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ABSTRACT 

DEVELOPING A NEW LINEAR INDUCTION MOTOR DRIVE  
WITH Z-SOURCE INVERTER USING A DSP 

SÜSLÜOĞLU ETOĞLU, Berrin 

Ph.D. in Electrical & Electronics Eng. 
Supervisor: Assist. Prof. Dr. Vedat Mehmet Karslı 

March 2011, 186 pages  

The main focus of this thesis is to develop a linear induction motor drive hardware 

and software control system with Z-source inverter. Within this framework, the study 

involves the analysis and Matlab/Simulink computer simulation of the mathematical 

representation of the linear induction motor including end-effect, direct thrust 

control, and space vector modulation technique for Z-source inverter.  

This thesis proposes an improvement in flux estimation algorithm by taking into end 

effect. Improved accuracy of the estimated flux linkage is shown to obtain a more 

accurate electromagnetic thrust model using direct thrust controller. To estimate the 

stator flux and thrust correctly, a discrete form of the low-pass filter including 

magnitude and phase errors compensation terms is used instead of a pure integrator 

to prevent the integral instability.  

The real-time experiments have been carried out by the use of Texas Instruments 

TMS320F2812 digital signal processor and “Code Composer Studio” software tools. 

The recently developed Z-source inverter provides a way of boosting the input 

voltage, a condition that cannot be obtained in the traditional inverters. It also allows 

the use of the shoot-through switching state, which eliminates the need for dead-

times that are used in the traditional inverters to avoid the risk of damaging the 

inverter circuit. 
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The results obtained from the simulations and experiments conducted in this study 

illustrate that it has been possible to increase the inverter bridge voltage about 90% 

above the input dc link voltage by controlling its shoot-through period.  

Keywords: linear induction motor, end effect, direct thrust control, z-source inverter 
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ÖZET 

EMPEDANS BESLEMEL Đ ĐNVERTERĐ OLAN YEN Đ BĐR LĐNEER 
ASENKRON MOTOR SÜRÜCÜSÜNÜN DSP KULLANILARAK 

GELĐŞTĐRĐLMESĐ 

SÜSLÜOĞLU ETOĞLU, Berrin 

Doktora Tezi, Elektrik-Elektronik Mühendisliği 
Tez yöneticisi: Yrd. Doç. Dr. Vedat Mehmet. Karslı 

Mart 2011, 186 sayfa 

Bu tezin hedefi Z-beslemeli evirici ile doğrusal asenkron motorun sürücü sisteminin, 

donanım ve yazılım kontrol sistemini geliştirmektir. Bu çerçevede, çalışma, uç etkili 

lineer asenkron motorun matematiksel modelinin, doğrudan itme kuvveti kontrol 

yönteminin ve Z-beslemeli inverter için uzay vektör modülasyon tekniği de dahil 

olmak üzere analizlerini ve Matlab / Simulink bilgisayar benzetimlerini içerir. 

Bu tezde doğrusal asenkron motorun uç etkisi göz önüne alınarak akı tahmini 

algoritmasında iyileşme önerilmiştir. Akı tahminindeki iyileşme itme kuvveti 

tahmininde iyileşmeye de sebep olmuştur. Stator akı tahmininde integral 

kararsızlığını önlemek için büyüklük ve faz kompanzasyon terimleri eklenmiş alçak 

geçiren dijital filtre kullanılmıştır. 

Gerçek zamanlı deneyler Texas Instruments TMS320F2812 dijital sinyal işlemcisi ve 

"Code Composer Studio" yazılım araçları kullanılarak yapılmıştır. Yakın tarihte 

geliştirilen Z-beslemeli evirici ile dc bara geriliminde, geleneksel eviriciler ile elde 

edilemeyen artış sağlanabilir. Aynı bacaktaki anahtarlama elemanlarının aynı an 

kapalı olmasına izin veren bu topoloji sayesinde geleneksel eviricilerde evirici 

devresinin bozulma riskini önlemek için kullanımı zorunlu olan ölü zaman ihtiyacını 

ortadan kaldırır.  

Elde edilen benzetim ve deney sonuçlarında kısa devre süresi kontrol edilerek evirici 

geriliminde, giriş dc gerilimine oranla yaklaşık %90 artış elde edilmiştir. 

Anahtar kelimeler: doğrusal hareketli asenkron motor, doğrudan itme kuvveti 

kontrolü, uç etkisi, z-beslemeli evirici  
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CHAPTER 1 

INTRODUCTION 

Linear induction motors (LIMs) are recently used in many industrial applications, 

including transportation, conveyor systems, material handling, sliding door closers, 

etc., with satisfactory performance. The most obvious advantage of linear motors is 

that they have no gears, and require no mechanical rotary-to-linear converters. The 

other advantages of LIM are reduction of mechanical losses, silence, high starting 

thrust force, and easy maintenance, repairing, and replacement [1].  

A linear induction motor is a kind of special electrical machine that converts 

electrical energy directly into the mechanical energy of linear motion. The 

construction of a LIM is similar to a rotary induction motor (RIM) with cut open and 

rolled flat; with RIMs stator viewed as the primary and its rotor as the secondary for 

LIM. Therefore, LIM keeps on having both non-linear, time varying, coupled model 

of RIM. As distinct from RIM, LIM has an open magnetic circuit. When the primary 

of a LIM moves, the eddy currents are formed on the surface of its secondary to 

resist a sudden increasing and disappearing fluxes. This non-uniform flux 

distribution further complicates the modeling, speed control and parameter 

determination of LIM. To resolve the end effect problem, speed dependent scaling 

factors are introduced to the magnetizing branch in the d-axis equivalent circuit of 

RIM [2]. Moreover, a thrust correction coefficient may also be introduced to 

calculate the actual thrust [3, 4].  

The driving principles of the LIM are similar to the traditional RIM, but its control 

characteristics are more complicated than RIM due to end effect and the difficulty in 

parameter determination. Field-oriented control (FOC) of LIM in [5-7] achieved 

decoupled torque and flux dynamics leading to independent control of the torque and 

flux as for a separately excited DC motor. However, FOC requires magnetizing  
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inductance and secondary resistance and inductance. Although the parameters of the 

simplified equivalent circuit model of a LIM can be measured by no-load and locked 

secondary tests, due to limited length of the motor, the realization of the no-load test 

is impossible. Hence, the conventional method for calculating the equivalent circuit 

parameters of LIM is limited. In order to measure these parameters, application of 

the finite element method has been proposed in [8, 9]. Another proposed method is 

removal of the secondary of LIM [10]. The first one requires complex calculations 

and the second one has mechanical hardness furthermore it is not practical also. 

Moreover, even if the steady-state equivalent circuit parameters are found with one 

of these methods, the estimation of the secondary side resistance and inductance 

parameters are more difficult since they may change as time varies due to the change 

of operating conditions, such as speed of mover and temperature. 

In the last ten years, the applications of intelligent methods to the LIM control 

system take attention. Neural network, fuzzy and genetic algorithm based control 

algorithms have been employed for this purpose [11-14]. 

Compared with FOC and intelligent methods, direct thrust control (DTC) for LIMs 

has been less researched. DTC was applied to LIM by [4, 40- 41] as the Direct 

Thrust and Flux Control. In contrast to field-oriented control, DTC requires the 

accurate knowledge of the stator resistance, the stator flux and thrust estimations. For 

the reasons mentioned above, while selecting the controller method, only the primary 

voltage, current, winding resistance and speed dependent method, direct thrust 

control is preferred. DTC uses motor electric torque and stator flux linkage directly 

as control variables, whether traditional field oriented current vector control uses 

currents as control variables to indirectly influence on the electric torque of the 

machine. The main advantage of this method is small torque response time [35]. 

Furthermore, coordinate transformation from rotating reference frame is not used 

which will decrease the complexity of the control scheme and save the operation of 

the DSP. However, it suffers from initial value and dc offset problems in the flux 

linkage integration. The flux estimation techniques can be classified mainly in three 

groups: model reference adaptive (MRAS) based [15] and observer-based [16] and 

back- electromotive force EMF based [17-19] estimators. 
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The first category is based on model reference adaptive (MRAS) techniques, which 

uses a speed independent model as the reference model and a speed dependent 

model. The error from the two models is forced to zero by an adjusting mechanism, 

which gives the estimated speed. The second estimation technique is based on the 

linearized state-space model. The states of the drive, including the rotor speed are 

estimated by comparing variables in the model and from experimental data.  

The first two techniques are computationally intensive and difficult for the 

implementation in a low cost fixed-point DSP's. In this thesis, the emf based flux 

estimator is used. Due to the problems of pure integrator, the stator flux is estimated 

by using low-pass filter (LPF) approach. The stator flux compensation method in 

[18] is also adopted for gain and phase errors of LPF. In the thesis, flux estimator of 

LIM is improved by considering the end effect in its flux linkage equations and 

discussed in chapter 4. 

Another problem normally associated with DTC drive is the high thrust ripple. 

Ideally, small torque hysteresis band will produce small torque ripple. However, for 

DSP-based implementation, if the hysteresis band is too small, the possibility for the 

torque to touch the upper band is increased. High switching frequency can be 

selected to prevent incorrect voltage vector selection hence torque ripple reduces. 

There are numerous techniques proposed to reduce the torque ripple such as, Space 

Vector Modulation (SVM) [20], fuzzy logic control [21], [22] and by using 

multilevel inverter [23]. Most of these operations are complicated than usual. In such 

situations, the overall performance and the efficiency of the fixed point DSP-based 

motor driver system may be deteriorated. For this reason, in thesis, in contrary to 

classical DTC, the duration for the application of the voltage vector is determined 

according to the conditions of the flux and thrust errors to reduce thrust ripples. 

The voltage-source (v-source) inverter based adjustable speed drive system has 

certain limitations and problems. Obtainable output voltage is limited quite below the 

input line voltage. To avoid short circuiting of damaging dead time is allowing which 

provides a delay time between gating signals but it causes waveform distortion. The 

Z-source inverter (ZSI) is an alternative topology that can boost the dc link voltage 

using passive components. It uses a Z-shaped LC impedance network for coupling 

the inverter circuit to the power source, which provides a way of boosting the input 
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voltage. This is the condition that cannot be obtained in the traditional inverters. It 

also eliminates the need for dead-times that are used in the traditional inverters to 

avoid the risk of damaging the inverter circuit. z-source inverter based LIM drive 

was not dealt with before in the literature. This thesis presents the z- source inverter 

based LIM drive system. 

1.1 Scope of the Thesis 

This work aims the analysis, the design and the implementation of a LIM drive 

system with Z-source inverter based topology using ezDSPTMS320F2812. At first, 

the dynamic modelling of LIM with/without end effect is developed and simulated 

with MATLAB/SIMULINK. Next, DTC of LIM is mathematically investigated, 

modelled and simulated by using MATLAB/SIMULINK SimPowerSystem Toolbox. 

Then, a new flux estimator for DTC is proposed in considering the end effect 

phenomenon of LIM. DTC using the proposed estimator is then simulated to show its 

effectiveness.  

The steady state mathematical analysis of z-source inverter is derived. The 

Matlab/Simulink model of a modified space vector modulation technique for z-

source inverter is developed and the related Matlab/Simulink simulation is carried 

out. The z-source inverter based LIM drive system has several advantages that are 

desirable for many drive systems; producing any desired output ac voltage even 

greater than the line voltage and the increased reliability of the inverter due to 

needless of dead times.  

A prototype hardware LIM drive system including the both power circuit and 

isolation circuits is designed and constructed to test the control algorithms. The 

experimental realization for the investigated algorithms is developed on 

ezDSPTMS320F2812 using C coding. 

Finally, the experimental results for the developed system are presented. With the 

developed z-source inverter based on V/Hz control, the AC voltage applied to LIM is 

no longer limited and is boosted 90% which is beyond the limit achieved by 

conventional v-source inverter. 
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The contributions of this thesis may be summarized as follow:  

• Flux estimator of LIM is improved by considering the end effect in its flux 

linkage equations. It is verified by using MATLAB/SIMULINK 

SimPowerSystem toolbox. 

• An experimental set-up is developed to study LIM drive system 

• The realization of z-source inverter based speed drive system is developed to 

boost up the supply voltage 

1.2 Overview of the Chapters 

A brief review of the contents of this thesis is given as follows: 

Chapter 2: Dynamic model of a linear induction motor is given. Also, 

MATLAB/SIMULINK modeling of LIM is presented. 

Chapter 3: This chapter explains the direct thrust control generalities. Furthermore 

MATLAB/SIMULINK modeling for direct thrust control of LIM is given. The 

performance of direct thrust controlled LIM drive with different hysteresis band 

amplitudes for thrust and stator flux is simulated with MATLAB/SIMULINK and the 

obtained simulation results are shown. 

Chapter 4: Dynamic model of a linear induction motor including the end effect is 

introduced. The performed simulations concerning the end effect problems are given. 

Direct thrust control of LIM is improved by considering the end effect in its flux and 

thrust estimator parts and the related simulation results are presented. 

Chapter 5: It mentions about the problems that may be encountered in 

implementation of DTC. These are pure integration problems due to the presence of 

noise and dc offsets, stator resistance variations, dead time effects, current limiting 

and thrust ripples. 

Chapter 6: Z-source inverter operation stages, mathematical analysis and 

dimensioning of passive elements are mentioned. It also presents the modulation 

model for z-source inverter. Matlab/Simulink dynamic modeling is also performed 

and a control structure in closed loop is proposed for LIM and the related simulation 

results are given. 
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Chapter 7: The developed experiment set-up is described by giving detailed 

information of each hardware components. 

Chapter 8: The brief explanations of the developed software programs are given. 

Chapter 9: The experimental results and the problems encountered are given. 

Chapter 10: The results and contribution of this study for linear induction motor 

drive system are summarized. Furthermore, the recommendations for future research 

are presented. 
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CHAPTER 2 

LIM BASICS 

The history of linear induction motor (LIM) goes back to the 19th century. The idea 

of linear induction motor was patented by Charles Wheatstone in 1845. In 1905, a 

new project is described for traction purposes. In 1945 Westinghouse Company of 

America built a aircraft launcher, called as “Electropult”, by constructing a flat, 

single-sided LIM with a moving primary [24]. After 1950, there have been rapid 

advances in linear induction motor technology. 

There are few researchers in literature, whose names link to LIM study. 

E.R.Laithwaite is the first one. He analyzed linear induction motors according to 

their configurations and associated applications and published them in his 1966 

book. Yamamura and Poloujadoff studied the theoretical aspects of LIM in detail, 

especially the influence of end effects. Both works are primarily concerned with 

theoretical analysis of single and double-sided linear induction motors. Nasar and 

Boldea also did extensive research on especially single-sided LIMs. The most recent 

book on LIMs, by Gieras, covers all aspects of LIM subject, including constructional 

features, applications, electromagnetic effects, controller and design. 

Nowadays, the linear induction motor has been widely used in a variety of 

applications especially in transportation, but also in conveyor systems, actuators, 

material handling, pumping of liquid metal, sliding door closers, curtain pullers, 

robot base movers, office automation, drop towers, elevators, etc. [1,24] 

Linear induction motors can have various configurations according to its air-gap 

geometry which may be flat or cylindrical. They can be also single-sided or double-

sided with either the primary or the secondary being the mover. This thesis concerns 

about the control of a single-sided LIM having a short moving primary and flat air-

gap. 
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The operation principle of a single-sided LIM is the same as that of a rotary 

induction motor. It is basically obtained by opening the rotating squirrel cage 

induction motor and laying it flat as shown in Figure 2.1. In LIMs, as in rotary 

induction motors, the armature constitutes the primary and the field the secondary. 

The primary usually contains a three phase winding in the uniform slots of the 

laminated core. The primary windings are distributed such that, when excited by a 

three phase supply, they generate a travelling linear magnetic field.  

 

Figure 2.1. The linear induction motor configuration and its flux distribution 

The secondary of the LIM, or rotor, which is an aluminum sheet or copper, with or 

without a solid back iron plate completes the magnetic circuit and creates the 

magnetic flux linkage across the air gap. This in turn induces a voltage on the 

conductive part, which generates an eddy current in the conducting outer layer of the 

secondary. The interaction between the eddy current and the changing 

electromagnetic field generates electromagnetic thrust on the plate.  
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LIMs operate at a constant velocity from zero to full load, and the speed is frequency 

driven. The cheapest model is a moving short primary and stationary long secondary 

because of the expensive copper windings in the primary and cheap secondary.  

Apparently the LIM operates as its rotary counterpart does, with thrust instead of 

torque and linear speed instead of angular speed, based on the principle of travelling 

field in the airgap. 

However, in reality there is an important difference between linear and rotary IMs. It 

is the open magnetic circuit of LIMs at the ends. Especially for short primaries (with 

2, 4 poles), this result in the non-uniform magnetic flux distribution. There are also 

current asymmetries between phases due to the fact that one phase has a position 

closer to the middle [24, 26].  

The differences of LIM come out the following main advantages and disadvantages 

[27]: 

Advantages: 

 •Direct electromagnetic thrust propulsion with no mechanical transmission,  

 •Ruggedness; very low maintenance costs,  

 •Separate cooling of primary and secondary if required,  

 •All advanced drive technologies for rotary IMs may be applied without 

notable changes to LIMs.  

Disadvantages: 

 •Due to large airgap, the power factor and efficiency tend to be lower than with 

rotary IMs. However, the efficiency should be compared with the combined 

efficiency of rotary motor including its mechanical transmission counterpart.  

 •Efficiency and power factor are further reduced by end effects. Fortunately, 

these effects are notable only in high speed low pole count LIMs. Therefore, 

they may be limited to some extent. 

2.1 Basic Principle of Operation of Three-Phase Linear Induction Motor 

The operation principle of a three phase induction motor is based upon Faraday’s 

Law and the Lorentz force on a conductor [28]. Faraday’s law of electromagnetic 

induction states that if the flux linking a loop varies as a function of time, a voltage is 
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induced between its terminals. The value of the induced voltage is proportional to the 

rate of change of flux. Lorentz force on a conductor states that when a current-

carrying conductor is placed in a magnetic field, it is subjected to an electromagnetic 

force. When three-phase voltage is applied to the primary copper windings, a 

magnetic field is created. If a secondary conductive plate is placed near this primary 

magnetic field, a traveling magnetic flux is produced which constitutes an 

electromagnetic thrust. The traveling magnetic field and developed thrust are shown 

in Figure 2.2  

 

Figure 2.2. Traveling magnetic field and thrust created when primary is energized  

The traveling wave of flux travels continuously from one end of the stator to the 

other. The flux moves from left to right and cuts off at the edges of the stator, but it 

builds up again at the left. The traveling flux travels at a synchronous speed given by 

equation (2.1). 

s
s

s f
T

ω
π
τ

π
ωτττν ====
2

22
2

                 (2.1) 

where νs is the linear synchronous speed (m/s), τ is the width of one pole pitch (m), 

and f is the frequency (Hz).  

It is important to note that the linear speed is a function of the frequency and the pole 

pitch and not the number of poles as in a rotary induction motor. Therefore it is 

possible for a 4-pole LIM to have the same synchronous linear speed as that of a 6-

pole, provided that they have the same pole pitch.  
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2.2 Mathematical Modeling of Linear Induction Motor  

The derivation of the mathematical modelling of LIM is necessary for developing 

LIM drive system. Model equations are derived on an analogy between RIMs and 

LIMs.  

According to the Kirchoff's Laws, the voltage equations of the magnetically coupled 

stator and rotor circuit of RIM can be written as in (2.2) and (2.3) [29, 30] with 

reference to Figure 2.3. 

 

Figure 2.3. Axes of three-phase induction motor 

Stator Voltage Equations: 

assasas dt

d
Riv ψ+=  

bssbsbs dt

d
Riv ψ+=  

csscscs dt

d
Riv ψ+=                    (2.2) 

Rotor Voltage Equations: 

arrarar dt

d
Riv ψ+=  

brrbrbr dt

d
Riv ψ+=  

crrcrcr dt

d
Riv ψ+=                    (2.3) 
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In matrix notation, the flux linkages of the stator and rotor windings, in terms of the 

winding inductances and currents, may be written compactly as in (2.4). 
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where ( )Tcsbsas
abc
s ψψψψ ,,= , ( )Tcrbrar

abc
r ψψψψ ,,=  

( )Tcsbsas
abc
s iiii ,,= ,   ( )Tcrbrar
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r iiii ,,=  

where the superscript T denotes the transpose of the array. 

The sub-matrices of the stator-to-rotor and rotor-to-rotor winding inductances are 

shown in (2.5). 
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where Lls is the per phase stator winding leakage inductance, Llr is the per phase rotor 

winding leakage inductance, Lss is the self inductance of the stator winding, Lrr is the 

self inductance of the rotor winding, Lsm is the mutual inductance between stator 

windings, Lrm is the mutual inductance between rotor windings, and Lsr is the peak 

value of the stator to rotor mutual inductance 

However, the mathematical model based on equations (2.2) through (2.5) is very 

complex. This motor model in abc axis is described by six first-order differential 

equations. These differential equations are coupled to one another through the mutual 

inductance between the windings. In particular, the primary-to-secondary mutual 

inductances are dependent on the mover position so they vary with time. 

