute of this fluctuation changes according to the load. 

When load increases, this value also increases and visa  versa. Aim of the DC bus ripple 

elimination function is to reduce the effect of this phenomen on the control system. In 

general, the peak output voltage value strictly depends on the bus voltage. Fluctuation 

on the bus voltage reflects to the output voltage and this may cause unexpected torque 

and speed ripple on the system. Output voltage reference is clamped to the minimum 

value of the bus voltage in order to avoid these consequences. The minimum value of 

the bus voltage can be determined with a low-pass filter, in which the rising time 

constant is much higher than the falling time constant. 

 

Figure 8.3: Flow chart of Back-EMF exact integration method. 

Flow chart of Back-EMF exact integration method which is used in the thesis is given 

in Figure 8.3. There is an integration operation in this control technique. It may 

Figure 8.2: Bus voltage fluctuation [93]. 
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difficult to execute an integration operation for a microcontroller. There are a lot of 

reasons for this difficulty. Firstly, initial conditions of integration are not exactly 

known. Moreover, it could be totally unknown. Secondly, noise is induced due to 

measurement circuit and quantization and so on. Although filters are used in the 

hardware, some noise always exists in the measurement and this unwanted signal is 

superposed with the Back-EMF signal. Thirdly, there is some offset in the 

measurement and it could cause integral to grow up over the numeric limits. Lastly, 

non-linearity of inverter system causes some error in the calculation. In order to 

overcome or weaken these problems, the integral operation is corrected with a signal 

obtained modulating accordingly with the estimated phase the error between the 

estimated flux amplitude and the amplitude of the permanent magnets flux, known as 

a motor parameter; also stator resistance and synchronous inductance are considered 

known. Output of the function in Figure 8.3 is angular rotor position denoted by θr. If 

derivative of this value is taken, velocity value of the rotor is obtained. 

 One of the advantages of this method is to model the system easier than other type of 

the methods. Another advantage is that mathematical calculations need less effort in 

this method. There are some drawbacks also. Calculations are sensitive to motor 

parameters such as resistance and inductance. It is significant to consider changes in 

the motor parameters in order to predict position and velocity of the rotor more 

accurate. Another one is that there is not enough Back-EMF signal in the low speed to 

execute sensorless algorithm based on Back-EMF. This is the reason why open loop 

algorithm is implemented at the starting [90]. 

 

Figure 8.4: Bootstrap capacitor charge and discharge paths [91]. 
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Bootstrap capacitor charge and discharge paths are shown in Figure 8.4. Although this 

figure belongs to discrete solution, it is also valid for IPM type switch that is used in 

the thesis. Only difference is that these current circulations occur in the IPM. This 

topic seems to belong to hardware section; however, there is software side of the issue.  

At the beginning which means motor does not start to rotate, bootstrap capacitors are 

not charged. Before starting, these three capacitors are needed to be charged. 

Otherwise, high side IGBT’s could not be driven due to low bootstrap voltage and 

driver goes into under voltage lock out failure mode and IPM is shut down. Avoid this 

condition, low side IGBT’s are switch on enough time to charge before starting. 

Enough time depends on the bootstrap capacitor value and the bootstrap resistor. 10uF 

ceramic capacitor is used as bootstrap capacitor. Maximum value of bootstrap resistor 

that is inside of IPM is 120Ω. Electrical time constant is equal to 1.2ms. Five times of  

this value is enough to charge fully for this capacitor and this value is 6ms. In the 

algorithm, three low side IGBT’s are switched on at the same time during 10ms with 

100% duty cycle for charging before starting. In normal operating condition, this 

capacitor is charged while low side IGBT is on and discharged while high side IGBT 

is on. Therefore, this capacitor is always charged in operating condition thanks to 

complementary switching technique. 
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9.  EXPERIMENT AND RESULTS 

Driver circuit is tested with compressor setup and measurement equipment shown in 

Figure 9.1. 

 

Figure 9.1: Experimental setup. 

Test setup is consisted of below parts, 

 

1) Compressor setup 

2) Isolation transformer  

3) Oscilloscope 

4) Signal generator  

5) Driver circuit  

6) Differential probe  

7) Current probe  

8) Emergency button  
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Table 9.1: Input measurements. 