Using the d-q axis coordinate transformation proposed by R.H.Park which is given in 

Appendix A, the analysis of LIM modeling becomes more convenient [31]. The 

basic idea is the translation of the three-phase system variables onto the orthogonal 

two-axis d-q frame by using simple matrix calculations [29, 30]. This transformation 

can facilitate the computation of the transient solution of the above linear induction 

motor model by transforming the differential equations with time-varying 

inductances to differential equations with constant inductances. 
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The two commonly used reference frames in the analysis of induction machine are 

the stationary and synchronously rotating frames [30]. For transient studies of 

adjustable speed drives, it is usually more convenient to simulate an induction 

machine and its converter on a stationary reference frame [29]. Moreover, 

calculations with stationary reference frame are less complex due to zero frame 

speed since some terms cancelled. In the stationary rotating reference, the dq 

variables of the machine are in the same frame as those normally used for the supply 

system. Furthermore, the stationary reference model is more suitable for DTC 

method. Considering the mentioned advantages, the stationary reference frame 

modelling of LIM is preferred in this study. The developed LIM motor model in 

stationary frame is shown in Figure 2.4.  

While the mathematical model of a LIM is created using the aid of electrical and 

mechanical equations, the following assumptions are made: 

• only the fundamental harmonic of MMF exists 

• there are no end effects 

• the airgap is uniform 

• magnetizing circuit is unsaturated 

• the primary windings are symmetrical 

• LIM is connected to an infinite bus. 

 

 

Figure 2.4.  Equivalent circuit of a linear induction motor in the stationary frame 



 

14 
 

The corresponding model equations are given by (2.6) through (2.9). 

Electric formula: 

Primary side d-q voltage equations: 

ds
s

ds
s

sds
s

dt

d
iRv ψ+=  

qs
s

qs
s

sqs
s

dt

d
iRv ψ+=                   (2.6) 

Secondary side d-q voltage equations: 
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d
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s
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s
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d
viRv ψψ

τ
π +−=                  (2.7) 

where the subscript s corresponds to stator, r corresponds to rotor, d corresponds to 

direct axis, q corresponds to quadrature axis, ψ corresponds to flux. 

Thrust formula: 

( )ds
s

qs
s

qs
s

ds
s

e ii
2
P

2
3

F ψ−ψ
τ
π=                   (2.8) 

where P is the number of poles.  

Mechanical formula: 

mmLe Bvv
dt
d

JFF +=−                    (2.9) 

where Fe is the electromagnetic thrust, FL is external force disturbance, J is the 

mechanical inertia, B is the natural damping and vm is the mechanical speed. 

2.3 Matlab/Simulink Modelling of LIM 

Matlab/Simulink model of LIM is developed by using (2.6)-(2.9) and 

SimPowerSystem Toolbox. While modeling these equations, the derivative is not 

used. Since some signals may have discontinuities and that would result in spikes 

when differentiated. Instead the integral form is preferred. The simulation model is 

formed by choosing flux-linkage as a state variable rather than currents. Since the 

easy way of successfully solving this system is to use the flux-linkage as the tool. 

What remains is to find the currents from the flux-linkages. By this way, the 

dynamics of LIM can be expressed as a combination of fourth order electrical 
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differential equations and a first order mechanical differential equation. The final 

equations used in implemented model are shown in (2.10). 

( )ds
s

sds
s

ds
s iRv

p
−= 1ψ  

( )qs
s

sqs
s

qs
s iRv

p
−= 1ψ  








 −−= qr
s

rdr
s

rdr
s

dr
s viRv

p
ψ

τ
πψ 1

 








 +−= dr
s

rqr
s

rqr
s

qr
s viRv

p
ψ

τ
πψ 1

 

( )






 −= Ler FF
J

P

p
v

2

1
                (2.10) 

where 1/p stands for integral operation. 

The simulation model used to evaluate LIM model consists of a three phase LIM 

block and a three phase voltage source. The masked Simulink model is given in 

Figure 2.5. In the developed model, the inputs through LIM are three-phase voltage 

and the load torque. On the other hand, the outputs are three-phase currents, the 

electromagnetic thrust and the mover speed. The secondary is short circuited in the 

model. The open model used for simulation of the LIM is shown in Figure 2.6. In 

this model, three-phase voltages applied to the input are converted into d-q stationary 

reference frame voltages. Once d-q phase voltages obtained, using the equations 

associated flux and current are calculated and then applied to electromechanical and 

mechanical torque equations to obtain torque-speed responses. 

2.4 Summary 

The operation principle of a single-sided LIM including its advantages/disadvantages 

is briefly explained. Since LIM operates as its rotary counterpart does, with thrust 

instead of torque and linear speed instead of angular speed, based on the principle of 

travelling field in the airgap, LIM mathematical model equations are derived on an 

analogy between RIMs and LIMs. The ideal motor model is described by six first-

order differential equations, one for each winding. However, these differential 

equations are coupled to one another through the mutual inductance between the 

windings and the coupling terms are time varied. The orthogonal two axis dq 

transformation makes easier the modelling of the motor by transforming the 
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differential equations with time-varying inductances to differential equations with 

constant inductances.  

Dynamic model of LIM in stationary reference frame is preferred due to its less 

complexity and convenience for DTC. The open form of the developed 

MATLAB/SIMULINK modeling of LIM is also presented. 

7 

Figure 2.5.  LIM masked model in Simulink
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Figure 2.6.  LIM model implementation in Matlab/Simulink 
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CHAPTER 3 

DIRECT TORQUE CONTROL PRINCIPLES 

In the 1980s, an advanced control technique direct torque control (DTC) was 

introduced by Takahashi [32] and Depenbrock [33] for voltage-fed PWM inverter 

drives as an alternative to field-oriented control [34]. DTC technology was first used 

commercially by ABB in 1995, and rapidly became the favorite control method for 

AC drives, especially for demanding or critical applications [35]. Compared to the 

field oriented control, DTC method has the following features [34]. 

• There no current control loop, the current is controlled indirectly. 

• Coordinate transformation is not required. 

• It is not sensible to machine parameter variation except the stator resistance. 

• Response time for torque is small. 

The driving principles of the linear induction motor (LIM) are similar to the 

traditional rotary induction motor (RIM) but its control characteristics are more 

complicated than the RIM [36]. High performance control of LIM by vector control 

mostly carried out in secondary flux oriented scheme has been presented in many 

works [37- 40]. However, field oriented control (FOC) is complicated and requires 

machine parameters. Compared with RIM, DTC for LIMs have been less researched. 

DTC was applied to LIM by [8, 40- 41] as the Direct Thrust and Flux Control. In 

contrast to field-oriented control, DTC requires the accurate knowledge of the stator 

resistance, the stator flux and thrust estimations. The control algorithm of DTC 

makes it practical to implement on a microcontroller embedded in the drive.  

The chapter is organized as follows. At first, the basic principles of voltage space 

vectors for 3-phase voltage source inverter (VSI) are given. Next, the principles of 

the direct thrust control are introduced. Then, a step by step Matlab/Simulink 

modeling of the direct thrust controlled LIM drive is shown. Finally, simulation 

results and some conclusions are presented. 
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3.1 Mathematical Model of VSI Using Space Vector Approach 

Representing three phase quantities as space vectors is particularly useful for power 

electronic applications [30, 44]. Essentially this methods defines a three phase 

system with a single unity vector 21 aau ++= , where a=exp(2π/3). 

 

 

Figure 3.1.  Three phase voltage source inverter 

In Figure 3.1, the voltage vector representing the triplet v1,v2, v3, can be drawn by 

summing three vectors (length proportional to amplitude) directed as three 120° 

shifted axes (a, b, c) as shown in Figure 3.2. 

 

 

 

Figure 3.2.  Vector representation of inverter output voltages 
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By using the space vector transformation defined in Appendix A, the three-phase 

axes are defined by the unity vectors 1, a, a2, where a=exp(2π/3)  

( )3
2

213

2
VaaVVV ++=

→
                 (3.1) 

The voltage source inverter topology given by Figure 3.1 imposes some constraints: 

- Switches 1 and 4 (leg 1), 3 and 6 (leg 2) or 5 and 2 (leg 3) should not be 

simultaneously on at the same time since the dc cannot be shorted.  

- The output of the inverter must not be opened due to its inductive load. 

Therefore at least one switch in each leg must be closed at any moment. 

By the above constraints, there exist eight valid switch combinations for the inverter. 

These states are shown in Figure 3.3. 

Six out of these eight topologies called non-zero (active) switching states produce a 

nonzero output voltage. The remaining two topologies known as zero switching 

states produce zero output voltage hence zero ac line current. 

Assuming the switching states for the VSI, (3.1) can be given by (3.2). 

( )cbadcs SaaSSVtV 2
_

3
2

)( ++=                 (3.2) 

where Sa(t), Sb(t) and Sc(t) are the switching functions of each leg of the VSI, such 

that, when upper switch is on Sa,b,c is 1; when lower switch is on Sa,b,c is 0. 

Conceptually, a set of three phase waveforms can be represented by a single rotating 

vector with angular speed ω  as given by (3.3). 

( )
3

1

3
2 π−→

⋅=
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DCk eVV   with (k=1,...,6) ,  087 ==VV              (3.3) 
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Figure 3.3.  Possible states of three phase three wire inverter 

 

Table 3.1. Possible switching vectors of three phase, three wire inverter 

k SA SB SC Va Vb Vc Vα Vβ 
1 1 0 0  32   31−   31−   32    0 

2 1 1 0  31    31   32−    61    21  

3 0 1 0  31−      32   31−  61−    21  

4 0 1 1 32−      31     31  32−      0 

5 0 0 1  31−   31−     32  61−  21−  

6 1 0 1    31   32−     31    61  21−  

7 1 1 1 0      0     0      0   21  

8 0 0 0 0      0     0      0     0 
 

Positions of the six non-zero voltage vectors (V1-V6) is presented in Figure 3.4. The 

tips of these vectors form a regular hexagon shown by dotted line. It is defined that 

the area enclosed by two adjacent vectors, within the hexagon, as a sector. Thus there 

are six sectors numbered as 1-6. Each vector lies in the center of a sector of 60
o 

with 

named as S1 to S6 according to the voltage vector it contains. 
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Figure 3.4. Output voltage space vector of the three phase three wire inverter in d-q     
coordinates 

Considering the last two states in Table 3.1, it can be seen that the output line 

voltages generated by this topology are given by Va=Vb=Vc=0. These are represented 

as vectors which have zero magnitude and hence are referred to as zero-switching 

state vectors or zero voltage vectors. They assume the position at origin in the α-β, 

plane. 

3.2 Principles of Direct Torque Control  

The basic idea of the DTC method is coming from Faraday’s induction law in the 

calculation of the motor flux linkage vector. The induction law gives a connection 

between the voltage vectors and the flux linkage vector by using (3.4)[30].  

dtRiv ssss )( −= ∫ψ                       (3.4) 

This equation is also known as "the voltage model" of the motor. Assuming the 

voltage drop on the stator resistance small, (3.4) can be rewritten as in (3.5). 

tvss ∆=∆ψ                      (3.5) 

From equation (3.5) and Figure 3.4, it can be seen that the inverter voltage directly 

force the stator flux to trace the required stator flux locus by choosing the appropriate 

inverter switching state.  
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The idea of the torque control in DTC is based on the fact that the rotor and air gap 

flux linkages have quite long time constants. In an analogy for RIM, the 

electromagnetic thrust in three-phase LIM is derived as in (3.6). 

( )rsrs

mrs

m
e

LLL

LP
F ρρψψ

τ
π −

−
= sin

22

3
2

               (3.6) 

where the subscript s corresponds to stator, r corresponds to rotor. 

According to (3.6), at any time, the thrust is proportional to the magnitude of the 

stator and the rotor fluxes and the sine of angle between them. The rotor flux is low-

pass filtered form of the stator flux with a rotor time constant. Therefore, a quick 

change in stator flux is traced very slowly by the rotor flux due to its large time 

constant [30, 42, 43]. The rotor flux can be assumed constant as long as the 

switching time is very smaller then the rotor time constant. By using this assumption; 

if the stator flux magnitude is kept constant, then the electromagnetic thrust can be 

controlled by changing the angle between stator and the rotor fluxes. The angular 

speed of the stator flux can be changed by choosing the suitable inverter states. This 

is the tangential component of the applied voltage vector that determines the angular 

speed of the stator flux.  

A general approach for selecting the right voltage vector is determined by using 

Figure 3.5. According to this figure, the stator flux vector lying on the sector k can be 

increased by selecting vk, vk+1, vk-1; whereas it can be decreased by the vk+2, vk+3, vk-2. 

The zero vectors short the machine terminals and keeps the flux unchanged 

neglecting the voltage drop on the stator resistance. Thus, by selecting step by step 

the appropriate stator voltage vector, it is then possible to change the stator flux in 

the required way as shown in Figure 3.6 [30]. 

In reference to Figure 3.5, if the stator flux vector lies in the k-th sector, then the 

electromagnetic thrust can be increased by selecting vk+1, vk+2; whereas it can be 

decreased by the vk-1, vk-2. The states of vk and vk+3 are not considered because of their 

effects can change depending on the stator flux position at the same sector [44]. 
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Figure 3.5. Stator flux vector with different possible switching vectors 

 

Figure 3.6. Stator flux-linkage vector trajectory by applying the proper voltage vector 

A stator flux vector trajectory given in Figure 3.7 shows the stator and air gap flux 

vectors rotating in counter clockwise direction at an angular frequency of ω. The 

dotted lines denote the hysteresis band for the stator flux vector magnitude. Although 

it couldn’t be shown in the figure, the torque has also its own hysteresis limit. The 

selection of the voltage vector is made to restrict the flux and torque error within 

their respective flux and torque hysteresis bands to obtain the fastest response and 

highest efficiency at every instant [30]. When the upper or lower hysteresis limit for 

thrust and flux is reached, a new voltage vector is applied. Assumed that flux vector 
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lies in sector one and it is integrated with V3 until the lower limit is reached or the 

torque reaches its upper limit. If these cases happen simultaneously, they are kept 

inside the hysteresis band by using the voltage vectors V6.  

 

Figure 3.7.  A stator flux trajectory with selected voltage vectors in DTC 

All the switching possibilities for the above mentioned selection procedures can be 

tabulated in the switching table given in Table 3.2. At every modulation instant, it 

selects the most suitable voltage vector to meet the flux and torque control 

requirements relative to the stator flux linkage orientation. In the optimal switching 

table, there is no unnecessary switching take place.  

Table 3.2. Switching table for DTC 

Sector 1 2 3 4 5 6 

Flux Thrust 
     

1=ϕh  
1=Feh  V2 V3 V4 V5 V6 V1 

0=Feh  V7 V 0 V7 V0 V7 V0 

1−=Feh  V6 V 1 V2 V3 V4 V5 

 
1−=ϕh  

1=Feh  V3 V4 V5 V6 V1 V2 

0=Feh  V0 V7 V0 V7 V0 V7 

1−=Feh  V5 V6 V1 V2 V3 V4 
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According to Table 3.2 and Figure 3.8, the required hysteresis comparator for thrust 

is a three-valued and for the flux is a two-valued. The thrust hysteresis comparator 

output Feh  can take (-1, 0, 1), flux hysteresis comparator output ϕh  can take (0, 1) as 

given in Figure 3.8. The meaning of each output is given according to the following 

cases:  

 

Figure 3.8.  Hysteresis comparators for thrust and stator flux respectively 
 

1−=Feh : the actual value of the torque is higher than the reference and out of the 

defined hysteresis limit; the torque must be reduced;  

1=Feh  : the actual value of the torque is below the reference and out of the hysteresis 

limit; the torque must be increased;  

0=Feh :  the actual value is inside the hysteresis limit.  

1−=ψh : the actual value of the flux linkage is above the reference and out of the 

hysteresis limit; the flux must be reduced;  

1=ψh :   the actual value of the flux linkage is lower than the reference and out of 

the defined hysteresis limit; the flux must be increased. 

 

3.3 Modelling of DTC for LIM 

A simulation for conventional direct thrust control of LIM drive is carried out using 

Matlab/Simulink simulation package. The developed direct thrust control scheme is 

shown in Figure 3.9. The drive model is implemented by five main blocks: LIM 

model, inverter model, thrust and stator flux estimator, speed controller part to obtain 

thrust reference value and finally hysteresis controllers to obtain necessary switching 

state. The following subsections briefly explain the details of each block. 
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Figure 3.9.  Matlab/Simulink model of a DTC LIM drive 

LIM Block: 

LIM is a voltage controlled system. The Matlab/Simulink modelling of the LIM was 

given in Figure 2.5.  

Inverter Block: 

The inverter applies three-phase voltage signals to LIM determined according to the 

switching states. The developed Simulink model for the inverter is shown in Figure 

3.10. For modelling the three-phase, three-wire inverter (3.7) is used. 

3

)2( cba
DCa

SSS
Vv

−−=                 (3.7.a) 

3

)2( cab
DCb

SSS
Vv

−−=                (3.7.b) 

3

)2( bac
DCc

SSS
Vv

−−=                 (3.7.c) 

where VDC is dc link voltage. 

 

Figure 3.10.  Matlab/Simulink model for inverter 
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Stator Flux and Thrust Estimator Block: 

LIM mathematical model in stationary reference frame is used to estimate the stator 

flux and the electrical thrust. From the VSI state and having the value of dc link 

voltage, the voltage in each phase can be deduced. Once the voltages and currents are 

obtained, they are transformed in d and q components by means of Park 

transformation. In reference to equation (3.4), having the stator resistance value, the 

stator flux components are expressed by (3.8.a) and (3.8.b).  

dtiRv sdssdsd ∫ 






 −=ψ                (3.8.a) 

∫ 






 −= dtiRv sqssqsqψ                (3.8.b) 

The stator flux linkage magnitude is given by (3.9). 

sqsds
22 ψψψ +=                    (3.9) 

Finally, the thrust estimation is obtained by using equation (3.10).  

)(
22

3
sdsqsqsde ii

P
F ψψ

τ
π −=                 (3.10) 

where d corresponds to direct axis, q corresponds to quadrature axis. 

The overall Simulink model for stator flux and thrust estimator is shown in Figure 

3.11. 

 

Figure 3.11.  Matlab/Simulink model for stator flux and thrust estimator 
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Speed Controller Part: 

The speed control loop uses a proportional-integral (PI) controller to produce thrust 

reference for the controller. Output of PI controller has been limited. 

Controller Block: 

The block diagram of the hysteresis controller is shown in Figure 3.12. There are two 

loops corresponding to the magnitudes of the stator flux and thrust. The reference 

values for the flux and thrust are compared with their actual values, and the resulting 

error values are fed into two and three-level hysteresis blocks respectively.  

 

Figure 3.12.  Hysteresis controller and switching vector selector block  

Sector selector block calculates the position of the stator flux vector corresponding to 

the six regions of voltage vectors.  

The outputs of two hysteresis blocks, the position of the stator flux are used as inputs 

of the three-dimensional look-up table. Switching table is embedded in three-

dimensional look-up table. The number of the appropriate voltage vector is the input 

through the two-dimensional look-up table, while switching vector is its output. 
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3.4 Simulation Results  

All simulations are done in Matlab/Simulink using SimPowerSystem Toolbox. 

Linear induction motor parameters used to test the DTC strategy for LIM are given 

in Table 3.3.  

Table 3.3. LIM parameters 

Number of poles 2 
Primary resistance-Rs 2.82 Ω 
Secondary resistance-Rr 48.84 Ω 
Primary inductance-Ls 0.0452 H 
Secondary inductance-Lr 0.0301 H 
Magnetizing inductance-Lm 0.0262 H 
Pole pitch-τ 0.06 m 
Moving mass 0.5 kg 

Simulations are carried on for three cases by selecting the different hysteresis bands 

for stator flux and thrust as shown in Table 3.4. 

Table 3.4. Simulated hysteresis band width for flux and thrust 

 Case I Case II Case III 

ψHB  %0.03 %0.003 %0.003 

FeHB  %0.001 %0.001 %0.05 

 

In all case, a step change of thrust command is applied at 0.1 second from zero to 60 

N.m. At the same time, the triangular wave speed reference with amplitude of 5.85 

m/s and the stator flux reference with amplitude of 0.96 Wb are applied to the LIM 

drive. Closed loop performance of the direct thrust control method for three cases are 

compared in terms of thrust response, speed and stator flux reference tracking, flux 

trajectories, stator currents and phase-a stator voltage that are given in Figure 3.13, 

Figure 3.14, Figure 3.15, Figure 3.16, Figure 3.17 and Figure 3.18 in respectively. 
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Figure 3.13.a. Thrust response of the DTC in LIM for case I 

 

 Figure 3.13.b. Thrust response of the DTC in LIM for case II 

 

  Figure 3.13.c. Thrust response of the DTC in LIM for case III 

0 1 2 3 4 5 6
-50

0

50

100

150

200

time (s)

T
hr

us
t (

N
m

)

0 1 2 3 4 5 6
-50

0

50

100

150

200

time (s)

T
hr

us
t (

N
m

)

0 1 2 3 4 5 6
-50

0

50

100

150

200

time (s)

T
hr

us
t (

N
m

)



 

32 
 

 

Figure 3.14.a. Speed reference tracking of the DTC in LIM for case I 

 

Figure 3.14.b. Speed reference tracking of the DTC in LIM for case II 

           Figure 3.14.c. Speed reference tracking of the DTC in LIM for case III 
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Figure 3.15.a. Stator flux reference tracking of the DTC in LIM for case I 

 

Figure 3.15.b. Stator flux reference tracking of the DTC in LIM for case II 

           Figure 3.15.c. Stator flux reference tracking of the DTC in LIM for case III 
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Figure 3.16.a. Stator flux and rotor flux trajectories of the DTC in LIM for case I 

 

Figure 3.16.b. Stator flux and rotor flux trajectories of the DTC in LIM for case II 

 

Figure 3.16.c. Stator flux and rotor flux trajectories of the DTC in LIM for case III 
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Figure 3.17.a. Three-phase stator currents of the DTC in LIM for case I 

 

Figure 3.17.b. Three-phase stator currents of the DTC in LIM for case II 

 

  Figure 3.17.c. Three-phase stator currents of the DTC in LIM for case III 
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 Figure 3.18.a. Phase-a stator voltage of the DTC in LIM for case I 

 

 Figure 3.18.b. Phase-a stator voltage of the DTC in LIM for case II 

 

 Figure 3.18.c. Phase-a stator voltage of the DTC in LIM for case III 
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As presented in Figure 3.14, for all cases, the measured and the reference speed are 

very close to each other.  

For all cases, the stator and rotor flux vectors follow a circular trajectory as shown by 

Figure 3.16. 

Comparing the Figure 3.15.a with Figure 3.15.b, it can be said that increasing the 

stator flux hysteresis band results in ripples in stator flux. Furthermore, Figure 3.17.a 

and Figure 3.17.b show that the current distortion increases with increasing the flux 

hysteresis band width. On the other hand, as the flux hysteresis band width is 

increased, the switching frequency decreases which is shown in Figure 3.18.a.  

Comparison of Figure 3.18.b and Figure 3.18.c shows that the switching frequency is 

strongly decreases with decreasing the thrust hysteresis band. However, thrust, 

speed, stator and rotor flux ripples increases as shown in Figure 3.13.c, Figure 3.14.c, 

Figure 3.16.c. Furthermore, by comparing Figure 3.17.c and Figure 3.17.b, it can be 

said that stator currents get distorted with decreasing thrust hysteresis band.  

According to simulation results small hysteresis band for flux should be chosen to 

reduce the current harmonics for considering the heating effect of harmonics and 

small hysteresis band for thrust should be chosen to reduce thrust pulsations, with 

using high-speed switching devices and processors. 

3.5 Summary 

In the chapter, the main principles of DTC is explained and direct thrust controlled 

LIM drive has been modelled. The performance of the direct thrust controlled LIM 

drive with different hysteresis band amplitudes for thrust and stator flux is simulated 

and compared using Matlab/Simulink. Simulation results verifies that the width of 

the hysteresis bands may influence the drive performance in terms of flux and torque 

ripples, current harmonics and switching frequency of the power device [45-48]. 

Hysteresis band for stator flux mainly influences the stator current on the other hand 

hysteresis band for thrust mainly affects the switching frequency.  
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CHAPTER 4 

DIRECT TORQUE CONTROL of LIM INCLUDING END-EFFECT 

The linear induction motor operates as its rotary counterpart does, with thrust instead 

of torque and with linear speed instead of angular speed. In a LIM, the primary 

winding corresponds to the stator winding of a rotary induction motor (RIM), while 

the secondary corresponds to the rotor. The main difference between RIM and LIM 

is the finite length of LIM’s primary. As the primary of LIM moves, a new flux is 

continuously developed at the entry of the primary side, while the existing flux 

disappears at the exit side [24, 48, 49]. This non-uniform distribution of airgap flux 

causes flux and thrust attenuations. This phenomenon is called ‘end effect’ and it was 

proved experimentally in [50]. The end effect problem becomes more severe as the 

speed increases. 

In literature, most researchers used magnetic field theory to analyze the end effects. 

However, the magnetic field approach is not suitable in modeling and vector 

controller design of LIM. To resolve the end effect problem in LIM control, the 

speed dependent factors are introduced into the magnetizing branch of its d-axes 

equivalent circuit [4, 5, 48]. 

Although the driving principles of the linear induction motor are similar to the 

traditional rotary one, its control characteristics are much more complicated than 

RIM owing to its end effect problem. In literature, high performance vector control 

of LIM mostly carried out in secondary flux oriented scheme [5, 34, 37, 39, 51]. 

However, field oriented control is complicated and requires accurate knowledge of 

the motor parameters. In contrast to field-oriented control, the traditional, direct 

torque control (DTC) does not require the information of the inductance only 

requires the stator resistance of LIM. The control algorithm of DTC makes it suitable 

for practical implementation for LIM drive systems. As compared with RIM, DTC 

for LIM has been less researched.  
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In the papers studying Direct Thrust Control (DTC) for LIM [7, 40, 41], the end 

effect was included in the form of thrust correction coefficient. The thrust correction 

coefficient was obtained by using the finite element analysis in starting conditions 

considering only the static end effect. However, in this thesis, flux and thrust 

estimations are improved in a simple manner to reduce the error caused by the end 

effect by using the equivalent circuit model of LIM rather than using Maxwell 

equations. 

4.1  LIM Mathematical Model Including End Effect 

As the primary of LIM moves, a new magnetic field continuously is formed in the 

secondary around entry region but the existing field disappears at the exit region. 

Lenz Law states that, these sudden field changes will be resisted by the rapidly 

growing eddy currents in the secondary side. Hence, the reduction field at the exit 

end will face a sudden increase in flux and the field increase at the entry end will 

lead to a decrease. The decay speed of the eddy current is dependent on secondary 

time constants, whereas the growth speed is related to the sheet leakage time constant 

[48]. Since the leakage time constant is very small, the eddy current at the entry end 

grows very rapidly in respect to the primary current causing flux to be more distorted 

at the entry region [5,48, 52] as shown in Figure 4.1. 

 

Figure 4.1. Eddy Current generation and air gap flux profile of LIM due to end effect 
[5]  
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First, Duncan [48] developed the per phase equivalent circuit of LIM considering the 

end effect by modifying the magnetizing branch of the equivalent circuit of the RIM 

shown in Figure 4.2.  

 

Figure 4.2. Duncan’s equivalent circuit of linear induction motor [48] 

Duncan’s model was transformed into d-q model in a synchronous frame by [5, 40, 

51, 52]. To resolve the end effect problem, speed dependent scaling factors are 

introduced to the magnetizing inductance and series resistance in the d-axis 

equivalent circuit of RIM. To study the dynamic behavior of the linear induction 

motor both under transient and steady state conditions, the existed model for LIM is 

adapted into the stationary reference frame in this thesis. Figure 4.3 shows the 

developed d-q equivalent circuit of the LIM including the end effect in stationary 

frame, in which only the magnetization branch in d-axis equivalent circuit is different 

from RIM model.  

 

Figure 4.3. d-q equivalent circuit of the LIM including the end effect in stationary 
frame 
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The speed dependent factor to express the end effect on magnetization branch is 

related to a function given by (4.1) [5]. This function is inversely proportional to the 

motor speed.  

Q

e
Qf

Q−−= 1
)(                    (4.1) 

where 
rr

r
Lv

PDRQ 2= , D is motor primary length. 

From the d-q equivalent circuit of LIM shown in Figure 4.2, the primary and 

secondary voltage and flux linkage equations in stationary reference frame are 

developed by (4.2), (4.3) and (4.4), respectively. 

d-q axis primary voltage equations: 

dsdrdsrdssds dt

d
iiQfRiRv ψ+++= ))((   

qsqssqs dt

d
iRv ψ+=                    (4.2) 

d-q axis secondary voltage equations: 

drdrdsrqrrdrrdr dt

d
iiQfRviRv ψψ

τ
π ++++= ))((  

qrdrrqrrqr dt

d
viRv ψψ

τ
π +−=                  (4.3) 

where the subscript s corresponds to primary, r corresponds to secondary, d 

corresponds to direct axis, q corresponds to quadrature axis, Rs, Rr the primary and 

the secondary resistances, τ is pole pitch and vr is the electrical speed. 

Flux linkage equations are given by (4.4). 

)))((1( drdsmdslsds iiQfLiL +−+=ψ   

)( qrqsmqslsqs iiLiL ++=ψ  

)))((1( drdsmdrlrdr iiQfLiL +−+=ψ   

)( qrqsmqrlrqr iiLiL ++=ψ                   (4.4) 

where Llr, Lls, Lm refer to the leakage inductance of secondary, leakage inductance of 

primary and magnetizing inductance, respectively. 

 



 

42 
 

The thrust force is calculated by (4.5). 

( )dsqsqsdse ii
P

F ψψ
τ
π −=

22

3
                  (4.5) 

The LIM motion dynamics is expressed by (4.6). 

rrLe v
P

Bv
Pdt

d
JFF

22 +=−                   (4.6) 

where P is the number of poles, Fe is the electromagnetic thrust, FL is the external 

force, J is the mechanical inertia, B is the  natural damping. 

4.2  Direct Thrust Control Modelling of LIM Including E nd Effect  

The DTC for LIM can be analyzed in the same way as that for RIM. For the good 

performance of DTC, the accurate prediction of the thrust and stator flux is 

important. One problem in the case of LIM with end effect is that a new speed 

dependent resistance and inductance parameters are included in the magnetization 

branch. However, it cannot be ignored since the end effect influences the thrust and 

flux characteristics of LIM. This makes it necessary to modify the flux and thrust 

estimations. The developed Matlab/Simulink modeling for DTC for LIM including 

end effect is given in Figure 4.4. 

The drive model is implemented by five main blocks: LIM model, inverter model, 

thrust and stator flux estimator, speed controller part to obtain thrust reference value 

and finally switching vector selector to obtain necessary switching state for the 

inverter. 

 

Figure 4.4. Block diagram of DTC for LIM including end effect 
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The measured input values into the DTC control are the motor speed, currents and 

voltages. The input reference values are the linear speed and the magnitude of the 

stator flux. The PI type speed controller is used to produce the thrust reference 

command for the drive. The end effect factor f(Q), voltage and current signals are 

inputs to the flux and thrust estimator block, which produces the values of stator flux 

and thrust. Thrust and flux hysteresis comparators compare the actual values of the 

thrust and the flux with their reference values. Depending on the outputs from these 

comparators, the switching table logic directly determines the optimum inverter 

voltage vector and inverter switching directly controls the motor flux and thrust. 

The application of the traditional stator flux estimation principle for LIM that 

considers voltage drop only on the stator resistance causes errors on flux and thrust 

estimations. Due to end effect property of LIM, it is more accurate to use equation 

(4.7) for primary flux estimation including with the speed dependent coefficient. 

( )( )dtiiQfRiRv dr
s

ds
s

rds
s

sds
s

ds
s

∫ +−−= )(ψ                (4.7) 

It is reasonable to ignore d-axis rotor current due to its measurement difficulty and 

less effect on the flux estimation. Then, flux estimate is obtained by (4.8) considering 

partial end effect. 

( )dtiQfRiRv ds
s

rds
s

sds
s

ds
s

∫ −−= )(ψ                 (4.8) 

The thrust value considering end effect is estimated by (4.9). 

( )dsqrqsdrqsdsme iiiiQfiiQfL
P

F −−+−= ))(1()(
22

3

τ
π

              (4.9) 

4.3 Simulation Results 

The simulation study consists of two parts. In the first part, a simulation study of 

direct-on-line starting both under no-load and load is presented to show the 

application of the dynamic model of the LIM. 

In the second part, the validity of the proposed thrust and flux estimators is examined 

and also, the closed loop performance of DTC employing this improved thrust and 

flux estimator is shown.  
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Throughout the simulation study, linear induction motor parameters used to test the 

DTC strategy for LIM are given in section 3, in Table 3.3. All simulations are done 

in Matlab/Simulink using SimPowerSystem Toolbox. 

4.3.1 Simulation results of LIM modeling including end-effect 

For the first case, at standstill, LIM is connected to a 380V, 50 Hz supply. The 

simulation results of free-acceleration characteristics are plotted in Figure 4.5 and 

Figure 4.6.  

 

Figure 4.5. Free-acceleration linear speed versus thrust characteristic 

 

Figure 4.6. No-load speed characteristic 
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From the Figure 4.6, the end effect has a reducing effect on peak thrust.  

In the second case of the simulation study, a step change of thrust command is 

applied at 0.6 second from zero to 40 Nm. The plots of the thrust against speed and 

the speed against time are given in Figure 4.7 and Figure 4.8, respectively. Thrust 

response with end effect is smaller than the thrust response without end effect and 

the difference between them is the required end effect compensation. It can be seen 

that when the load is added the speed drops and the required load thrust can be 

generated successfully. 

 

Figure 4.7. No-load thrust versus linear speed characteristic 

 

 

Figure 4.8. No-load linear speed characteristic 
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The d-axis magnetizing inductance versus speed graph is shown in Figure 4.9. At 0.1 

second, at which the speed is around 4-5m/s, noticeable reduction is observed in this 

inductance which proves that the end effect increases. Furthermore, at Figure 4.10, 

the unbalanced three phase currents are observed even under the balanced three 

phase voltage conditions resulted from the unbalanced inductance distribution. 

 

Figure 4.9. d-axis magnetizing inductance characteristic at no-load  

 

 

Figure 4.10. Three-phase primary currents of LIM 
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The influence of the seconder resistance on the end effect is presented in Figure 4.11 

and Figure 4.12 by reducing its rated value to its half and later to its one fourth, 

respectively. According to these figures, it can be said that, the lower value of the 

seconder resistance strengthens the end effect. To reduce the end effect, the usage of 

a thin seconder conductor sheet is proposed but this result in a reduction in motor 

performance and causes in mechanical weakness. 

 

 

Figure 4.11. No-load speed characteristic with Rr= 24.42Ω 

 

 

Figure 4.12. No-load speed characteristic with Rr= 12.21Ω 
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The influence of frequency on the end effect is also simulated and the simulation 

results for the frequencies of 150 Hz and 300 Hz are presented in Figure 4.13 and 

Figure 4.14, respectively. From the simulation results, it is confirmed that working at 

the high frequencies increases the severity of the end effect problem. 

 

 

Figure 4.13. No-load speed characteristic with f=150 Hz 

 

 

 

 

Figure 4.14. No-load speed characteristic with f=300 Hz 
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4.3.2 Simulation results for DTC of LIM including end-effect 

In this part of the simulation study, a step change of thrust command is applied at 0.4 

second from zero to 30 Nm. The applied stator flux reference has the amplitude of 

0.96 Wb. The performance of the estimators without considering end effect, with 

fully considering end effect and with partially considering end effect is observed in 

Figure 4.15, Figure 4.16, and Figure 4.17, respectively. 

 

 

 

 

Figure 4.15. Estimated thrust and flux waveforms without considering end effect 
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Figure 4.16. Improved estimated thrust and flux waveforms with fully considering 

end effect 

 

In Figure 4.15 and Figure 4.16, the thrust and flux estimations show satisfactory 

results. However, without considering end effect, thrust estimation does not reach the 

expected value as shown in Figure 4.13. The results will become worse with the 

increase of speed. 
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Figure 4.17.  Estimated thrust and flux waveforms with partially considering end 

effect 

The closed loop performance of DTC strategy with given improvement is also 

examined by putting a step change of thrust command at 0.4 second from zero to 30 

Nm, when the triangular wave shaped speed reference with amplitude of 3.5 m/s and 

the stator flux reference with amplitude of 0.96 Wb are applied to the LIM drive.  

Figure 4.18, Figure 4.19, Figure 4.20 and Figure 4.21 show the speed, thrust, flux 

linkage trajectory and three-phase primary currents, respectively.  
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Figure 4.18. Speed reference tracking of the DTC in LIM 

 

Figure 4.19. Thrust response of the DTC in LIM 

 

Figure 4.20. Primary flux trajectory of the DTC in LIM 
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Figure 4.21. Three-phase primary currents 

It can be seen from simulation results that direct thrust control system follows the 

imposed references with high performance and fast response. According to the 

simulation results, it is important not to ignore the end effect in flux and thrust 

estimation part in DTC strategy for LIM. To achieve good response, the thrust and 

flux estimator for DTC of LIM is improved by taking into account end effect. The 

given improvement is validated by the simulation results. The method used has been 

found satisfactory and can be applied in real situation using a DSP system. However, 

the improved flux and thrust equations require the primary and secondary resistance 

values. Furthermore, the simplicity of the conventional DTC method comes with the 

disadvantage of thrust ripples. Researchers can choose modified versions of DTC for 

reducing thrust ripples [53].  

4.4 Summary 

The LIM mathematical model with end-effect is developed in stationary reference 

frame and the developed model is simulated by using MATLAB/SIMULINK. The 

detractive influence of the increased supply frequency, the decreased seconder 

resistance on thrust is shown by means of simulation results. A method for better 

flux/thrust estimation for DTC is proposed in considering the end effect phenomenon 

of LIM and its viability is proven by using MATLAB/SIMULINK. 
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CHAPTER 5 

PROBLEMS COUNTERED IN REALIZATION OF DTC 

This chapter mentions about the problems that encountered in the implementation of 

DTC. These are pure integration problems due to the presence of noise and dc 

offsets, stator resistance variations, dead time effects, current limiting and torque 

ripple. 

5.1 Stator Flux Estimation Problems 

DTC performance is dependent on how precisely the stator flux is constructed. 

Practically, flux estimation algorithm that has been developed under ideal conditions 

does not work well and must be modified to work on a real system [54-57]. Stator 

flux estimation is related to the voltage drop on the stator resistance. At high speed 

region, the voltage drop on the stator resistance can be neglected comparing with the 

stator input voltage. Consequently, the estimated torque is the same as the actual 

torque and DTC switching table can output a proper voltage vector. On the other 

hand, at low speed region, the voltage drop on the stator resistance is comparable 

with the stator voltage. Therefore, it becomes difficult to estimate the stator flux 

correctly. The lower stator flux brings about a lower value of induced torque. 

Besides, the open-loop integration based flux estimation suffers from instability 

problems. In real world, especially at low speeds, these problems arise from a variety 

of factors including noise in measurements, digital approximation errors, dc offset in 

the measurements. 

Initial value problems and the dc offset in measurements cause open loop integral to 

give erroneous results. They can be analyzed mathematically as in the following. 

Let’s say a signal X is fed to an integrator and then the output signal Y is obtained by 

this integration process as shown by (5.1): 

∫= XdtY  where )sin(wtAX m=                  (5.1) 

))cos()cos((
1

0=
+−=

tmm wtAwtA
w

Y                 (5.2) 
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As indicated by equation (5.2), the initial value problem at t=0 results in an error. This 

error is simulated in Matlab/Simulink and the resulted flux trajectory with non-zero 

initial condition is shown in Figure 5.1. As seen in Figure 5.1, there is a drift in the flux 

trajectory.  

 

Figure 5.1. Drift in the flux trajectory due to non-zero initial condition of integrator  
 

If the input signal has an offset represented by (5.3) then the output signal is obtained by 

(5.4). 

dcm AwtAX += )sin(                         (5.3) 

( ) dcmm tAAwtA
w

Y ++−= )cos(
1

                      (5.4) 

In equation (5.4), there is an additional term (tAdc) which is increasing with time related 

with input offset. This offset value causes the output to be ramp function looking. Figure 

5.2 shows the integrator output with 1 % small dc offset is added to its input.  

 

Figure 5.2. Integrator output with and without input dc offset 
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Whatever how small the offset available in the input, the ramp signal will eventually 

drive the integrator into saturation with time as presented in Figure 5.3 which is obtained 

by Matlab/Simulink. 

 

Figure 5.3. Flux trajectory due to dc offset  

As a result, the stator flux estimation based on a voltage model with open loop integrator 

is not capable of achieving high performance especially at low speeds. To overcome this 

problem, some researchers used theoretical approaches like extended Kalman filters 

[59], and nonlinear observers [60]. The other ones preferred low-pass filter instead of 

pure integrator [54-58] and some others incorporate the advantages of the both voltage 

and current model to improve the stator flux estimation [62, 63]. 

In current model, at first, the rotor flux linkage equation (5.7) is obtained from the flux 

linkage and voltage equations of the rotor given by (5.5) and (5.6). Then the stator flux 

linkage equation (5.8) is derived.  

smrrr iLiL +=ψ               (5.5) 

rrrrr j
dt

d
iR ψωψ ++=0                        (5.6) 

( ) dtjiL
L

R
rrrsm
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r
r )( ψωψψ −−= ∫                        (5.7) 

ssr
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m
s iL
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L '+= ψψ                         (5.8) 
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r

m
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L

L
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2
' −=  is the stator transient inductance. 
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Notice that, equation (5.7) represents a closed-loop integral that causes the current 

model to be more stable than the open loop voltage model since the offset errors 

naturally diminish. However, the current model is dependent on the inductance 

parameters of the motor model and rotor speed information. If they are erroneous, they 

will cause magnitude and phase errors in rotor flux estimation so in stator flux 

estimation. Especially, at high speeds, numerical errors in measuring speed and 

deviations in inductance parameters of the motor distort the estimation accuracy. 