Motor Speed 

[rpm] 

Input Voltage 

[Vrms] 

Input 

Current [Arms] 

Input Power 

[W] 

Power 

Factor 

1300 226.76 0.72 91.43 0.56 

2000 225.94 1.52 195.21 0.57 

3000 225.10 1.90 270.57 0.63 

 

Input measurements regarding the rotor speed are given in Table 9.1. This concludes 

voltage, current, power and power factor. As motor speed increases, current, power 

and power factor also increase as expected. At full speed, input power has reached to 

270W.  

 

Figure 9.2: Input voltage and input current @1300 rpm. 

Input voltage and input current at 1300 rpm is given in Figure 9.2. RMS value of input 

voltage is 226.76V and RMS value of input current is also 0.72A. Crest factor of the 

current is also 3.37. 

 

Figure 9.3: Input voltage and input current @2000 rpm. 
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Input voltage and input current at 2000 rpm is given in Figure 9.3. RMS value of input 

voltage is 225.94V and RMS value of input current is also 1.52A. Crest factor of the 

current is also 2.98. 

 

Figure 9.4: Input voltage and input current @3000 rpm. 

Input voltage and input current at 3000 rpm is given in Figure 9.4. RMS value of input 

voltage is 225.10V and RMS value of input current is also 1.90A. High crest factor 

due to electrolytic bus capacitor can be seen in Figure 9.2, Figure 9.3 and Figure 9.4. 

 

Figure 9.5: Start-up phase current. 

The start-up sequence of the phase current is given in Figure 9.5. As seen, this 

sequence consists of four parts. The first part is aligning also called as parking. Half 

period sinus wave with 280ms duration is applied to the stator windings. The rotor is 

aligned to the pre-determined position while the transition to the open loop to keep the 

motor in control. If aligning is not applied properly, control can be lost. Peak current 

is 2A for this period. The second part is the open loop part. The voltage vector of the 

stator is rotated with a ramp speed until the Back-EMF signal is enough to close the 
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speed loop. Sin wave with 6-7 period is applied in this part. The peak current is fixed 

to 2A. The third part and the fourth part are the closed loop parts. The position of the 

rotor is extracted from fedback currents from the shunt resistors via Back-EMF 

observer. An algorithm is switched to closed loop from open loop at approximately 

700 rpm. At the third part, direct axis current is gradually decreased to the zero value. 

At the end of the third part, this current reaches to zero. Direct axis current plays vital 

role in the open loop stage that is shown at the second part in order to synchronize the 

flux of the rotor with rotating stator flux. At the fourth part, startup issue is completed 

and classical FOC algorithm is conducted.  

 

Figure 9.6: Startup of three phase currents. 

Startup of three phase currents are shown in Figure 9.6. The similar startup waveforms 

are seen both three phases. 

 

Figure 9.7: Phase current @1300 rpm. 

Phase current at 1300 rpm is shown in Figure 9.7. RMS value of current is 0.69A.  
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Figure 9.8: Phase current @2000 rpm. 

Phase current at 2000 rpm is shown in Figure 9.8. RMS value of current is 1.01.  

 

Figure 9.9: Phase current @3000 rpm. 

Phase current at 3000 rpm is shown in Figure 9.9. RMS value of current is 1.26A. If 

currents are shown in Figure 9.7, Figure 9.8 and Figure 9.9 are analyzed, at 3000 rpm, 

the imbalance of the current seems to have increased. Peak value of the current is not 

the same for adjacent periods. This may cause acoustic noise for compressor systems. 

This is the possible enhacement area for control algorithm side. 

 

Figure 9.10: DC bus voltage @1300 rpm. 
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DC bus voltage at 1300 rpm is shown in Figure 9.10. Peak to peak voltage is 7.93V. 

 

Figure 9.11: DC bus voltage @2000 rpm. 

DC bus voltage at 2000 rpm is shown in Figure 9.11. Peak to peak voltage is 15.64V. 

 

Figure 9.12: DC bus voltage @3000 rpm. 

DC bus voltage at 3000 rpm is shown in Figure 9.12. Peak to peak voltage is 19.02. 

Peak to peak voltage increases as rotor speed and power increase.  

 

Figure 9.13: LDO voltage @not rotating. 
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LDO voltage that is measured when the rotor is not rotating is given in Figure 9.13. 

The mean value of this voltage is 5.00V. The peak to peak value is also 34mV. 

 

Figure 9.14: LDO voltage @2000 rpm. 

LDO voltage that is measured when the rotor is rotating is given in Figure 9.14. The 

mean value of this voltage is 5.00V. As seen, peak to peak noise value reaches 1.55V. 

The main reason for this noise is the strong noise coming from the inverter stage. 

Switching noise can be obviously seen in Figure 9.13. Although there is filter circuit 

on the output, this noise can not be eliminated. It can just be reduced in value. 

 

Figure 9.15: SMPS voltage @not rotating. 

SMPS voltage that is measured when the rotor is not rotating is shown in Figure 9.15. 

The mean value of this voltage is 15.39V. The peak to peak value is also 112mV. 
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Figure 9.16: SMPS voltage @2000 rpm. 

SMPS voltage that is measured when the rotor is rotating is given in Figure 9.16.  The 

mean value of this voltage is 15.35V. Peak to peak noise value is measured as 1.94V. 

Like LDO voltage, SMPS output voltage is also noisy due to the inverter stage. 

 

Figure 9.17: Phase to phase voltage of the motor @1300 rpm. 

Phase to phase voltage of the motor at 1300 rpm is shown in Figure 9.17. RMS value 

of the voltage is 128.52V. 

 

Figure 9.18: Phase to phase voltage of the motor @2000 rpm. 
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Phase to phase voltage of the motor at 2000 rpm is shown in Figure 9.18. RMS value 

of the voltage is 163.43V. 

 

Figure 9.19: Phase to phase voltage of the motor @3000 rpm. 

Phase to phase voltage of the motor at 3000 rpm is shown in Figure 9.19. RMS value 

of the voltage is 219.77V. If Figure 9.17, Figure 9.18 and Figure 9.19 are investigated, 

RMS value of this voltage and its frequency increase as the rotor speed increases. In 

addition to that, the ratio of the voltage and frequency is tried to be kept constant so 

that the flux remains the same. This is one of the main ideas of the motor control 

technique. 

 

Figure 9.20: High side and low side PWM signals for half bridge.  

High side and low side PWM signals for half bridge are shown in Figure 9.20. These 

are complementary PWM signals. Although frequency of the PWM signals are exactly 

6kHz, it is not seen like this in the measurement shown in Figure 9.21 due 

measurement error. And also, 1us dead time is inserted between these complementary 

signals in order to avoid cross-conduction. 
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Figure 9.21: Centre aligned high side PWM signals. 

Centre aligned high side PWM signals are obviously seen in Figure 9.21. Centre 

aligned mode is valid not only high side signals but also low side signals. Edge aligned 

PWM signals are not preffered in the motor control applications. Because edge aligned 

PWM cause more current distortion than centre aligned mode. In addition to that, dead 

time control is easily implemented to the centre align mode PWM signals. 

 

Figure 9.22: High side PWM signals @1300 rpm. 

High side PWM signals at 1300 rpm are shown in Figure 9.22. 

 

Figure 9.23: High side PWM signals @2000 rpm. 
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High side PWM signals at 2000 rpm are shown in Figure 9.23. 

 

Figure 9.24: High side PWM signals @3000 rpm. 

High side PWM signals at 3000 rpm are shown in Figure 9.24. If Figure 9.22, Figure 

9.23 and Figure 9.24 are investigated, duty cycle of PWM signals are increased as rotor 

speed and motor power increase. This is also the nature of the motor control 

applications. 

 

Figure 9.25: The input and the output signals of the optocoupler. 

The input and the output signals of the optocoupler are shown in Figure 9.25. These 

signals are complementary to each other due to the circuit configuration. The input 

signal shown with green trace is an external signal that comes from the signal 

generator. It has 50% duty cycle and 3.3V magnitude. The frequency value is changed 

between 50Hz and 150Hz. The output signal that shown with blue trace has 5V 

magnitude. The output signal goes to the microcontroller to adjust the rotor speed 

linearly. 
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Efficiency values of the inverter board are measured with a power analyzer at different 

speeds and shown in Figure 9.26.  

 

Figure 9.26: Inverter efficiency @different speeds. 

As seen, efficiency value has the tendency to increase as rotor speed increases. 