In this thesis, among the above mentioned methods, low-pass filter based voltage model 

is preferred to estimate the stator flux. The simple method to remove the dc component 

caused by the pure integration algorithm is to remove by a high-pass filter, as shown in 

Figure 5.4 where sssemf iRvv −= is back- emf, estψ  is the estimating flux, cω is the cut-

off frequency. By combination of the pure integrator block and high-pass filter block in 

Figure 5.4 together, a low-pass filter is formed as given in (5.9). 

emf
c

est
s v

s ω
ψ

+
= 1

                        (5.9) 

 

Figure 5.4. High-pass filter of flux linkage 

As shown in Figure 5.5, the estimated flux can be acquired by simply getting the back 

emf through a one-order low-pass filter.  

 

Figure 5.5. Low-pass filter of back emf 
 

By using equation (5.9); 

sssc
est

s RIVs −=+ )( ωψ                      (5.10) 
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Digital implementation of equation (5.10) can be written by (5.11). 

))((
1

1
)1()(
est

ksssss
cs

est
ks TRIV

T −+−
+

= ψ
ω

ψ                    (5.11) 

if ec ωω << (ωe stands for the frequency of the stator flux) offset removal capability of 

LPF is reduced. Selection of an appropriate cutoff frequency is done by experimental 

trials; the values in the range of 2-3 Hz are sufficient. 

Amplitude and phase response of the one-order low-pass filter are expressed by (5.12). 

( )ce

ce

PhaseGain ωω
ωω

1

22
tan

1 −−∠
+

=∠                   (5.12) 

Equation (5.12) shows that when the frequency of the stator flux is very high, the 

amplitude attenuation and phase shift are not important, and the flux can be estimated 

accurately, thus the expected motor operation behavior is achieved. But if the motor 

operates at low speed, the flux amplitude attenuation and phase shift become serious 

which leads to inaccurate estimation of flux and deterioration in DTC performance. 

Therefore, the amplitude and phase of the flux must be compensated during low speed 

operation. 

5.1.1 Compensation of the stator flux estimation 

In thesis, the amplitude and phase errors of the flux estimation are compensated based 

on the fact that the back emf is orthogonal to the stator voltage [54]. 

The stator flux estimation under sinusoidal steady-state condition can be written as, 

e

sss
s j

RIV

ω
ψ −=                       (5.13) 

In (5.13), it is clear that the stator flux is lagging the back emf by 90 electrical degrees. 

By using LPF approach, the equation (5.13) becomes: 

ec

sssest
s j

RIV

ωω
ψ

+
−=                       (5.14) 
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Figure 5.6 shows the phasor diagram of the actual and estimated stator flux basing on 

(5.13) and (5.14). 

     

Figure 5.6. Phasor diagram for steady state operation of induction machine showing the 
actual and estimated stator flux based on LP filter [54] 

By equating (5.13) and (5.14), the actual stator flux is obtained as, 

est
s

e

cest
ss j ψ

ω
ωψψ −=                                  (5.15) 

According to equation (5.13), other than ce ωω >>  LPF approximation requires 

magnitude and phase compensation which is determined by using (5.16).  

)(tan
2

1

22 ce

ce

eest

s

est
s ωωπ

ωω
ωθθ

ψ
ψ −−∠

+
=−∠                   (5.16) 

where estest
s

est
s θψψ ∠=  and θψψ ∠= ss . 

From equation (5.16), it is clear that the estimated stator flux leads the actual stator flux 

by an angle depending on the selected cut-off and the stator flux frequency. In addition 

to this, its magnitude is always smaller than the actual one. This causes the magnitude of 

the actual stator flux becomes larger than its reference value during DTC which may 

result in saturation.  

The estimated and the actual stator flux vector are given in the d-q reference frame by 

Figure 5.7. 
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Figure 5.7. The estimated and the actual stator flux vectors given in d-q reference frame 

The d-q components of the actual stator flux in terms of the d-q components of the 

estimated flux, cut-off frequency of LPF and the rotational speed of the stator flux are 

given by equations (5.17) through (5.23) [54]. 

)cos( γθψψ −= estsds                       (5.17) 

where )(tan2
1

ce ωωπγ −−=  

Assuming  )(tan 1'
ce ωωγ −= , then, 

)sin( 'γθψψ += estsds                       (5.18) 

By using trigonometric relations; 

)(
2222

ec

e
est

est
ds

ec

c
est

est
qs

sds
ωω

ω
ψ
ψ

ωω
ω

ψ
ψ

ψψ
+

+
+

=                   (5.19) 

where est
s

e
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s ψ

ω
ωω

ψ
22 +

=  

est
ds

e

cest
qsds ψ

ω
ωψψ +=                      (5.20) 

Similarly, for q axis; 

)cos( γθψψ +−= estsqs                      (5.21) 
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By using equations (5.20) and (5.23), the performance of the flux estimator can be 

improved by compensating for the magnitude and phase errors. 

The position of stator flux space vector is calculated by (5.24) using the stator flux 

representation on d-q frame: 

)(tan 1
dsqss ψψθ −=                       (5.24) 

Then, the synchronous speed is obtained by taking the derivative of (5.24). The resulted 

expression related to the frequency of stator flux is given by (5.25). 

22
1 )(tan

qsds

qsdsdsqs
dsqsse dt

d

dt

d

ψψ
ψψψψ

ψψθω
+

−
===

••

−        (5.25) 

Digital implementation of equation (5.25) can be written as: 

sqsds

kqskdskqskds
ke

T)( 22
)1()()()1(

)( ψψ
ψψψψ

ω
+
−

= −−                     (5.26) 

5.2 Stator Resistance Variation 

The stator resistance is the only parameter used for the well-known voltage model stator 

flux estimation. Its measurement is much easier and accurate than the inductance 

measurement and the only variation is due to change in temperature. In literature, the 

effect of stator resistance variation on the DTC performance was investigated [63-64]. 

According to [64], it is possible to use the stator current to track the change in stator 

resistance. The error between the measured stator current and the reference current is 

processed through PI controller to compensate the change in stator resistance until the 

error in current becomes zero. The reference current is derived from the reference torque 

and stator-flux information. In this thesis, PI controller based complex stator resistance 

estimation is not preferred, since it cancels the inherent simplicity of DTC.  

The stator resistance is updated according to the temperature variation. This technique is 

simple and straightforward assuming that the temperature dependency of the stator 

resistance is given by (5.27) [65]. 

))(1( osos TTRR −+= α                      (5.27) 



 

62 
 

where Rso is the stator resistance measures at the room temperature To and α is the 

temperature coefficient (=0.004041 for an copper conductor) of the conductor material.  

For a class A motor, the maximum winding temperature is specified as 105ºC [66]. 

When the winding temperatures rise up to maximum temperature, Rs differs by up to 

35%. 

5.3 Current Limiting  

By using equation (5.8), the stator current is defined by equation (5.28). 

)(
1
' r

r

m
s

s
s L

L

L
i ψψ v−=                       (5.28) 

where 
r

m
ss

L

L
LL

2
' −=  is the stator transient inductance. 

According to (5.28), the stator current depends on both stator and rotor flux. Therefore, 

an important difference between the stator and the rotor flux causes the increment of 

stator current rapidly.  

Regarding that the stator time constant is smaller than the rotor mechanical time 

constant, even the selection of tangential voltage vector to reduce the stator flux 

amplitude may result in a fast variation of the stator current.  

In DTC, while following the flux and torque set commands, the stator current magnitude 

can exceed the upper limit of IGBTs of the inverter. Consequently, current limiting is 

necessary for both flux and torque forming stages. Two different strategies were 

proposed to limit the stator current for DTC [67]. In the first one, the zero voltage vector 

is applied so that the resulting stator flux and torque reducement lower the stator current 

amplitude [68]. In the second one, a non-zero voltage vector Vk+2 tangential vector is 

chosen in sector k to reduce the stator flux magnitude and so does the stator current. 

During DTC implementation for current limiting purpose, at first stator flux forming 

stage is completed then the torque set-up is. The applied procedure is given in Figure 

5.8. At starting, considering the rotor mechanical constant, V1 is applied until the stator 

flux attains its reference value. During this period, if the stator current approaches its 
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limiting value, zero voltage vector is applied to the inverter. After completed the flux 

tuning, the torque is tune-up. To increase the torque, Vk+1 is applied until the current 

limit is reached. After then Vk+2  or zero vector are selected to limit the current. 

 

Figure 5.8. DTC starting procedure with current limiting 

Furthermore, in realization, ramp looking reference settings for flux is preferred. 

Therefore, the possibility of occurance of overcurrent condition is alleviated by 

gradually increasing the flux. 

5.4 Dead Time Effect 

In an ideal situation, the states of two switches in an inverter leg are allowed to change 

simultaneously from on to off and vice versa. However, any type of power electronic 

switch has finite turn-on and turn-off times, in practice. Therefore, it is necessary to 

include a protection time to avoid a short circuit in the DC link even with the fastest type 

semiconductors. A dead-time (blanking time, lock-out time) should be included in the 

software before the turn-on of the other switch [69].  

The dead time effect for one phase leg of an inverter is shown by Figure 5.9. According 

to this figure, the dead-time counts from the time instant at which one semiconductor 

switch in a leg turns off and terminates when the opposite switch is turned on. 
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Figure 5.9. Dead time effect for one phase leg of an inverter 

Consequently, the time duration of real drive signal for upper transistor gets shorter than 

ideal signal and for lower transistor gets longer than ideal. During the dead-time 

duration, since both switches in each leg are in the off-state, the output voltage is 

dependent on the direction of the output current. As a consequence of this, when the 

phase current I load is positive, the output voltage is reduced, and when the current I load is 

negative the output voltage is increased. Since this is repeated for every switching 

operation, these effects become significant in high switching frequency operation. This 

is a temporary loss of DTC. One another consequence of including dead time is the 

appearance of undesirable harmonics [70, 71].To further minimize the adverse effects of 

the dead time, it is selected as small as possible in software implementation.  

If the applied stator voltages are calculated from the voltage vector demand and the DC 

bus voltage measurement, the obtained voltage signals are not exactly equal to the real 

voltages applied to the motor. Because they are free from dead time effects and 

harmonics. Instead of this method, the stator voltage is measured directly through signal 

conditioning and filtering circuit.  

5.5 Torque Ripple Minimization 

The hysteresis based direct torque control has the disadvantage of the torque and flux 

ripples [34]. The usage of small hysteresis band and high switching frequency with a fast 

processor are solutions. However, if the hysteresis band is selected as too small, the 

problems of overshoot/undershoot occur. Whereas the high switching frequency causes 
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increased switching losses leading to worse efficiency and increased stress on inverter 

switches. The selected voltage vector is applied for the entire switching period in the 

conventional DTC. In Figure 5.10, T0 means no more torque is needed and thus the zero 

voltage vector should be selected. Then, the actual value of the torque falls slowly until 

below the value Tref - ∆h. After that, an appropriate voltage vector is selected in order to 

increase the torque. If the stator flux vector lies in sector k with a magnitude greater than 

its reference value, then the voltage vector Vk+2 is selected to increase torque. While 

during this stage, the actual torque value gets close to its reference so there is decrescent 

torque error. By applying the same selected voltage vector for the whole switching 

period, assuming it is not small enough, may cause the electromagnetic torque exceeding 

its reference value before the end of the switching period. This process goes on with 

high torque and current ripple. 

 

Figure 5.10.  Hysteresis control of torque where Tref is torque reference and Te is actual 

torque and hb is hysteresis band 

In order to overcome torque ripple problem, a number of methods are proposed. In [72, 

73], adaptive hysteresis band comparator is designed maintaining constant switching 

frequency. There are some methods to reduce the torque ripple by removing the 

hysteresis comparators, such as fuzzy logic [74], [75], predictive control [76]. Another 

approach is to use space vector modulation (SVM) technique to synthesize the desired 

stator voltage. In [20, 34, 77], a conventional SVM is used. Nonetheless, there exist 

other solutions, involving complex calculations and these will increase the complexity of 

the DTC drive. This defeats the purpose of the basic DTC philosophy of simple 

implementation. In contrary to classical DTC, in this thesis, the duration for the 

application of the voltage vector is determined according to the conditions of the flux 

and thrust errors to reduce these ripples. During the application of the zero voltage 

vector, no power is absorbed by the machine so stator flux and torque are only decreased 

slightly. If the selected non-zero voltage vector is applied for a portion of the switching 
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period and the zero voltage vector is applied for the rest of the switching period then 

these ripples can be reduced. The portion of the time named as duty ratio is determined 

according to the decrease or increase in the flux and thrust errors for example if the 

thrust and flux errors are increasing, then the duty ratio is set as big rather than small as 

shown in Table 5.1. 

Table 5.1. Duty ratio selection according to the thrust/flux errors 

   Thrust Error  

Flux Error 

Positive, 
increasing 

Positive, 
decreasing 

Negative, 
increasing 

Negative, 
decreasing 

Positive, 
increasing 

%55 %75 %75 %55 

Positive, 
decreasing 

%75 %95 %95 %75 

Negative, 
increasing 

%75 %95 %95 %75 

Negative, 
decreasing 

%55 %75 %75 %55 

5.6 Summary 

In this chapter, an analysis of the effect of the non-idealities on the DTC implementation 

and their solutions are mentioned. The effect of offset and gain errors in the measured 

current and voltage signals are analyzed. They cause an error in the estimated stator flux 

linkage hence in thrust estimates and, further on according to the characteristic 

properties of the control system. The flux estimation based on low-pass filter approach 

including the stator flux magnitude and phase angle errors compensation is effectively 

eliminate the errors in calculated flux. Under this structure, a better flux correction gives 

an effective improvement for a motor’s output torque. The current limiting algorithm 

while following the flux and torque set commands is also mentioned in this chapter. 

Finally, the method for achieving torque ripple minimization is suggested by arranging 

the duty ratio of the selected voltage vectors depending on the torque/flux error status 

for every sampling period. This can be accomplished by using fast digital signal 

processor TMS320F2812.  
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CHAPTER 6 

Z-SOURCE INVERTER 

The traditional pwm inverter has been widely used in adjustable speed drives, 

uninterruptible power supply applications [30]. However, it has some limitations. 

Obtainable output voltage is quite below the input line voltage [78, 79]. This problem is 

mostly solved by using a dc-dc boost converter with an extra cost. In 2002, Peng F. Z. 

proposed a new type of power inverter. To differentiate this new inverter from 

conventional voltage source inverter (VSI) and current source inverter (CSI), the author 

called it as impedance source (Z-source) inverter (ZSI). The main circuit and its 

operating principle have been described in [80].  

In the traditional 3-phase voltage source inverter (VSI), the shoot through states in 

which both switches in a leg are in the on state, are strongly forbidden. However, miss-

gating from EMI can cause shoot-through that leads to destruction of the inverter. The 

dead time that is needed to avoid shoot-through which creates distortion and unstable 

operation at low speeds. However, in the case of z-source inverter, in addition to the 

eight vectors of traditional VSI, one more vector is defined which is called as “shoot 

through zero vector”. The z-source inverter makes use of this vector to boost the DC link 

voltage without using a boost DC/DC converter. Moreover, it reduces harmonic current 

[82]. To utilize these advantages, ZSI was applied to the adjustable speed drives, fuel 

cell applications, UPS systems [78, 79, 82- 84]. 

Figure 6.1 shows the general structure of the VSI based Z-source inverter. Although 

DC/AC conversion is the most common application of the Z-source topology, it can also 

be applied to AC/DC and AC/AC power conversions [85-86]. The X shape impedance is 

the Z-source network which is composed of two inductors and two capacitors to provide 

a coupling between the DC source and the inverter bridge. 



 

68 
 

 

Figure 6.1. Block diagram of VSI based Z-source inverter 

6.1 Steady State Circuit Analysis 

The ZSI has two operating modes: non-shoot through mode and shoot through mode. To 

perform the circuit analysis of ZSI, the equivalent circuit models belonging to these 

modes are constituted by looking from the dc link side in Figure 6.1. Figure 6.2(a) 

shows the equivalent circuit of ZSI in non-shoot through mode, while Figure 6.2(b) 

shows the equivalent circuit in shoot through mode [80]. As can be seen from these 

figures, in the shoot-through state, the Z-source network is shorted and in the active 

state, the Z-source network sees the load voltage. 

 

(a) 

 

(b) 

Figure 6.2. Equivalent circuits of ZSI: (a) Non–shoot-through mode (b) Shoot- through 

model 
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For simplicity, the inductors L1and L2 and capacitors C1 and C2 are assumed as to have 

the same inductance L and capacitance C, respectively [80]. As a result of this 

assumption, the Z-source topology becomes symmetrical giving rise to the following 

equation (6.1). 

CCC VVV == 21     LLL vvv == 21           (6.1) 

The inverter bridge is assumed in the shoot-through mode for an interval of Tsh and in 

the non- shoot-through mode for an interval of Tnsh during the switching period of Ts. 

nshshs TTT +=               (6.2) 

Mode 1: shoot through mode 

In mode 1, the energy transferred from source to load equals to zero. From Figure 6.2(b), 

the inductor voltage and the input voltage of the inverter can be written as: 

CL Vv =   CDC VV 2=    0=iv           (6.3) 

Mode 2: non-shoot through mode 

In mode 2, real energy transfers between the source and load. From Figure 6.2(a), the 

inductor voltage and the input voltage of the inverter can be written in (6.4). 

CDCL VVv −=   DCCLci VVvVv −=−= 2          (6.4) 

Since the average voltage of the inductors over one switching period should be zero in 

steady state, the inductor and capacitor voltages are derived as in (6.5) and (6.6), 

respectively. 

0
)(

0
=

−+
=∫==

s

CDCnshCsh
LLL T

VVTVT
dtvvV           (6.5) 

DC
shs

shs
C V

TT

TT
V

2−
−

=               (6.6) 

As can be understood from equation (6.6), the steady state capacitor voltage is only 

dependent on the shoot through time. However, the relationship between them is not 

linear as shown in Figure 6.3. This nonlinearity may deteriorate the transient response of 

capacitor voltage especially when the shoot through time duty ratio is bigger than 0.4. 
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Figure 6.3. Relationship between the capacitor voltage and shoot through time 

Similarly, the average dc link voltage across the three phase inverter can be found by 

(6.7). The average of the dc link voltage is equal to the capacitor voltage. 

CDC
shs

shs

s

DCCnshsh
iii VV

TT

TT

T

VVTT
dtvvV =

−
−

=
−+

=∫==
2

)2(0

0
        (6.7) 

It can be understood from (6.3) and (6.4), the dc-link voltage of the inverter has a 

pulsating nature. The peak value of the pulsating dc-link voltage is expressed in (6.4) 

and it can be rewritten in steady state as given by (6.8). 

DCDC
shs

s
LCi VBV

TT

T
vVv .

2
=

−
=−=)             (6.8) 

Notice that, the boost factor denoted by B in equation (6.8) is always bigger than 1 and 

can take any value between one and infinity. 

6.2 Improved Z-Source Converter 

In traditional type of Z-source inverter, at start-up, the capacitors are charged to half of 

the input dc voltage over the free-wheeling diodes or snubbers of IGBTs immediately. 

This phenomenon results in surge current and voltage in the filter inductors as shown in 

Figure 6.4 by using Matlab/Simulink. 
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Figure 6.4. Current and voltage waveforms of an inductor with traditional topology 

These problems can be overcome using series ZSI which is proposed in [91]. The 

modified topology is given in Figure 6.5 in which the X-shaped LC network is 

connected in series with dc voltage supply and the three-phase inverter.  

 

Figure 6.5. Improved Z-source inverter [91] 

With the modified topology, the surge current through the filter inductor is obtained by 

using Matlab/Simulink as shown in Figure 6.6. Obviously, it is considerably smaller 

than the one with the traditional topology.  
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Figure 6.6. Current and voltage waveforms of an inductor with modified topology 

In principle, the improved Z-source inverter has also two operation modes; the non-

shoot through mode and the shoot-through mode as shown in Figure 6.7. 

 

Figure 6.7. Equivalent circuit of improved Z-source inverter [91] 
(a) shoot-through mode. (b) non-shoot-through mode. 

In the shoot through mode, the diode is open circuited, the inductors are charged and the 

capacitors are discharged.  
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DCCL VVv +=       LC ii =    Lin ii 2=     0=iv                                                                  (6.9) 

When in the non-shoot through mode, the energy is transferred between the dc supply 

and the load, the inductors are discharged and the capacitors are charged. 

CL Vv −=       CDCLDCi VVvVv 22 +=−=                                                                     (6.10) 

Assuming sinusoidal steady state conditions, the inductor and capacitor voltages are 

derived as in (6.11) and (6.12), respectively. 

0
)()(

0

=−++=== ∫
s

CnshDCCsh
LLL T

VTVVT
dtvvV                  (6.11) 

DC
shs

sh
C V

TT

T
V

2−
=                     (6.12) 

As can be understood from equation (6.12), the steady state capacitor voltage is less than 

the the capacitor voltage with the traditional ZSI. Furthermore, it is zero when the shoot 

through time is zero. Figure 6.8 shows the ratio of the capacitor voltage to the dc supply 

voltage with respect to the shoot through duty ratio for both topologies.  

 

Figure 6.8. The ratio of the capacitor voltage to the dc supply voltage with respect to the 
shoot through duty ratio for both topologies 

With the improved topology, the capacitor voltage stress is less than the traditional one 

as expected. Notice that, the boost factor denoted by B in equation (6.13) is always 

bigger than 1 as in the case of traditional topology. 
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DCDC
shs

s
CDCi VBV

TT

T
VVv .

2
2 =

−
=+=)

                              (6.13) 

The modulation scheme and the voltage boost capability are the same with the 

traditional topology but with reduced cost due to low voltage stress on the capacitors and 

lower inrush current. 

6.3 State-Space Model of Improved ZSI 

A state –space averaging technique is widely used in modeling of power converters. 

Since power converters are high frequency switching circuits, in a well-designed 

converter operating in Continuous Conduction Mode (CCM), the switching ripple is low 

and the switching frequency is much higher than the natural frequencies of the 

converter.  

Hence, a possible simplification of a power converter model could be obtained by 

ignoring the switching ripple and averaging the circuit waveforms over the switching 

period. 

For a z-source inverter operating in a continuous conduction mode, there are two circuit 

states one state corresponds to a shoot-through state and the other one to non-soot 

through state. During each state, the linear circuit is described by means of a state vector 

consisting of the inductor current and the capacitor voltage. Equations (6.14) and (6.15) 

constitute the state space model of the improved z-source inverter. 
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Using the state space model, the model can be averaged over the switching cycle 

provided that the natural frequencies of the converter are much slower than the 

switching frequency. This is called the state space averaging and the results of it are the 

state space equations of the equilibrium (or steady state) and the AC small signal model 

[92]. The state space averaged model that describes the converter in equilibrium is given 

in (6.16). 

BUXA +=0
                                 (6.16) 

where the averaged matrices are 
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The equilibrium dc components are X:equilibrium (dc) state vector, U: equilibrium (dc) 

input vector. Solution for X=-A-1BU is given in (6.18). 
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6.4 Dimensioning of Capacitors and Inductors  

During the design of the z-source inverter, the determination of the inductance and 

capacitance values are challenging. These values should be determined according to the 

selected boost factor. 

The purpose of the inductors is to limit current ripple through the system. During shoot-

through mode, the inductor current increases during non-shoot through period it 

decreases. The average current through the inductor can be defined in terms of total 

power P and the input dc voltage as shown by (6.19). 

DC
aveL V

S
I =,

                                  
(6.19) 

For an 10KVA system with 350V input dc, the average current is about 30A. The 

maximum current through the inductor is maximum at shoot through. In the design 

procedure, 30% peak to peak current ripple through the inductors was chosen. Therefore, 

the allowed ripple current (∆iL) is 9A, the maximum current through the inductor is 

about 35A. 

Assuming the capacitance value as high enough to keep VC as constant during changing 

states, the inductor value can be expressed by (6.20) in non-shoot through state in which 

the inductor current decreases and by (6.21) in shoot through state in which the inductor 

current increases. 

L

Csh
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−= )1(

                                   
(6.20) 
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DCCsh

if

VVD
L

∆⋅
+= )(

                       
(6.21) 
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C V

D

D
V

21−
=  

 

(6.20) and (6.21) show that the current ripple is the same for both state.
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With ZSI operating at 15kHz with 0.23 shoot through mode duty ratio and 350V dc 

input voltage, to keep the ripple less than 9A , the required inductance should be no less 

than (6.22). 

mH
ifD

VDD
L

Lsh

DCshsh 85.0
)21(

)1( =
∆⋅⋅−

⋅−≥
                               

(6.22) 

where f is the operating frequency of the ZSI. 

The main purpose of the capacitors in the z-link is to limit voltage ripple and also absorb 

the current ripple. The voltage ripple across the capacitor can be roughly calculated by 

using (6.23). 

C

It
V aveL

C
,⋅∆

=∆
                                             (6.23) 

where ∆t is the shoot period.  

To limit the capacitor voltage ripple to 3% at peak power, the minimum value of the 

required capacitance is given by  

(6.24). 

uFC 103
%315015000

23.030
=

⋅⋅
⋅

≥
                                (6.24)

 

6.5 Modulation of the Z-Source Inverter 

Although other than space vector pulse-width modulation (SVPWM) techniques like 

sinusoidal PWM, hysteresis based modulation can be used to realize the z-source 

inverter modulation [87, 88], in the thesis, SVPWM is preferred because of lower 

harmonic content and more efficient use of supply voltage [89]. 

As mentioned in section 3.1, the eight inverter switching vectors, six of them called 

active vectors and rest of two zero vectors, are used in SVPWM. The objective of 

SVPWM is to approximate the reference voltage vector by a combination of these eight 

vectors.  
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To implement a SVPWM, first, the desired three phase voltages at the output of the 

inverter in the abc reference frame is transformed into a vector in the stationary d-q 

frame. In this way, it could be represented by an equivalent vector refV
r

. The mean 

desired reference voltage vector that is defined over a sufficiently small switching period 

can be considered approximately constant during the switching period (TS) [89]. If this 

reference vector is defined between the vectors of Vk and Vk+1, the reference vector can 

be written in terms of these vectors and the zero vectors as given in (6.25) [89]. 

 

Figure 6.9. Decomposition of the reference voltage for sector k 
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210
S

kk

T
TTT =++ +  

where kT denotes half the on-time of vector 
→

kV and 0T is half the zero-state time. 

Since 
→

7V and 
→

8V are equal to zero, 
→

refV is assumed constant and 
→

kV , 
→

+1kV are 

characteristically constant vectors, ( 6.25) takes the following form: 
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Splitting this vectorial equation (6.26) into its real and imaginary components, (6.27) is 

obtained. 
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By using (6.27), each switching time interval calculated as follows: 
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Based on the above conventional SVPWM technique for traditional VSI, a shoot through 

duration should be added for ZSI. Figure 6.10 shows SVPWM patterns for both 

conventional VSI and ZSI, respectively [84].  

 

Figure 6.10. SVPWM implementation for VSI and ZSI for sector 1 [84] 
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As can be seen from Figure 6.5, these shoot through states are evenly and symmetrically 

located in each phase, without changing active state times Tk and Tk+1. The zero vector 

time limits the shoot through state time. Even if the dc link voltage can be controlled by 

adjusting shoot through time, the maximum shoot through time is restricted by zero 

vector duration depending upon the modulation index. 

6.6 Matlab/Simulink Modelling of SVPWM for ZSI  

The block diagram of the developed model of SVPWM for ZSI is given in Figure 6.11. 

 

Figure 6.11. Block diagram of the developed SVPWM for ZSI 

Modelling of the SVPWM technique involves three main stages: 

� Determining the sector of reference space vector:  

 

Figure 6.12. Modelling of the space vector sector determination 
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One of the features of the modelling shown in Figure 6.7 is the ease of sector 

determination which is determined by two sign check and one comparison, Vα 
?

≥0, Vβ 
?

≥

0 and βα VV
?

3 ≤ . The obtained numerical values are stored in look-up table to find the 

sector number. 

� Calculating the time intervals: 

By using (6.28), the necessary time intervals are calculated as shown in Figure 6.13. The 

detection of a reference vector outside the hexagon is also done by checking the sum of 

Tk and Tk+1. If the sum is greater than the half of the switching period then the reference 

vector must be scaled back to fit within the hexagon. 

 

Figure 6.13. Modeling of finding time intervals 
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� Switching pattern generator: 

The switching pattern of SVPWM of ZSI is generated by using the Table 6.1 [84]. Note 

that, when the shoot through time duration (Tsh) is equal to zero, the switching time 

durations are the same as that for the traditional VSI.  

Table 6.1. Switching time durations in each sector 

Sector S1, S3, S5 S2, S4, S6 
1 S1=T1+T2+ Tsh +T0/2  

S3= T2+ T0/2 
S5= T0/2-Tsh 

S4= T0/2 
S6=T1+ Tsh+T0/2 
S2=T1+T2+2Tsh+ T0/2 

2 S1= T2+T0/2 
S3= T2+T3+Tsh+ T0/2 
S5= T0/2-Tsh 

S4= T3+Tsh+T0/2 
S6= T0/2 
S2=T2+T3+2Tsh+ T0/2 

3 S1= T0/2-Tsh  
S3= T3+T4+Tsh+ T0/2 
S5= T3+T0/2 

S4= T3+T4+2Tsh+ T0/2 
S6= T0/2 
S2=T3+Tsh+ T0/2 

4 S1= T0/2-Tsh  
S3= T4+ T0/2 
S5= T4+T5+Tsh+T0/2 

S4= T4+T5+2Tsh+ T0/2 
S6= T5+Tsh+T0/2 
S2= T0/2 

5 S1= T6+T0/2  
S3= T0/2-Tsh 
S5= T5+T6+Tsh+T0/2 

S4= T5+Tsh+ T0/2 
S6= T5+T6+2Tsh+T0/2 
S2= T0/2 

6 S1= T6+T1+Tsh+ T0/2  
S3= T0/2-Tsh 
S5= T6+T0/2 

S4= T0/2 
S6 = T6+T1+2Tsh+T0/2 
S2= T1+Tsh+T0/2 

 

The developed model for this part is given in Figure 6.14. 

 

 

Figure 6.14. PWM generation 



 

 

6.7 Simulation Results

In order to verify the boosting performance of the ZSI, simulation study using 

Matlab/Simulink is carried out. The applied control method is based on measuring the 

capacitor voltage which equals to the average value of the inverter input voltage, and 

from this measurement estimation of the necessary boost ratio [90]. The simulated 

system consists of a dc voltage source, a diode, three

as shown in Figure 6.15 and the system parameters are given in Table 6.2. 

Figure 6.15. 
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6.7 Simulation Results 

In order to verify the boosting performance of the ZSI, simulation study using 

Matlab/Simulink is carried out. The applied control method is based on measuring the 

capacitor voltage which equals to the average value of the inverter input voltage, and 

this measurement estimation of the necessary boost ratio [90]. The simulated 

system consists of a dc voltage source, a diode, three-phase z-source inverter and a LIM 

as shown in Figure 6.15 and the system parameters are given in Table 6.2. 

Figure 6.15. Matlab/Simulink block diagram for voltage control of ZSI

Table 6.2. System parameters for simulation

DC supply voltage 400V 

L1=L2 3mH 

C1=C2 2250µF 

Reference peak output voltage 120V 

Sampling period 1ms 

In order to verify the boosting performance of the ZSI, simulation study using 

Matlab/Simulink is carried out. The applied control method is based on measuring the 

capacitor voltage which equals to the average value of the inverter input voltage, and 

this measurement estimation of the necessary boost ratio [90]. The simulated 

source inverter and a LIM 

as shown in Figure 6.15 and the system parameters are given in Table 6.2.  

 

Matlab/Simulink block diagram for voltage control of ZSI 

Table 6.2. System parameters for simulation 
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During simulation, a ramp change of capacitor voltage command is applied starting at 

0.55 second from 400V to end with 700V at 0.7second. Figure 6.16 shows the transient 

response of the capacitor voltage with %57 boosting operation. The capacitor voltage 

finally reaches its desired boost value after 0.1 sec delay. 

 

Figure 6.16. Capacitor voltage versus time 

Figure 6.16 shows the transient response of the ac peak output voltage magnitude. It 

follows its reference value of 120V. 

 

Figure 6.17. Peak phase voltage versus time 
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To achieve the necessary voltage boost level, the maximum shoot-through time is 

increased gradually starting from 0.55 sec. to 0.7 sec. As can be seen from Figure 6.18, 

after 0.8 sec. the maximum of the shoot through duty ratio is kept constant since 

reference capacitor voltage is kept constant after that period. 

 
 

Figure 6.18. Shoot through duty ratio 

Figure 6.19 shows the PWM signals of six power switches while boosting the dc link 

voltage. 

 

Figure 6.19. Six PWM signal during shoot-through state 
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The simulation result related to the phase A inverter current is shown in Figure 6.20. It 

suffers from switching ripples due to low switching frequency selection during 

simulation study. They are suppressed by selecting a switching frequency above 15 kHz 

and well designed inverter output filter. 

 

Figure 6.20. Phase A inverter current together with its fundamental part 
 

Figure 6.21 shows the line-to-line voltage of the inverter and its fundamental component 

during normal duration. Notice that, the peak value of the fundamental part of the line-

line voltage is square root three times of the defined reference voltage of 120V. Also the 

peak value of the line-line voltage is equal to dc link voltage of 400V. 

Similarly, Figure 6.22 shows the the line-to-line voltage of the inverter and its 

fundamental component during boosting period. Again the peak value of the 

fundamental part of the line-line voltage is 207V as expected. However, the peak value 

of the line-line voltage swings between ±1000V. It is because of the pulsating nature of 

the input voltage of the z-source inverter satisfied by equations (6.4) and (6.5). 
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Figure 6.21. VAB line-to-line voltage  
 

 

Figure 6.22. VAB line-to-line voltage during voltage boosting stage 
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The simulated ZSI control system follows the imposed references with acceptable 

performance. After doing the necessary design modifications like z-source component 

selections, suppressing the switching ripples and limiting ac voltage distortions, it is 

applied in V/Hz control of LIM using a DSP system. 

6.8 Summary 

This chapter is related with mathematical analysis and simulation of the z-source 

inverter. First, a brief introduction for the z-source inverter is given. Then, the steady 

state relations are derived and boost factor is given based on the simplified circuit of the 

z-source inverter. Next, the z-source inverter is compared to its series connected 

modified version. The dimensioning of the inductance and capacitance values are 

mentioned. Then, a modified space vector modulation technique and the related 

Matlab/Simulink model are explained. In modelling, the shoot-through states are 

distributed among the traditional space vector modulation pattern in such a way that the 

active states are kept the same. Following that, the simulation results obtained with z-

source inverter based LIM are presented. The simulation results verified that the dc link 

voltage can be boosted to any value irrespective of input voltage by changing the shoot-

through period of z-source inverter. It is concluded that the LIM drive is suitable for this 

topology as a step up converter in the dc link which converts the input dc voltage to a 

higher output dc voltage for three phase inverter bridge. 
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CHAPTER 7 

INTRODUCTION TO LIM DRIVE HARDWARE 

LIM drive hardware is formed by two main parts: power circuit part and interface 

circuits part. The interface section contains all the low voltage, high speed logic and 

signal conversion electronics, whereas the power section includes the high voltage and 

high current power semiconductors. The overall schematic diagram of the experimental 

set-up is given in Figure 7.1. 

 

Figure 7.1. System block diagram of the experimental set-up 

The interface circuit part involves the voltage and current measurement circuits, 

input/output optocoupler isolation circuits, gate driver circuits, fault detection circuits 

and digital signal processor (DSP). The power circuit part is composed of ac reactor, 

rectifier, its filter unit, the IGBT inverter and its snubber circuit. 

The interface circuits communicate with the power circuit by the signals flowing 

between them through DSP.  
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7.1 Power Circuit Part 

The power circuit part can be divided into five main groups: 

• Mains choke  

• Three-phase rectifier 

• Dc link inrush limiter, dc link filter 

• Three-phase inverter & snubber. 

The overall power circuit diagram is given in Figure 7.2. From left to right, the AC line 

choke, the three-phase bridge rectifier, the dc link which is composed of the pre-charge 

resistance, inductance and capacitors, and the inverter which is composed of six IGBTs 

with diodes are shown. 

 

Figure 7.2. Power circuit diagram with snubber 

The mains choke also called line reactor is connected in series to the mains side. It limits 

any current peaks caused by surge currents or switching operations. It also reduces the 

harmonics and increases the lifespan of the DC link capacitors hence the lifespan of the 

inverter. Since 3% line reactor is enough to provide line buffering [93], the 

commercially available the line reactor of 1.85 mH is chosen in reference to (7.1). 
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In order to obtain DC link voltage level for the inverter, three phase line voltage, 380 

Vrms is converted to DC by using standard 3-phase uncontrolled bridge rectifier with 

filter capacitor and inductor to eliminate its voltage and current ripples.  

The mean voltage on the DC bus is 1.654 times the mains phase peak voltage. 

Therefore, a diode bridge rectifier will produce mean 514V DC bus voltage when the 

input AC line to line voltage is 380V. Uncontrolled bridge rectifier used in the power 

circuit of LIM drive is selected as SKD 160/12 of the Semikron Semiconductors having 

a rating of 1200 V, 160 A. The voltage range is chosen well above the maximum dc link 

voltage, since the voltage across this device during turn-off will be much higher than the 

DC bus voltage due to stray inductances in the circuit. This design point is specified in 

[93] as “..Under worst case conditions, the amplitude of the reflected voltage pulse can 

be 2 to 2.5 times the inverter DC bus voltage”. 

Before the filter unit, charging resistor should be inserted between the rectifier output 

and the capacitor to limit the inrush current when power is first applied [69, 94-95]. 

When power is switched on for the first time, the energy storage capacitors are initially 

fully discharged; it is practically a short circuit. Without using a current limiting circuit, 

the storage capacitors will draw a large amount of charging current from source which in 

turn may give harm to the rectifier.  

There are two main approaches to solve the problem of inrush current: 

• Using pre-charge resistors, with a bypass contactor, either on AC side or DC side 

of the AC/DC rectifier bridge 

• Preferring a controlled AC/DC bridge rectifier instead of an uncontrolled ones 
[94]. 

The first method, shown in Figure 7.2, is the most common and the practical method. 

The resistor used to prevent the inrush current at starting is specified at the worst case 

conditions. The worst case occurs when the rectifier is connected to the supply at its 

maximum voltage. The worst-case inrush current can be estimated from (7.2) [95]. 

ESR

m
inrush RR

V
I

+
=

sec

             (7.2) 
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where Rsec is the equivalent resistance looking from the transformer secondary and RESR 

is the equivalent series resistance (ESR) of the filtering capacitor.  

The Maximum Allowable Surge Current (IFSM) rating of the employed diodes is 1600A 

for an interval of 10ms. IFSM rating of the employed diodes must be higher than the 

inrush current. Assuming the ESR of filtering capacitor as zero, minimum 0.6 Ω Rinrush 

resistor should be added for controlling inrush current.  

The LC filter which is used after the rectifier was designed in order to minimize the 

ripple on DC link. Harmonic representation of rectifier with LC filter is given in Figure 

7.3 where Vn(nω) is a harmonic voltage source and n is the harmonic order of the 

rectifier output voltage at the filter terminals [95]. 

 

Figure 7.3. Harmonic representation of rectifier with LC filter [95] 

The dominant output voltage harmonic number is 6 for three-phase bridge rectifier [95]. 

For good filtering, the impedance of the load should be larger in comparison to the 

impedance offered by the filter capacitor to the 6-th harmonic voltage harmonic. The 

equation using this assumption is given in (7.3). 

22 )6(6
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C f

+
=              (7.3) 

Using the voltage divider rule, the rms value of the 6-th harmonic voltage across the 

load is given by (7.4). 
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where RF is the ripple factor, 







=

35

2

2
654.1 )(

6
phasepeakV

V  is the dominant output 

harmonic voltage rms value and ( ))(654.1 phasepeakDC VV =  is the output voltage mean 

value. 

Assuming RF as 0.05, it is reasonable to use 1mH inductor and two capacitors connected 

in series each has a rating of 4700 µF, 600 V to eliminate voltage/current ripples in DC 

link. In addition, a resistor of 47 kΩ, 15W is connected across each capacitor to balance 

the voltage on them. The lower the value of the sharing resistor is the better the sharing 

and the smaller the discharging time of capacitors will be, but this will also increase 

drive losses. 

The three phase inverter was designed to drive a 7kW linear induction motor with 535V 

DC link voltage. Hence the maximum peak line to line voltage achievable is 535V. 

Assuming motor power factor is as 0.5, the peak current is calculated in (7.5). 

WxxIVx linermslinelinerms 70005.03 )()( =−  

VV linelinerms 378
2

535
)( ==−  

AI rmsline 5.21)( =  

AI peakline 30)( =               (7.5) 

In the design, the considered maximum current value that IGBT can carry is about 30 A 

(peak). However, the current rating was selected as 60 A because of the consideration of 

100 % safety margin. This margin has been selected for considering thermal safety.  

During switching of IGBTs, the stray inductances and capacitances in the circuit may 

cause resonances. These resonances can cause up to 100 % voltage overshoots during 

the worst case condition. Therefore, it is wise to select IGBT voltage ratings as 1200V. 