Efficiency value reaches 94.5% at full load. Generally, power electronic circuits such 

as inverter boards have higher efficiency value at higher power values. Because base 

power losses in the board affect the efficiency more especially at low speed or low 

power. 

Total harmonic distortion (THD) values of the phase current at different speeds are 

shown in Figure 9.27. 

 

Figure 9.27: THD of the phase current @different speeds. 

Distortion of phase currents can be seen even without spectrum analysis. Phase 

currents have not a perfect sinusoidal shape and they are shown at different speeds in 

Figure 9.7, Figure 9.8 and Figure 9.9 .  
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Compressor systems may have such a distorted current shape. One of the main reasons 

of that, the load torque pattern of the system is not constant regarding the angular 

position. The maximum torque value can reach 6-7 times higher than the average 

torque value. It can even be negative in a short range. These are illustrated in an 

example torque graph shown in Figure 9.28. The dynamic of the load torque distorts 

the shape of the phase currents. Negative torque condition can cause the motor to start 

audible, especially by showing itself at the starting. 

 

Figure 9.28: Load torque – angular position characteristic of the compressor system 

[92]. 

In addition to the nature of the compressor system, there may also be other factors 

causing this distortion. Incorrect position estimation of the observer can also cause 

this. Since it is difficult for compressor systems to observe the actual position of the 

rotor, this subject will not be studied. Another reason may be a low switching 

frequency of the inverter board. The motor is driven with 6kHz switching frequency. 

This value is tried to be kept as small as possible. Because the higher switching 

frequency, the higher switching losses. However, there is a trade-off in this issue. Low 

switching frequency means low control frequency and this means a system that 

responds slowly to torque changes. In addition to that, low switching frequency may 

cause an acoustic noise in inverter board and the motor. This can be critical for noise 

sensitive applications. 

In order to observe the effect of the switching frequency in current distortion, this 

frequency is increased from 6kHz to 12kHz. After this implementation, THD values 

the phase current at 12kHz switching frequency is measured as shown in Figure 9.29. 
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Figure 9.29: THD of the phase currents @12kHz switching frequency @different 

speeds. 

The comparison of THD of the phase currents between 6kHz and 12kHz at different 

speeds is given in Figure 9.30. 

 

Figure 9.30: Comparison of THD of the phase currents between 6kHz and 12kHz 

@different speeds. 

It can be seen, total harmonic distortion values of the phase currents are improved at 

all speed values by increasing switching frequency from 6kHz to 12kHz. 

In addition to that, the efficiency aspect of this implementation should be observed. 

Although overall system efficiency that consists of the inverter board, the motor and 

compressor system may be increased due to improvement of THD value of the phase 
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currents, the efficiency of the inverter is expected to decrease due to higher switching 

frequency. Inverter efficiency at 12kHz switching frequency and different speeds are 

obtained as shown in Figure 9.31. 

 

Figure 9.31: Inverter efficiency @12kHz switching frequency @different speeds. 

The comparison of the efficiency between 6kHz and 12kHz at different speeds is given 

in Figure 9.32. As expected, there is some decrease in inverter efficiency at all speeds 

especially at low speed. However, system efficiency should be analyzed in order to 

determine the benefit of an increase of switching frequency. These may be a future 

study as a continuation of the thesis. 

 

Figure 9.32: Comparison of the efficiency between 6kHz and 12kHz @different 

speeds. 
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10.  CONCLUSION 

In this thesis, the inverter driver board for a PMSM which is used in refrigerator 

compressor system is designed and carried out with sensorless field oriented control 

algorithm. Before starting the inverter board design, literature review, PMSM, 

dynamic model of a motor and sensorless field oriented control are studied in detail to 

collect useful information as the design inputs. Hardware is divided into subcircuit 

blocks to build the system architecture. After construction, each circuit block is 

designed component by component considering electrical requirements. Simulation is 

also given in the PSIM simulation tool. In the simulation, motor phase currents are 

directly derived from the phases and the sensored starting algorithm is applied. 