According to mentioned demands, the co-pack IGBT with an ultra fast soft recovery 

diode IRGPS60B120KD is used to build the inverter. The voltage rating of this IGBT is 

at 1200V, while the switching frequency is up to 40 kHz.  
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Snubber circuit design is very important in drive system, especially for applications of 

high current and high stray inductances. When an IGBT is suddenly turned off, trapped 

energy in the stray inductance of the circuit is dissipated in the IGBT causing voltage 

overshoot across the switch. The magnitude of overvoltage transient is proportional to 

the value of the main circuit stray inductance and the rate of fall of turn-off current of 

IGBT. The situation gets worse for higher switching speed of IGBT. Snubber circuits 

can be used to protect fast switching IGBT’s from the overvoltage transients. They are 

available in various configurations, RC snubber circuit, RCD charge-discharge snubber 

circuit, RCD-clamp snubber circuit as shown in Figure 7.4.a, Figure 7.4.b and Figure 

7.4.c, respectively [95].  

 

a) RC snubber circuit                   b) Charge and discharge  c) Discharge suppressing 
RCD snubber circuit       RCD snubber 
circuit 

Figure 7.4. Snubber circuits [96] 

In the developed prototype inverter, RCD-clamp snubber circuit is used since it is more 

suitable in high current applications [97]. At turn-off, the snubber diode is forward 

biased and the snubber is activated. The energy stored in stray inductance is absorbed by 

the snubber capacitor. The diode block oscillations and the snubber resistor consume the 

energy of the snubber capacitor. During turn-on the snubber capacitors are fully charged 

to the dc bus voltage. Their discharge path is provided through the free-wheeling diode, 

IGBT and the snubber resistor. 
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Care should be taken to choose the appropriate value of R and C to optimize the snubber 

performance. Normally, the calculation of R and C should be based on the property of 

the physical circuit. The energy stored in the stray inductance should be absorbed in the 

snubber capacitor by (7.6).  

2
s

2
stray vC

2

1
iL

2

1 ≤               (7.6) 

The snubber capacitor computation was based on an initial estimation value of circuit 

stray inductance as 250nH, an acceptable overvoltage fluctuation as 22V, peak current 

as 30A as shown in (7.7). 

FI
L

C pV

stray
s

dc

µ47.0
22

30.10.250
2

29
2

2 ≈==
−

∆
           (7.7) 

As Cs larger, the peak power and the switching loss will be lower. However, larger Cs 

causes greater loss on the snubber resistor, since the energy stored in the snubber 

capacitor should be discharged over a snubber resistor. Another criterion is the time 

constant produced by the snubber capacitor with the snubber resistor. The RC time 

constant of the snubber should be small compared to the switching period but long 

compared to the voltage rise time. Given the time constant of the snubber is equal to 

(RsxCs ) and the initial capacitor voltage is equal to Vdc, the voltage must fall to 0.1V dc 

within the time period ton [97] as shown in (7.8). 

sson CR3.2t >                (7.8) 

RC time constant should be at least 1/3 of the switching cycle (τ =T/ 3 =1/3f). A smaller 

value of the resistance requires a higher withstanding power but serves a faster discharge 

and a more effective snubber. If the snubber resistor is chosen as too low, the snubber 

circuit current will oscillate and the peak current of IGBT at turn-off will increase. Rs 

calculation is given in (7.9). 

ohm47
f.C.6

1
R

sws
s ==               (7.9) 

where fsw=20kHz and Cs=470nF 
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Irrespective of the resistance, the power dissipation loss PRS is calculated as follows. 

W25.210.20.30.10.250
2

1
fLI

2

1
P 329

sw
2

pRs === −        (7.10) 

The designed snubber circuit schematic is given in Figure 7.5. 

 

Figure 7.5. The designed snubber circuit 

The chosen snubber diode has a low transient forward voltage, short reverse recovery 

time and a soft recovery. 

The leads in the DC-link between the input filter capacitor and the power semiconductor 

devices have stray inductances. These inductances may cause voltage spikes on the 

power semiconductors and huge peak output currents especially at turn-off of IGBTs. To 

reduce this stray inductance, connections between the inverter and the dc link should be 

as close as possible. 
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7.2 Interface Circuits Part 

The main purpose of the interface circuits is to produce the gate signals (PWM) which 

are required for controlling IGBTs in the power circuit. The main part of interface 

circuits is the software which is embedded into the DSP microcontroller. The interface 

part of LIM drive follows the primary currents and voltages of LIM, dc link voltages and 

currents, fault signals from protection cards and finally motor speed continuously. 

It is developed in six main stages as given in the following: 

• Measurement and signal conditioning circuits, 

• Fault detection circuits, 

• Gate drive circuit,  

• Input/output opto-coupler isolation circuits, 

• Power supply circuits.  

• DSP board, using TMS320F2812 DSP Controller,  

• Embedded control software running on TMS320F2812 DSP controller, using 

code composer studio. 

7.2.1 Measurement and signal conditioning circuit 

The high accuracy current and voltage measurement has primary importance for 

acceptable performance of the drive control system. However, the sensing techniques 

not only pick up the measurements but also the noise of the power system. Therefore, 

proper signal conditioning techniques must be applied to alleviate the noise and high 

frequency interference inherent in raw measurements. Signal conditioning is further 

necessary for filtering non-electrical signals coming from the environment, mainly 

switching action of IGBTs in the sensed current and voltage signals as mentioned 

before. 

Furthermore, since the voltage range of the analog-to-digital converters in ezDSP 

TMS320F2812 is between 0 to 3 V, signal scaling and shifting circuit is also necessary.  

According to the Nyquist’s Sampling Theorem, in order to obtain a correct and unique 

digital representation of sampled signals, the maximum frequency of the analog signal 
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must be less than half of the sampling rate. Failure to satisfy this requirement will result 

in aliasing of higher frequency components, meaning that these components will appear 

to have frequencies lower than their true values. Therefore, it is necessary to pass the 

signal of interest through a proper low-pass filter which is tuned for a cut-off around 

maximum half of the sampling frequency. This operation eliminates the signal aliasing 

phenomenon. For getting more signal information, a wider bandwidth of anti-aliasing 

filter is preferred. These filters are placed at the beginning of the signal conditioning 

board. 

In the developed hardware set-up, the analog voltage and current signals measurement 

circuits were developed. Each circuit has an anti-aliasing filter. In the following sections, 

the hardware platforms for the current and voltage measurements are described. 

7.2.1.1 Current measurement circuit 

Three techniques are used commonly for current sensing: shunt resistors, current 

transformers and Hall Effect sensors. The considered criterions for choosing current 

sensor should be galvanic isolation, accuracy, ease of implementation and robustness 

[98]. 

Shunt resistor is a small value resistor inserted in series with the specified current loop. 

Since the load current flows through the resistor, according to the ohm’s law, a voltage 

drop proportional to the current value will be generated. Given the resistance known, 

after we measure the voltage drop, we can get the sensed current value. The merits of 

shunt resistor are simple structure and low cost. But it suffers from the absence of 

galvanic isolation. Moreover, the current shunt resistor produces small voltages. It 

always needs an amplifier to magnify this voltage signal, which makes this technique 

more complicated.  

Current transformers are relatively simple to implement. The primary current will 

generate a magnetic field that is coupled into a secondary coil by Faraday’s Law. The 

magnitude of the secondary current is proportional to the number of turns in the coil, 

which is typically as high as >1000 A. The secondary current is then sensed through a 

sense resistor to convert the output into a voltage. However, in reality, a part of primary 
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current is used to magnetize the core. Thus less than the actual primary ampere-turns are 

to be transformed into the secondary ampere-turns. This introduces an error especially in 

the measurement of small current since a relatively large part of the current is utilized 

for magnetization. However, it is appropriate for large current application.  

Another popular technology used in current measurement is the Hall-effect sensor. The 

current flowing through a semi-conductor material establishes a magnetic field in a 

plane perpendicular to the current, which forces the moving carriers to crowd to one side 

of the conductor. As a result of this crowding, a Hall voltage will develop perpendicular 

to both the current and the magnetic field. The main advantage of the closed-loop 

method is high accuracy and repeatability over a large signal range [94]. 

 

Figure 7.6. Principle of the LEM Hall effect current sensor [95] 

These models also have significant power supply requirements, as the secondary 

winding current will be related to the maximum primary current times the turns ratio. 

The LEM usually requires a DC power supply of about 15 V DC in order to achieve a 

high rate of change of current in the secondary winding. This high di/dt is also necessary 

to maintain high bandwidth. 

Among three of the current measurement methods, Hall sensor has a relatively high 

performance. It can provide galvanic isolation, high accuracy and ease of use.  

In the thesis, Hall Effect sensors LA 100-P is selected for current sensing. These sensors 

are capable of sensing AC, DC and mixed current waveforms. The output of these 
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sensors is between 0-5V and unipolar. The specifications of LA 100-P and its 

connection diagram is given in Table 7.1 and Figure 7.7, respectively. 

 

Figure 7.7. Connection diagram of current sensing circuit 
 

Table 7.1. Specifications of the current sensor 

Current Sensor LEM LA 100-P 

Primary nominal rms current 100A 

Primary current measuring range ±150A 

Secondary nominal rms current 50mA 

Conversion ratio 1:2000 

Design temperature 85° 

Supply voltage  ±15V 

Measuring resistance (max) 102Ω 

The output voltage of the Hall effect current sensor can be expressed by (7.11). 

Rm
N

N
iVm

2

1
1=              (7.11) 

where, i1 is the stator current, N1 is the external turns number, 1/N2 is the internal turn 

ratio and Rm is the external measuring resistance.  

The internal turn ratio for the chosen LEM is 1/2000 and the numbers of winding turns 

depend on the chosen LIM current range. In any case, to improve the sensitivity of the 

current measurement, a few numbers of turns should be passed through the Hall effect 

sensor, since its accuracy is maximum around the primary nominal current of the Hall 

sensor.  



 

101 
 

Concerning a maximum 25A LIM current flowing through the Hall Effect current 

sensor, four numbers of turns are to be passed through the Hall Effect sensor to improve 

the sensitivity of the current measurement. In this case, the induced secondary current is 

equal to 50mA. Then it passes through the variable resistor (Rm) of 100Ω and the output 

voltage is equal to ±5V which is the measure of the LIM current. 

Since the ADCs on the DSP board cannot sense the negative voltage and requires signal 

between 0-3V, the current sensors needs extra hardware. An offset voltage is added to 

the AC current signals to compensate the negative parts. Later, in the software, this 

amount is subtracted. Furthermore, the current signals must be normalized between the 

0-3V range using amplifiers before the ADCs. The zener diodes are also used to prevent 

burning the TMS320F2812 DSP in case of ripples in the current. All of these procedures 

are combined in the signal conditioning circuit before ADC unit of DSP in two parts: a 

filtering subcircuit and a shifting and scaling subcircuit. The shifting and scaling 

subcircuit scales the signals coming out of LEM unit into analog signals of level 0-3V 

which are required by the ADC unit of DSP. The antialiasing filter subcircuit buffers and 

filters the ADC from the sensing unit and minimizes the interaction between them.  

In the prototype study, the anti-aliasing filter is realized by using unity gain Sallen-Key 

type of second order low pass filter as recommended in [99]. The circuit diagram of this 

filter is given in Figure 7.8. 

 

Figure 7.8. 2-pole, unity gain, Sallen-Key type low-pass filter 

The operation of filter can be described in [99]. At low frequencies, where C1 and C2 

appear as open circuits, the signal is buffered to the output. At high frequencies, where 

C1 and C2 appear as short circuits, the signal is shunted to ground at the amplifier’s 

input, and the signal does not appear at Vo. Near the cut-off frequency, where the 
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impedance of C1 and C2 is on the same order as R1 and R2, positive feedback through 

C2 provides bandwidth enhancement of the signal. 

The overall current measurement and signal conditioning circuit design is shown in 

Figure 7.9. First, the current signals must be filtered from the noise of the power system. 

Then, the resulted signals are normalized between the ±1.5V range using amplifiers. 

Furthermore, an offset voltage of 1.5V is added to the AC current signals to compensate 

the negative parts. The zener diodes 1N4728A are used to prevent current ripple which 

is greater than 3V before the ADC inputs including 100Ω protection resistor. All of 

these procedures are combined in the signal conditioning circuit before ADC unit of 

DSP in two parts: an antialiasing filter and isolation subcircuit, a scaling and shifting 

subcircuit.  

The antialiasing filter component values will be calculated with using Texas Instruments 

FilterPro filter design program [100]. 

 

Figure 7.9. Current measurement circuit 

7.2.1.2 Voltage measurement circuit  

The dc link can be measured with a simple voltage divider but its accuracy may not be 

satisfactory. The voltage transducers also provide galvanic isolation between the high 
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voltage circuit and the low voltage measurement circuit. For this reason in order to get 

reliable voltage measurement results without any noise problems, LEM LV-25P voltage 

transducer will be used instead of a voltage divider as the sensing device in the study. 

The insulation property of the voltage sensor is quite sufficient to protect the digital 

circuit and low voltage analog circuit from high voltage part. The specifications of LV 

25-P and its connection diagram is given in Table 7.2 and Figure 7.10, respectively. 

Table 7.2. Specifications of the voltage sensor 

Voltage Sensor LEM LV 25-P 

Primary nominal rms current 10mA 

Primary current measuring range ±14mA 

Secondary nominal rms current 
25mA (max 

35mA) 

Conversion ratio 2500:1000 

Accuracy ± 0.8 % 

Supply voltage ±15V 

Measuring resistance (±14mA) 100-190Ω 

 

Figure 7.10. Connection diagram of voltage sensing circuit 

In the Figure 7.10, R1 is the resistance necessary to convert voltage signal to a current 

signal, Rm is the measurement resistance. +HT, -HT entries represent the difference of 

the tension, i.e. signal to be measured, terminals +and – are the supply voltages and Is is 

the current output signal proportional to the input signal. 

The input voltage range pf LV 25-P is defined as 10V to 500V. Conversion resistance 

R1 is calculated in (7.12) assuming maximum value of 400V for phase voltages of LIM. 

The chosen maximum primary current is 14mA. 
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mA

V
R

14
400

1 =               (7.12) 

Considering 25% variation in voltage and compliance with a commercial value, R1 is 

chosen as 47 kΩ. 

Rm can be calculated by using the max secondary current of 35mA and the output 

voltage value of ±5V as given by (7.13). 

mA

V
Rm 35

5=              (7.13) 

Rm is chosen as 150Ω which is compatible with the LV 25-P specification for 

measurement resistance range of 100-190 Ω. Remember that, the output voltage cannot 

be chosen as ±3V because of the ADC voltage specifications. Therefore, the usage of 

similar scaling and shifting circuit as in the current measurement is necessary before the 

ADC pins of TMS320F2812 DSP. The overall voltage measurement and signal 

conditioning circuit design is shown in Figure 7.11. 

 

Figure 7.11. Phase voltage measurement circuit 

7.2.1.3 DC link voltage measurement circuit 

Each of the dc link voltage on the terminals of z-shaped LC circuit is to be measured 

with respect to the negative dc link by using an isolated voltage amplifier. The isolated 

voltage amplifier chosen is HCPL-7800A which can measure the actual high voltage and 
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translate it into a low level signal. According to its datasheet, it requires two isolated 

+5V dc voltage supplies. 

The developed circuit is given in Figure 7.12. For proper operation of the HCPL-7800A, 

the input voltage of the isolation amplifier should be kept around 200mV range by using 

nine series connected 250mW resistors and one trimmer. Since the isolated amplifier has 

a gain of nearly eight, the output is about 1,6 V. In order to get a max 3V signal from the 

dc link, an additional gain stage is developed using an operational amplifier. 

 

Figure 7.12. DC link voltage measurement circuit 

The designed circuit was calibrated under between the 400V-800V dc voltage ranges. At 

first, the offset compensation was done. The dc terminals was shorted, the measured 

signal was adjusted to 0V by using 20kΩ trimmer. Then the short was removed and 

785V was applied to the dc link and by using 5kΩ pot, the voltage signal at the input of 

HCPL-7800A was adjusted as 200mV. 
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7.2.2 Gate Drive Circuit  

The gate drive circuit is the board between the PWM output isolation circuit and the 

inverter circuit. The main functions of this board are; 

• To provide isolation in transmitting the PWM signals from DSP to the gate of all 

IGBTs, 

• To change the level of PWM signals, provide high current, high voltage to turn 

on and off IGBTs quickly since PWM signals generated by DSP are at 3 V level,  

• To transmit error signals from inverter to DSP board; provide short circuit 

protection. 

Figure 7.13 illustrates a basic IGBT gate drive circuit, which converts PWM output 

signals into appropriate voltage and current that can drive the IGBTs reliably and 

efficiently. The conversion is performed by a pair of transistors connecting the IGBT’s 

gate to the appropriate Von and Voff voltages. For rapid turn-on and turn-off process, the 

applied voltages should be bipolar. The gate resistor is selected to generate a proper peak 

current for charging or discharging the IGBT’s gate.  

 

Figure 7.13. A basic date driver circuit  

Gate drive circuitry and IGBTs are the source of both radiated and conducted EMI noise 

[94, 101]. When the upper IGBTs are turning on, the whole gate drive makes a voltage 

swing of DC-link voltage in a few nanoseconds. Large dv/dt can create significant 

common-mode noise currents through the parasitic capacitive coupling paths, while di/dt 

creates noise through inductive coupling paths. Therefore, in order to minimize dv/dt 

and di/dt propagations, several design considerations have to be taken into account. 

Optocouplers that isolate gate-drives from DSP show great importance in reducing 
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common-mode noise. It will be a good design consideration to use of an optocoupler 

having a common mode rejection ratio of 15000 V/us. 

The designed gate drive circuit consists of two parts: The first stage consists of 6N137 

optocoupler and CD74HCT04E hex schmitt inverter. 6N137 optocoupler is used to 

provide electrical isolation between the interface circuit and the power circuit because of 

its high speed and high-common mode noise rejection. CD74HCT04E hex schmitt 

inverter strengthens the drive current. 

In the second part, the optical coupler Drive Circuit HCPL-316J is chosen as the driver 

of IGBT due to its functions, such as fast switch speed (500ns), optical isolation, the 

feedback of fault situation, wide operating voltage (15V-30V), automatic reset and 

automatic close down etc. In addition, it has a smaller footprint size than older drivers a 

16 pins surface-mount part. The chip takes logic-level switching signals, and outputs 

gate signals for the power electronics devices. 

According to the internal circuitry of HCPL-316J given in Appendix B, Vout is 

determined by VCC2 minus three diode drops. In this work, we set Vout = 18-(3x0,7) = 

15,9 V and VEE = -5 V. These voltages are used to drive the IGBTs. The gate drive 

circuit is developed according design hints given in its datasheet. The driver circuit 

receives the gating signals from the DSP through output isolation circuit. The gate 

signals are applied to its positive gate signal input pin. Therefore, IGBT turns on only 

when its positive pin is at logic high, and its negative pin at logic low. 

The collector-to-emitter voltage of the IGBT is monitored by DESAT pin of HCPL-316J 

and IGBT will be slowly turned-off if Vdesat exceeds a threshold of 7V. 

Correspondingly, a fault signal is propagated to the input side to notify the DSP for 

detected fault condition, as shown in Figure 7.14. This FAULT output remains low until 

the RESET is brought low. 
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Figure 7.14. Schematic of the gate driver 

The following steps are considered in IGBTs gate drive design: 

• Gate resistor-Rg 

The gate resistance has a significant effect on the dynamic performance of IGBTs. A 

smaller gate resistor charges and discharges the input capacitance of IGBT faster 

reducing switching times and losses. However, faster switching leads to higher di/dt, 

which leads to higher voltage spikes and oscillations on the DC bus as well as increased 

EMI contributions. A larger value of the gate resistance limits voltage transients and 

reduces the oscillation. Choosing a more accurate value is a trade off. From equation 

(7.14) the gate resistance value is estimated. 

( ) Ω25,10
0.2

15.1)5(18

I

1VVV
Rg

OLpeak

OLEE2CC =−−−−=
−−−

≥       (7.14) 

where VOL is low level output voltage at the peak current of 2.5A 

A larger gate drive resistor will reduce the di/dt of the inverter which in turn reduces the 

peak diode reverse recovery. However, this results in higher duty cycle loss because the 

device takes longer to turn on. More accurate resistance value is found by practical tests 

depending on the different switching frequency, switching time, slope of dv/dt and the 

parasitic components originating from the circuit layout. In the experimental study, 20Ω 

gate drive resistors are used. 

• Gate-Emitter resistor-Rge 

Rge of 10 kΩ is installed to prevent IGBT from being destroyed if gate circuit is bad or 

if the gate circuit is not operating and a voltage is applied to the power circuit.  
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• Gate-Emitter overvoltage protection 

The absolute maximum rating of gate-to-emitter voltage is given as ±20V for 

IRGPS60B120KD. Therefore zener diode protection is necessary in the case of a 

possibility that a voltage greater than ±20V is applied. 

• Isolated power supply 

The driver provides a bipolar output of +15/-5 V for rapid turn-on and turn-off of 

IGBTs. Since the potentials on the motor terminals of the inverter are floating relative 

the ground level, each of the upper side IGBTs need separate voltage supplies. For this 

reason the driver circuit card is be equipped with four dc power supply, three for upper 

side IGBTs and common for the lower ones.  

 

Figure 7.15.  Electrical isolation between the base drive circuitry and the logic level 
control circuitry  

• Printed circuit board consideration 

Special attention should be given to minimize the stray inductance in the drive circuit. If 

the wiring between the drive circuit and the IGBT is long, the IGBT may be in a 

malfunction due to gate signal oscillation or induced noise. Twisted wiring is used as 

shown in Figure 7.16 as recommended in [69, 101,102]. The gate wiring and IGBT 

control circuit wiring is separated from each other as much as possible. 

 

Figure 7.16.  Printed circuit board considerations in connecting gate drive circuit to 
IGBT 
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Figure 7.17. Layout of the overall gate driver circuit
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The designed schematic of the gate driver part is shown in Figure 7.17. Each IGBT has 

its own gate drive circuit which basically consists of a single chip HCPL

some external components. 

Figure 7.17. Layout of the overall gate driver circuit

rt is shown in Figure 7.17. Each IGBT has 

its own gate drive circuit which basically consists of a single chip HCPL-316J with 

Figure 7.17. Layout of the overall gate driver circuit 
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7.2.3 Protection circuits 

Three causes of damage to IGBTs are over current, over voltage and over temperature 

[103]. Therefore these three fault conditions should be monitored by using: 

• Over current detection circuit 

• Over voltage detection circuit 

• Over temperature detection circuit 

Over current and overvoltage detection circuits are used in order to detect over current 

and overvoltage in the three phases of the inverter and in the dc link. When a fault is 

detected, the priority is to turn off all of the switching devices. The second priority is to 

alert the DSP via the FAULT signal. The third priority is to indicate the fault by an LED 

indicator. 

The over current fault for the IGBTs are traced by the HCPL-316J driver by measuring 

the saturation voltage VCE(sat) of the IGBT. When VCE exceeds a predefined voltage 

an over current fault signal is indicated and a shutdown sequence is initiated by its soft 

turn-off property. 

7.2.3.1 Phase over current/ over voltage detection circuit 

The input signals for phase over current detection circuit originate from the output of 

current and voltage sensors. The developed circuit schematic is given in Figure 7.18. 

The amplifiers do the action of precision rectifier. If the rectified input signal is larger 

than predefined threshold, it means that the faults happen in the main circuit.  
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Figure 7.18. Phase overvoltage detection circuit 

7.2.3.2 Over temperature detection circuit  

The temperature sensor is used for monitoring the temperature of the IGBT. Although 

the IGBT can tolerate a junction temperature of 150°C, the over temperature protection 

is to be adjusted for a temperature of 75°C. The LM35 precision integrated-circuit 

temperature sensor is used, whose output voltage is linearly proportional to the 

Centigrade temperature. It is in a TO-92 package, which has a 10 mV/°C output signal. 

The developed temperature fault detection circuit is given in Figure 7.19. The signal out 

of LM35 is amplified such that 75°C corresponding to 5 V. All temperature fault 

indication signals are OR gated with the other OR gate fault signals to feed back to the 

DSP, where it could be monitored and the inverter can be disabled if the temperature is 

too high. 
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Figure 7.19. Over temperature detection circuit 

Together with the over current fault created by HCPL 316j, all fault indication signals 

are proceeded to OR gate, the output from this OR gate is fed to the DSP’s PdpintA 

interrupt pins through input isolation circuit. When the fault signal pin carry a falling 

edge signal, PdpintA is enabled and put PWM output pins in the high-impedance state, 

which disables the PWM signals within 200 nanoseconds using internal hardware logic 

within the DSP. This state can only be reset by a RESET CPU command from the DSP, 

or the built-in reset-button from the power stage. 

7.3 Summary  

In this chapter, the general architecture and the electrical details of the developed 

hardware set-up are described in order to implement the previously mentioned control 

algorithms for LIM. The developed hardware mainly grouped in two categories: power 

circuit part and the interface part. The power circuit part consists of ac side choke, EMI 

filter, three phase diode bridge rectifier, dc link circuit, three phase bridge IGBT inverter 

and its snubber circuit and LC filter circuit. Six IGBTs (three legs) are used to obtain 

bridge inverter. The isolation circuit part consists of voltage and current measurement 

circuits, input/output optocoupler isolation circuits, fault detection circuits and gate 

driver circuits. The design details and the complete schematics of the developed circuits 
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are given. The interface circuits communicate with the power circuit by the signals 

flowing between them through DSP. eZdsp F2812 DSP board can be regarded the 

“brain” of the system. All the gate signals for the IGBTs, the fault signals from the 

driver boards, the signals for system reset and all the measurements are processed by the 

controller. The produced gate signals have 0-3.3 Vpeak value. These signals are 

amplified to 0-5 V and connected to IGBT driver circuit. The driver circuit changes the 

amplitudes of the signals to (-5 Vpeak)-(15 Vpeak) and one driver circuit is required for 

each IGBT. The amplified signals are given to Gate-Emitter of each IGBT to constitute 

the required three phase sinusoidal voltages.  

The developed experimental set-up is adaptable to any DSP controlled motor control 

system. 
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CHAPTER 8 

DSP IMPLEMENTATION 

This chapter explains how to implement and realize the algorithms mentioned in the 

preceding chapters. The term ‘Implementation’ refers to writing program codes at the 

registers of the digital signal controller to make the developed hardware system to work 

according to a signal from the computer. 

Power electronics systems typically consist of nonlinear switching elements working at a 

high-frequency. Therefore, real-time power electronics systems demand the use of high-

speed data acquisition and control. TMS320F2812 DSP based controller meet these 

requirements. In this thesis, all experiments have been implemented on this fixed-point 

processor, so-called eZdsp2812 board.  

8.1 Specification of ezDSPTMF2812 

This 32-bit DSP is highlighted by 150MHz CPU, 12-bit, 80ns A/D converter, 32-bit 

timers and real-time code debugging capability. The ADC channels offer a fast 

conversion rate of 80ns at 25 MHz clock speed. The sixteen ADC channels can be either 

operated as an auto-sequenced cascaded sequencer or two independent dual sequencers. 

The ADC conversion can be triggered by a variety of sources including hardware, 

software and a number of timer events in the DSP to synchronize with different events 

easily.  

Two modules (Event Manager A and B) can generate 16 PWM pulses either 

independently or synchronized to each other. The PWM pulses generated by the 

compare units on each module are suitable for control of two three-phase full bridge 

inverters simultaneously. A dead-band for the gate signals can be introduced for these 

pulses on their rising edge. The EVs and ADC can be easily synchronized by selecting 

the suitable interrupts.  
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eZDSPTMF2812 also offers a pair of hardware interrupt based power drive 

protection pins (PDPINTA and PDBINTB for EVA and EVB respectively) for 

protecting the inverters in case of faulty conditions. Two dedicated GPIO pins can be 

configured for this purpose and can be controlled by external fault logic. Whenever a 

‘low’ is sensed by the DSP on these ports, an interrupt of the highest priority is 

triggered. All PWM channels are immediately sent into a high-impedance state and 

with suitable pull down resistors connected externally, these PWM pins are kept at 

‘low’ state during this interrupt period. More detailed description of the DSP 

functionalities can be found in [102-105]. 

TMS320F2812 supports the 32-bits fixed-point format. The IQmath library 

developed by Texas Instruments helps the programmers in writing algorithms as if 

they were written in the floating point. To show the easiness of “IQmath” approach, 

a simple equation implementation for three different approaches is given in Table 8.1 

[106]. 

Table 8.1. Illustration of “IQmath” approach comparing with traditional fixed-point 
and floating-point approaches in C language 

 Data type C implementation 

Floating point float y,m,x,b; y=m*x+b; 

Traditional fixed-point long y,m,x,b; y=(long64)(m*x)>>GLOBAL_Q+b; 

“IQMath” _iq y,m,x,b; y=_IQmpy(m,x)+b; 

The data type “_iq” seen in Table 8.1 is used to identify the variables in GLOBAL_Q 

format. The GLOBAL_Q value indicates the number of fractional bits. It should be 

adjusted basing on the needs of dynamic range and numerical resolution [106]. The 

dynamic range is defined as the ratio between the largest and smallest numbers that 

is formulated in dB unit by (8.1) [107].  

numbersmallest

numberestl
rangedynamic dB _

_arg
log20_ =                (8.1) 

The dynamic range of the floating-point processor is very high, thus allowing 

representation of both very small and large numbers with excellent accuracy. In 

contrast to floating point processor, for fixed point ones, the dynamic range is much 

smaller but it is cost effective due to its inexpensive architecture.  
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Resolution and dynamic range requirement is application dependent [108]. Higher 

precision selection results in a lower dynamic range as illustrated by Table 8.2. 

Hence, there must be a tradeoff between the range and the resolution while 

specifying the IQ format. It is recommended to check the application performance 

with different numerical precisions for achieving the best performance [108]. 

Table 8.2. Smallest, least negative, largest positive numbers, and dynamic range 
among 16-bit fixed-point, 32-bit fixed-point, and 32-bit floating-point 
representation 

 Resolution Least negative 
number 

Largest positive 
number 

Dynamic range 
(dB) 

16-bit fixed-point; Q15 2-15 -1 1-2-15 90 

32-bit fixed-point; Q31 2-31 -1 1-2-31 187 

32-bit floating-point 2-127 -2-128 2128 1535 
 

While working with fixed point processor, one must ensure that the sign of variables 

is retained and products don’t overflow i.e. during multiplication. Otherwise, the 

coming situation is equivalent to changing the direction of the control since the 

contents of associated registers wrap around. By using pu concept, this handicap is 

blocked since two pu numbers can be multiplied together without overflow. Another 

benefit is that it allows the same controller to be used for any motor regardless of its 

parameters. In the program, IQ24 was chosen as the default IQ format.  

In the case of reading from ADC registers, to increase the accuracy, one must reserve 

as many bits as possible to floating part. For that reasons, parameters such as motor 

currents, voltages are stored as a Q15 fraction in programs. By this way, parameters 

are converted between -1 and 0.99999 with a resolution of 2
-15

. However, PU values 

should be selected carefully depending on the operating conditions. If the rated 

values are chosen as base values, the amount of states may exceed unity in transient 

regions that is also equivalent to changing the direction of the control. Therefore the 

base values should be chosen according to the transient state peak values. However, 

this will give harm to the accuracy of the steady state computations. The amount of 

transient peak state is system dependent but it is a good starting point to select as 1.2 

times of rated value. 
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In the thesis, the channels of A/D function and GPIO function are applied to achieve 

the experiment system. The A/D function is used to obtain the measured three-phase 

LIM primary currents, voltages and DC link voltage from Hall effect sensors. The 

GPIO function is employed to deliver the 6 PWM switching signals to the gate drive 

circuit, to detect fault from error sensing cards, to measure the speed using CAP 

function and sending enable/disable signals for PWM generation and relay operation. 

The resolution of ADC in TMS320F2812 gives a maximum accuracy of 7.3 mA for a 

maximum current of 30 A. The digital output of ADC can be described by (8.2). 

)(
3

4096
ADCinputADCout OffsetVGainADC +=                 (8.2) 

Practically, the gain of the ADC is not equal to “1” and it’s offset to zero and also 

sensors used may have dc bias that result in errors in the measurements. To improve 

the reading of ADC a software routine was used to estimate the offset for each ADC 

channel depending upon the type of the signal whether ac or dc. The input signals of 

ADC was summed-up 5000 times before the inverter energized and then the average 

offset value is obtained and each ADC channel was compensated according to this 

obtained average offset value.  

Throughout this thesis, the developed programs are written in C and compiled using 

Code Composer Studio (CCStudio). The CCStudio provides the tools for code 

generation with basic real-time analysis and debug. The verification of software 

implementation is carried through graphics and visualization instantaneous variables. 

To develop a program using CCStudio, it is necessary to create a project. This 

project is divided into folders and each file type has a folder. The programming 

environment and the project structure are shown in Figure 8.1. It is necessary to 

indicate to the compiler the directory of the each file which is used in the project; 

otherwise the compilation cannot be performed.  
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Figure 8.1. A screen shot of a project developed in Code Composer Studio 

 

The developed source files follow the general flowchart which is shown in Figure 

8.2. Programs start by initializing the necessary features and peripherals of the DSP. 

The initialization part defines and initializes the software variables, constants and 

specific registers. The initialized registers are watchdog timer registers, event 

manager registers, clock registers. Some of these registers are redefined in the rest of 

the program depending upon the developed algorithm. Once the initialization is 

finished the main function enters into an infinite loop without any function. At this 

point the program waits for the interruption events and calls the interrupt subroutines. 

An interrupt is enabled and its respective timer is activated to allow the ADC to 

sample at specific intervals. Then, the timer used for triggering interrupts has to start 

and initiate ADC conversion. The actual controlling action will be done within the 

main loop and the Interrupt Service Routine (ISR).  
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Figure 8.2. The basic program flow diagram 

The open loop V/Hz controller was developed at first to ensure the developed 

inverter and peripheral hardware are working correctly. The outputs of the Hall 

Effect current, voltage and speed sensors were monitored with the CRO to ensure 

everything was working correctly. From this simple test it was concluded that the 

basic software structure and peripheral setup was fully functional for DTC algorithm. 

8.2 Implementation of the Modified Space Vector Pulse Width Modulation for 
ZSI 

The practical implementation of the space vector pulse width modulation (SVPWM) 

for the two-level z-source inverter (ZSI) is discussed in this section. 

The main idea of the SVPWM is that F2812 should approximately and continuously 

synthesize the rotating reference voltage by using the eight combinations of inverter 
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switching vectors. Therefore, the frequency of the output voltage is same as that of 

the reference voltage. 

By rearranging the equation (6.11) according to the Figure 6.1 for sector 1, 

°+== 60coscos 2211max, VdVdMVV dref α  

°== 60sinsin 22max, VdMVV qref α                                                                           (8.1) 

where d denotes duty ratio, M denotes the modulation index and Vmax is the 

maximum value of the desired phase voltage. 

By normalizing the voltages with the maximum phase voltage; Vmax=1 and 

|V1|=|V2|= 2/√3. 

Then, the duty ratios can be derived as, 

)60sin(1 α−°= Md  

)sin(2 αMd =                                                                                                          (8.2) 

Since the F2812 operates based on the fixed point system, in order to calculate the 

sin function, the F2812 needs a table of sinusoidal values. Because the d-q 

decomposition is identical for the six sectors as shown in Figure 8.3, a 60° sine look-

up table is sufficient. In order to complete one revolution, the sine table must be 

cycled through six times. After selecting two adjacent basic vectors and calculating 

their possessing times including shoot-through times, the next step is the selection of 

the switching pattern.  

 

Figure 8.3.    Switching pattern of SVPWM, CW refers to clockwise and CCW refers 

to counterclockwise 
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At the beginning and at the end of the each switching period, a zero vector is 

activated by turning off all upper switches, and in the middle of the switching 

pattern, a zero vector is activated by turning on all of the upper switches. The 

different zero vectors are used in order to minimize the switching transitions. By 

using both zero vectors in the modulation algorithm, the F2812 can achieve better 

harmonic efficiency. 

The developed SVPWM algorithm for ZSI is verified before proceeding through the 

experimental works. The developed SVPWM routine for ZSI is given in Appendix 

C. It was written in C and compiled using Code Composer Studio. It generates three 

sinusoidal references with a desired modulation index (M) and frequency by 

selecting the inverter sector and computing the switching duty cycles regarding the 

selected shoot duty ratio. Then, it configures out six PWM generators to work at the 

selected switching frequency.  

To go through step by step simulation, the zero shoot-through duty ratio is selected at 

first. The developed SVPWM algorithm for ZSI is given in Figure 8.4. According to 

the developed algorithm, the following are steps in the main program: 

1) Configure the timers and compare units for symmetric PWM. 

2) Input desired shoot through duty ratio, speed and direction of rotation 

3) Obtain the magnitude of reference voltage vector Vref (based on constant V/Hz 

profile). 

The following are the steps in the interrupt driven modified SVPWM routine for ZSI: 

1) Obtain the theta by integrating the command speed. 

2) Obtain the sine and cosine of theta  

3) Determine which sector Vref is in. 

4) Decompose Vref to obtain d1, d2, dsh and d0 as compare values. 

5) Determine the switching pattern and load the obtained compare values into 

corresponding compare registers. 
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Figure 8.4. The developed SVPWM algorithm for ZSI 

Throughout the experimental studies the waveform measurements are conducted 

with a 200 MHz four channel Tektronix TPS2024 Series Digital Storage 

Oscilloscope (DSO). The obtained PWM outputs related to the upper switches were 

monitored by DSO can be seen in Figure 8.5 for each sector. 



 

 

  

 

Figure 8.5. The obtained 20kHz PWM outputs related to the upper switches for each 

sector with the zero shoot
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Sector1    Sector 2

   

Sector 3    Sector 4

   

Sector 5    Sector 6

Figure 8.5. The obtained 20kHz PWM outputs related to the upper switches for each 

sector with the zero shoot-through duty ratio and M=0.4

 

Sector 2 

 

Sector 4 

 

Sector 6 

Figure 8.5. The obtained 20kHz PWM outputs related to the upper switches for each 

through duty ratio and M=0.4 



 

 

A simple low–pass RC filter circuit to filter out the high frequency components was 

also used for further verification of the generated PWM signals. The R and C values 

were chosen as R = 4.7 k

than the PWM frequency. This low

the TMS320F2812 and the filtered version of the PWM signals were also monitored 

by the digital oscilloscope. The difference between two filtered gate signals produces 

a line-to line output voltage which is free of harmonics as shown in Figure 8.6 by red 

line.  

 

Figure 8.6. The low-pass filtered form of the generated PWM waveforms to form a 
50Hz and M=0.4 three
phase A, Blue

 

The filtered waveforms shown on the oscilloscope are the same shape as the one 

shown in WatchWindow of CCStudio in Figure 8.7. In the watch window screen 

shot, the bottom figure shows the sector numbers of the generated rotating reference

voltage vector. 
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pass RC filter circuit to filter out the high frequency components was 

also used for further verification of the generated PWM signals. The R and C values 

were chosen as R = 4.7 kΩ and C = 100 nF. The selected cut–off frequency are lower 

the PWM frequency. This low–pass filter is connected to the PWM outputs of 

the TMS320F2812 and the filtered version of the PWM signals were also monitored 

by the digital oscilloscope. The difference between two filtered gate signals produces 

output voltage which is free of harmonics as shown in Figure 8.6 by red 

pass filtered form of the generated PWM waveforms to form a 
50Hz and M=0.4 three-phase voltages having positive sequence (Yellow
phase A, Blue- phase B, Purple- phase C) 

The filtered waveforms shown on the oscilloscope are the same shape as the one 

shown in WatchWindow of CCStudio in Figure 8.7. In the watch window screen 

shot, the bottom figure shows the sector numbers of the generated rotating reference

pass RC filter circuit to filter out the high frequency components was 

also used for further verification of the generated PWM signals. The R and C values 

off frequency are lower 

pass filter is connected to the PWM outputs of 

the TMS320F2812 and the filtered version of the PWM signals were also monitored 

by the digital oscilloscope. The difference between two filtered gate signals produces 

output voltage which is free of harmonics as shown in Figure 8.6 by red 

 

pass filtered form of the generated PWM waveforms to form a 
phase voltages having positive sequence (Yellow-

The filtered waveforms shown on the oscilloscope are the same shape as the one 

shown in WatchWindow of CCStudio in Figure 8.7. In the watch window screen 

shot, the bottom figure shows the sector numbers of the generated rotating reference 



 

126 
 

 

 

Figure 8.7. The watch window screen shot for positive sequence voltage generation;  
the first three show phase to neutral three-phase voltages at 50Hz and 
M=0.4 and the last one shows the sector numbers traced 
 

 

Note that, the order of the sector numbers shows that a vector is rotating in the 

counterclockwise (CCW) direction indicating the positive sequence.  

 

The filtered forms of the generated PWM signals were also monitored by the digital 

signal oscilloscope and CCStudio Watch Window for negative sequence voltage 

generation. They are shown in Figure 8.8 and Figure 8.9, respectively. 



 

 

Figure 8.8. The low-pass filtered form of the generated PWM waveforms to form a 
50Hz and M=0.4 three
(Yellow-pha

 

Figure 8.9. The watch window screen shot for sequence voltage generation;
the first three show phase to neutral three
and M=0.4 and the last one shows the sector numbers traced
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pass filtered form of the generated PWM waveforms to form a 
50Hz and M=0.4 three-phase voltages having negative sequence 

phase A, Blue- phase B, Purple- phase C) 

The watch window screen shot for sequence voltage generation;
the first three show phase to neutral three-phase voltages at 50Hz 
and M=0.4 and the last one shows the sector numbers traced

 

pass filtered form of the generated PWM waveforms to form a 
phase voltages having negative sequence 

 

The watch window screen shot for sequence voltage generation; 
phase voltages at 50Hz 

and M=0.4 and the last one shows the sector numbers traced 



 

 

After verifying the written program for zero shoot through state, a shoot duty ratio of 

0.25 was applied to PWM generation algorithm. The generated pulses related to the 

two legs of the inverter bridge; PWM1, PWM4, PWM3, PWM6 pulses are shown in 

Figure 8.10 for four sec

switches are also monitored in DSO as given in Figure 8.11. According to these 

figures, the shoot-through states are evenly and symmetrically located in each phase 

as intended. 