Aligning sequence at the starting is not required for the simulation. However, in the 

real case, starting should include the aligning sequence in order to obtain a smooth 

starting and not lose control. In the simulation, the maximum torque is applied during 

the starting until the real speed is equal to the reference speed. After that, the algorithm 

is switched to the conventional FOC algorithm. On the other hand, in the 

implementation, the open loop control is applied after the aligning sequence since there 

is no sufficient Back-EMF signal for the sensorless algorithm. When a pre-determined 

speed which is approximately 700 rpm in this inverter board is reached, the algorithm 

is switched to the closed loop control. Sensorless field oriented control algorithm is 

implemented to the inverter board and the board is successfully operated. Important 

voltage, current and control signal measurements are taken from the inverter board 

connected to the compressor setup. Efficiency values at different speeds are also 

measured. It is seen that this value has the tendency to increase as rotor speed increases 

and efficiency value reaches 94.5% at full load. Due to the nature of the compressor, 

the load torque pattern of the system is not constant regarding the angular position. 

The maximum torque value can reach 6-7 times higher than the average torque value. 

It can even be negative in a short range. This condition may cause phase current 

distortion in the system. In addition to that, compressor setup also causes phase current 

distortion, especially at high speed. Because this setup has an open loop environment 
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that exhibits uncontrolled gas flow in the compressor system.  In order to evaluate 

phase current distortion, the switching frequency is increased from 6kHz to 12kHz. 

Spectrum analysis is conducted to compare the results and it is seen that increase of 

the switching frequency decreases the total harmonic distortion of the phase current 

for all operating speeds. The reason of the improvement is that, the torque producing 

current which is the quadrature current is more tightly controlled due to the doubling 

of the switching frequency. Doubling of the switching frequency means control 

frequency is also doubled. On the other hand, this also causes additional switching 

losses in the IPM and the overall efficiency of the inverter board decreases at each 

speed especially at low speed due to these losses. However, system efficiency 

consisting of inverter board, a PMSM and compressor parts should be analyzed in 

order to determine the benefit of an increase of switching frequency. The human sense 

of hearing is higher at lower frequencies. Therefore, acoustic noise reduction on the 

inverter driver board and the motor can be also investigated due to the doubling of the 

switching frequency. Torque and dead time compensations for reduction of the 

distortion can also be a future study on the software side. Usage of the wide band gap 

devices in the inverter stage and their benefit on the efficiency can be given as an 

example on the hardware side as a continuation of the thesis. 
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APPENDIX A 

 

 

Figure A. 1: GBU8J - Bridge Diode Datasheet – 1. 
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Figure A. 2: GBU8J - Bridge Diode Datasheet – 2. 
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APPENDIX B 

 

Figure B. 1: 470uF 400V - Bus Capacitor Datasheet - 1. 
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Figure B. 2: 470uF 400V - Bus Capacitor Datasheet - 2. 
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APPENDIX C 

 

Figure C. 1: SLIMDIP-L - IPM Datasheet - 1. 
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Figure C. 2: SLIMDIP-L - IPM Datasheet - 2. 
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Figure C. 3: SLIMDIP-L - IPM Datasheet - 3. 
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APPENDIX D 

 

 

Figure D. 1: LNK304 - SMPS IC Datasheet – 1. 

  



148 

 

Figure D. 2: LNK304 - SMPS IC Datasheet – 2. 
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Figure D. 3: LNK304 - SMPS IC Datasheet – 3. 
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Figure D. 4: LNK304 - SMPS IC Datasheet – 4. 
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Figure D. 5: LNK304 - SMPS IC Datasheet – 5. 
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Figure D. 6: LNK304 - SMPS IC Datasheet – 6. 
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Figure D. 7: LNK304 - SMPS IC Datasheet – 7. 
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APPENDIX E 

 

Figure E. 1: NCP1117 - LDO Datasheet – 1. 
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Figure E. 2: NCP1117 - LDO Datasheet – 2. 
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Figure E. 3: NCP1117 - LDO Datasheet – 3. 
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APPENDIX F 

 

Figure F. 1: LMV321 - Op-Amp Datasheet - 1. 
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Figure F. 2: LMV321 - Op-Amp Datasheet - 2. 
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Figure F. 3: LMV321 - Op-Amp Datasheet - 3. 
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APPENDIX G 

 

Figure G. 1: RX13T - MCU Datasheet - 1. 
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Figure G. 2: RX13T - MCU Datasheet - 2. 
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Figure G. 3: RX13T - MCU Datasheet - 3. 
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Figure G. 4: RX13T - MCU Datasheet - 4. 
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APPENDIX H 

 

Figure H. 1: PC817A - Optocoupler Datasheet - 1. 
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