Figure 8.10. The generated PWM pulses related for the two leg (PWM1, PWM4, 

PWM3, PWM6 ) with a shoot
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g the written program for zero shoot through state, a shoot duty ratio of 

0.25 was applied to PWM generation algorithm. The generated pulses related to the 

two legs of the inverter bridge; PWM1, PWM4, PWM3, PWM6 pulses are shown in 

Figure 8.10 for four sectors. The filtered forms of the signals related to upper 

switches are also monitored in DSO as given in Figure 8.11. According to these 

through states are evenly and symmetrically located in each phase 

generated PWM pulses related for the two leg (PWM1, PWM4, 

PWM3, PWM6 ) with a shoot-through duty ratio of 0.25 at 20kHz

g the written program for zero shoot through state, a shoot duty ratio of 

0.25 was applied to PWM generation algorithm. The generated pulses related to the 

two legs of the inverter bridge; PWM1, PWM4, PWM3, PWM6 pulses are shown in 

tors. The filtered forms of the signals related to upper 

switches are also monitored in DSO as given in Figure 8.11. According to these 

through states are evenly and symmetrically located in each phase 

 

 

generated PWM pulses related for the two leg (PWM1, PWM4, 

through duty ratio of 0.25 at 20kHz 



 

 

Figure 8.11. The low
50Hz and M=0.4 three
0.25 

According to the DSO waveforms obtained with zero and non

duty ratios, the generated PWM pulses are symmetric according to the same center 

and at the both ends switching signals are low and in the middle all PWM signal

high. Therefore, the obtained waveforms show that the developed source code 

implemented in TMS320F2812 generates the switching signals for z

in an intended manner. 

8.3 V/Hz Control Implementation

The open loop V/Hz control is a basic

frequency drive for applications like fan and pump at a reasonable cost. The 

objective is to control the machine speed while keeping the magnitude of the stator 

flux constant by serving the highest torque capability in

type of control is very good for many applications, it is not well suited to 

applications that require higher dynamic performance.

This method is based on the steady

[30, 109].  
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The low-pass filtered form of the generated PWM waveforms to form a 
50Hz and M=0.4 three-phase voltages with a shoot

According to the DSO waveforms obtained with zero and non-

duty ratios, the generated PWM pulses are symmetric according to the same center 

and at the both ends switching signals are low and in the middle all PWM signal

high. Therefore, the obtained waveforms show that the developed source code 

implemented in TMS320F2812 generates the switching signals for z

in an intended manner.  

8.3 V/Hz Control Implementation 

The open loop V/Hz control is a basic control method, providing a variable 

frequency drive for applications like fan and pump at a reasonable cost. The 

objective is to control the machine speed while keeping the magnitude of the stator 

flux constant by serving the highest torque capability in a wide range [30]. While this 

type of control is very good for many applications, it is not well suited to 

applications that require higher dynamic performance. 

This method is based on the steady-state equivalent circuit as shown in Figure 8.12 

 

pass filtered form of the generated PWM waveforms to form a 
phase voltages with a shoot-through ratio of 

-zero shoot-through 

duty ratios, the generated PWM pulses are symmetric according to the same center 

and at the both ends switching signals are low and in the middle all PWM signals are 

high. Therefore, the obtained waveforms show that the developed source code 

implemented in TMS320F2812 generates the switching signals for z-source inverter 

control method, providing a variable 

frequency drive for applications like fan and pump at a reasonable cost. The 

objective is to control the machine speed while keeping the magnitude of the stator 

a wide range [30]. While this 

type of control is very good for many applications, it is not well suited to 

state equivalent circuit as shown in Figure 8.12 
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Figure 8.12. Simplified steady-state equivalent circuit of induction motor 

In this figure, if the stator resistance is assumed to be zero and the stator leakage 

inductance is embedded into the rotor leakage inductance, then the air gap flux can 

be approximated by the stator voltage to frequency ratio. This equation is given by 

equation (8.3), assuming that the motor is operating in the linear magnetic region, so 

that Lm is constant. 

f

V

jw

V
IL s

m
s

mmm ∝⇒=≅ ψψ                   (8.3) 

To maintain the air gap flux at its rated value the voltage and frequency should be 

varied in the same proportion [30]. After providing the ratio between voltage and 

frequency remains constant then the maximum torque can be applied throughout the 

motors speed range.  

Varying the supply voltage and frequency in proportion so that the stator flux 

remains constant maintains the shape of the torque-speed curve but shifts it along the 

speed axis. This effect is illustrated with the blue lines in Figure 8.13. This graph has 

mainly two frequency regions; the constant torque region which exists at frequencies 

from zero Hz up to a base frequency value, the constant power region which occurs 

at frequencies above the base frequency. 
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Figure 8.13.Torque-speed characteristics of an induction motor [69] 

In the constant torque region, voltage and frequency are varied proportionately; this 

maintains constant flux and the pull out torque also remains constant. Motors mainly 

operate in this region. At frequencies above base frequency, operation is limited by 

the constant power curve. At frequencies above base frequency, with rated voltage, 

the air gap flux decreases and so does the torque. Because the motor flux is lower 

than at base conditions, this operation is also known as field-weakened (constant 

power) operation.  

At frequencies above the rated frequency, the constant V/Hz ratio should not be used, 

because the voltage has to be fixed at a maximum value to avoid insulation 

breakdown at stator windings.  

Furthermore, at low frequencies, the voltage drop caused by the stator resistance 

cannot be neglected. To compensate for this voltage drop below a certain frequency, 

some boost voltage is required. The voltage boost is often applied at frequencies 

lower than 20Hz to produce full-load torque. The applied voltage boost may be a 

constant value as shown in Figure 8.14.  
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Figure 8.14. V/Hz profile with constant boost 

However, the required boost voltage depends on the motor and the load 

characteristics, so using a fixed boost can produce undesirable results especially for 

different loading conditions. For example, assume a motor having a stator resistance 

of 1.5Ω and full-load current of 20A is rated at 380V /50Hz. The airgap voltage per 

Hz is calculated as 7,6 without taken into account the stator voltage drop and as 7 

with stator voltage drop. If the motor is operated at full-load at 6Hz, the required 

voltage is 72V considering the voltage drop on the stator resistance. The required 

voltage boost can be reached with a 12 V/Hz.  

For the no load case again for 6 Hz operation, the required voltage is 42V. Using the 

same fixed voltage boost value, causes applying an excess of 30V, which may results 

in saturating the iron core and overheating of motor. Therefore, the stator voltage 

compensation is used instead of a fixed boost to improve the torque response during 

low speed regions without the risk of saturation and overheating. This was 

accomplished by sensing motor current and automatically adjusting the voltage boost 

in proportion to the motor current. 

The block diagram of the developed open loop V/Hz is presented in Figure 8.15. The 

slip compensation is not needed since the no-load speed of LIM is close to 

synchronous speed. 

 

Figure 8.15. Block diagram of V/Hz control 
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The developed software timing diagram and flowchart are given in Figure 8.16 and 

Figure 8.17, respectively.  

 

Figure 8.16. Software timing diagram for V/Hz implementation 

 

The constituted Timer1 Underflow (T1UFINT) interrupt module handles the whole 

V/F algorithm. It is periodically computed according to the selected fixed PWM 

period value. The sampling period Ts of 50µs (20 kHz) is established by setting the 

timer1 period to 3750 (PWMPRD=3750). This timer is set in up-down count mode 

and generates a periodical interrupt on timer1 underflow event. The goal of the 

T1UFINT is to update the stator voltage reference according to the set frequency 

command.  

A current limiter monitors the motor current and reduces the frequency command 

when the current exceeds a predetermined value. A boost voltage is not added to 

V/Hz profile to compensate for the stator voltage absorbed by the stator resistance at 

low speed, instead IR compensation is done. The V/Hz block converts the frequency 

command to voltage reference for SVM block by using (8.4).  

voltout = _IQmpy(_IQ(1.7408),absfreq) + _IQmpy(_IQ(0.1296),iMag)            (8.4) 

where voltout, absfreq, iMag are all pu values. 

The generated voltage is limited to its rated value in case of working in the field 

weakening region. By using this computed voltage and the selected frequency, the 

SVM block generates the gate signals for the inverter.  
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Figure 8.17. Software flowchart for V/Hz implementation 

 

Initial value of the frequency set value is also important. When the motor is operating 

in the solid line portion of the torque-speed curve, the motor current is directly 

proportional to motor torque. However, other than the solid region, if the motor is 

line started, the current inrush will be approximately 600% of full load current. To 

ensure that the drive system is not require 120% of rated current, the drive is started 

at a low frequency about 1-2 Hz and then increase speed by increasing frequency 

linearly by this way the motor always operate on the solid portion of the torque-

speed curve. 

Since the V/Hz control method is based on the steady state motor model, it cannot 

achieve the adequate dynamic performance. This can be considered as the basic 

drawback of the scalar control method. However, whether a V/Hz control or direct 

torque control is applied to an asynchronous motor, the applied voltage is tied to the 

Return 
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applied frequency through the magnetic flux capacity of the motor so the rated flux 

cannot be exceeded. 

8.4 DTC Implementation 

The developed DTC algorithm has two control loops; the inner one consist of the 

flux & torque estimators, hysteresis control and an inverter voltage selector, the outer 

one is the speed control. The motor speed is measured by using HAMLIN 55075 

hall-effect sensor through CAP1 input of DSP. The speed controller is implemented 

with traditional PI type controller. Its resulting output signal constitutes the reference 

for torque control. An inertia compensator is also included to reduce the deviations 

due to acceleration or deceleration of the inertia [110]. The torque reference 

generated by the outer control loop is passed to the inner controller. In presented 

system three phase motor currents, voltages and DC link voltage are measured by 

LEM sensors and processed by A/D converter.  

Based on the measured voltages and currents, the inner loop performs a coordinate 

transformation to get the estimating torques or fluxes. In the developed DTC 

program, thrust and flux estimations are also represented by using the per unit system 

like the motor currents, voltages which are stored as a Q15 fraction for 

normalization. Besides preventing from overflow, the usage of pu values also allows 

the same controller to be used for any motor regardless of its parameters. The pu 

model of the linear induction motor defines the stator current and flux to be equal to 

one when the drive has reached its nominal speed under nominal load. According to 

the well-known base values, the flux and thrust equations given in (2.8) and (2.10) 

are normalized. The stator flux and thrust equations are rewritten as in (8.5) and (8.6) 

to be used in DSP programming.  

)( ,,, puspuspunpus iRvT
dt

d −=ψ                   (8.5) 

where Tn is expressed in absolute unit. 

pusdpusqpusqpusdpue iiF ,,,,, ψψ −=                  (8.6) 

 



 

136 
 

The written DTC subroutine is given in Appendix C. It was tested in terms of the 

correctness of the voltage and current ADC readings of the motor obtained by 

running 7.5kW, 380V,Y-connected motor at no-load. Figure 8.18 shows the screen 

shot of the developed program and Figure 8.19 shows the ADC readings of the per-

unit (pu) values of the alpha and beta components of motor phase currents and 

voltages which are generated by using Clarke transformation. 

 

 

Figure 8.18. The screen shot of the developed DTC program working under 
CCStudio3. e while watching per-unit (pu) values of the alpha and 
beta components of motor phase currents and voltages 
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(a) 

Per-unit (pu) values of the alpha and beta components of motor 
phase currents which were 1.8A rms 

 

(b) 

Per-unit (pu) values of the alpha and beta components of motor 
phase voltages which were 220V rms 

Figure 8.19. ADC readings of the motor currents and voltages under no-load 
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1.8A rms for rated current of 15A refers to 0.12 pu peak value which was verified in 

Figure 8.18.a except from noise on. 220V rms for rated voltage of 250V rms refers to 

0.9 pu peak value which was also verified in Figure 8.18.b. The noisy view of the 

currents mostly results from the reading of too small current with the LA-100P 

current sensor which is most suitable around 100A peak measurements.  

After verifying that the ADC readings are much closer to their real values, the flux is 

calculated from these current and voltage readings. However, it was not easy as 

embedding only the integral equation given in (2.10). In real world, the noises; dc 

offsets in the measurements, digital approximation errors driving an ordinary 

integration equation into saturation. To overcome this problem, low pass filtered 

based integration is preferred as explained in chapter 5. Figure 8.20 shows screen 

shot of the developed program while running. The obtained results related to the 

estimation of the alpha and beta components of the flux and its sector are presented 

in Figure 8.21. Notice that, the estimated flux components are oriented 90 degrees 

from each other that as should be theoretically. 

 

Figure 8.20. The screen shot of the developed DTC program working under 
CCStudio3. while watching per-unit (pu) values of the alpha and beta 
components of flux and its sector 
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Figure 8.21. Per-unit (pu) values of the alpha and beta components of flux and its 
sector 

By comparing this estimated stator flux and thrust pu values with their reference 

ones, the inner loop determines increments or decrements of stator flux and thrust via 

a hysteresis comparator according to the switching voltage table. All internal data of 

DSP is sent through a D/A converter and displayed in the scope for control purposes. 

Figure 8.22 shows a flowchart of the DTC program. The developed program is 

started by initializing the necessary features and peripherals of the DSP. The rest of 

the application can be thought of as a sequence of three operations: 
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Voltage, currents and measurement through ADC 

• DTC algorithm 

• PWM generation 

 

Program

Start

Disable

interrupts

DSP setup

Initialize 

ADC,DAC,GPIO,QEP 

and Enable Internal 

ISR

Direct Torque Control

Algorithm

PWM Algorithm

DTC Algorithm

Start

Read sensed values from 

ADC: currents, dc link voltage 

and speed/position

Generate the thrust reference 

through the speed PI controller

Calculate  the primary flux and 

thrust

Determine the  thrust and flux 

errors, primary flux position

Find hysteresis controller 

output values and voltage 

vector command from look-up 

table

END

PWM Algorithm

Start

Read the voltage command

Determine duty ratio value

Set PWM output and load 

Compare Registers

END

 

Figure 8.22. Simplified flowchart diagram of DTC  

For a stable operation of hysteresis based DTC, 25us time is elapsed in the inner 

control. This type of operation becomes practical with TMS320F2812 technology. 

The outer speed control loop is calculated once per millisecond to obtain new thrust 

reference value. The detailed flow chart diagram of DTC subroutine is shown in 

Figure 8.23. 

Symmetrical PWM is used in the control implementation. By this method, the 

general purpose timer is set in the up-down continuous mode where its counter 

register starts counting from zero up to the value stored in the timer period register, 

then it counts down to zero. Period register timer value is set to make the period of 

the up-down counting equal to the switching period of the drive. 

Return 

Return 
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Figure 8.23. Flow chart diagram of DTC routine  
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The compare register is set to match the duty ratio value and it decides the active 

duration time of the PWM output. When the value of timer count register during 

counting up period matches the value stored in the compare register, the PWM 

output is set active and it stays in this state until the value of the count register during 

down counting matches the compare register value as shown in Figure 8.24.  

 

Figure 8.24. Symmetric PWM Waveform [105] 

The polarity of the PWM outputs is set active high (AH) to match the gate drive 

requirement. The programmable dead band feature of the PWM generator is also 

used to prevent shoot. According to the datasheet, IRGPS60B120KDP IGBT has a 

maximum 800-ns turn off delay time that makes the selection of dead band of 2 µs 

reasonable to ensure safe operation of the inverter. 

The flux reference is chosen in accordance with the load level. When the rated torque 

is required, rated stator flux should be developed. Since the motor under no-load 

conditions draws as little as 50% of its rated magnetizing current, a lightly loaded 

motor does not need rated stator flux to produce the required torque [110]. 

Thoughtlessly selected the stator flux reference causes excessive heating that lowers 

the efficiency.  

8.5 Summary 

In this chapter, the algorithms mentioned in the preceding chapters using the 

TMS320F2812 eZdsp are introduced. A brief description of the dsp implementation 

platform is also given. The developed control strategy using DSP is based on 

generation of necessary gate pulses by processing input signals and adding user 

interface. The core control routines used in the DSP software are described, tested by 

building the related 'C' code and the test results are presented. 

  



 

 

This chapter is related with the results taken and the problems countered during 

experimental study. At first, the generated three

resistive load to be ensured with the developed DSP program and hardware set

Figure 9.1 shows the generated 

without low pass filter at the inverter end with a modulation index of 0.5 under 30V 

dc link voltage. The switching frequency is at 5kHz.

Figure 9.1. The generated phase to neutral voltages M= 0.5, f= 

without/with LC filter at the inverter end
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EXPERIMENTAL WORK 

related with the results taken and the problems countered during 

experimental study. At first, the generated three-phase voltages were given to 

resistive load to be ensured with the developed DSP program and hardware set

Figure 9.1 shows the generated 50Hz phase to neutral voltage waveforms with and 

without low pass filter at the inverter end with a modulation index of 0.5 under 30V 

dc link voltage. The switching frequency is at 5kHz. 

The generated phase to neutral voltages M= 0.5, f= 50Hz, Vdc= 30V

without/with LC filter at the inverter end 

related with the results taken and the problems countered during 

phase voltages were given to 

resistive load to be ensured with the developed DSP program and hardware set-up. 

50Hz phase to neutral voltage waveforms with and 

without low pass filter at the inverter end with a modulation index of 0.5 under 30V 

 

 

50Hz, Vdc= 30V 
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However, with the increase in dc link voltage, EMI became a major concern when 

DSP frequently reset caused by a trip signal in spite of no real fault condition. This is 

nuisance tripping occurs even at 40V dc link level. The unwanted interfering signal 

captured by digital signal oscilloscope (DSO) under 48V dc link seen in Figure 9.2 

may come from noise sources via a radiation through space as electromagnetic 

waves, or by conduction.  

 

Figure 9.2.  DSO capture of the signal at the fault detection pin showing nuisance    

tripping related to EMI problem at 48V dc link 

From the figure, the noise occurs in the form of narrow pulse associated with the 

PWM switching actions. Since the noise pulses are different from the real protection 

signals which are hold by latches in the fault detection circuit, a kind of digital filter 

was added in software to eliminate narrow pulses of which width less than 500ns.  

With this noise elimination method, the system works well with the input dc voltage 

about 63V. The generated phase to neutral voltages at the low-pass filter end and at 

the inverter end is shown in Figure 9.3. The modulation index is 0.5 and the 

reference frequency is set to 50 Hz. The output voltage waveforms at the end of the 

LC filter are very clear as shown by yellow, blue and purple traces but for phase C at 

the inverter end shown by green line is so noisy because of the resistive nature of the 



 

 

load. The red line shows the line

amplitude of the output voltage is about 18V which is very close to the calculated 

theoretical value.  

Figure 9.3. The generated phase to neutral voltages M= 0.5, f= 50Hz, Vdc= 63V

However, the elimination o

problem above 68V. After understanding the EMI immunity of the developed control 

system is not acceptable, several precautions were taken against EMI to ensure the 

success of the drive system.

9.1 Electromagnetic Interference (EMI)

EMI results from the switching systems in which the current or voltage changes 

rapidly. The higher the switching dv/dt and di/dt is, the higher EMI emission will be. 

Therefore, high voltage / high current power supplies, 

and motor-drives can cause serious electromagnetic disturbances. These affect the 

operation of the susceptible devices such as DSP’s, PLCs or I/O modules.

EMI can be radiated through space as electromagnetic waves, or it can be

along a cable. Conduction can take the form of common

currents. In differential

Common-mode currents are almost equal in amplitude on the two lines, but travel

the same direction. These currents are mainly caused by the coupling of radiated 
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load. The red line shows the line-line voltage. Experimental results show that the 

amplitude of the output voltage is about 18V which is very close to the calculated 

Figure 9.3. The generated phase to neutral voltages M= 0.5, f= 50Hz, Vdc= 63V

However, the elimination of the narrow pulses was not a solution to the noise 

problem above 68V. After understanding the EMI immunity of the developed control 

system is not acceptable, several precautions were taken against EMI to ensure the 

success of the drive system. 

Electromagnetic Interference (EMI) 

EMI results from the switching systems in which the current or voltage changes 

rapidly. The higher the switching dv/dt and di/dt is, the higher EMI emission will be. 

Therefore, high voltage / high current power supplies, power converters, contactors 

drives can cause serious electromagnetic disturbances. These affect the 

operation of the susceptible devices such as DSP’s, PLCs or I/O modules.

EMI can be radiated through space as electromagnetic waves, or it can be

along a cable. Conduction can take the form of common-mode or differential

currents. In differential-mode, the currents are equal and opposite on the two wires. 

mode currents are almost equal in amplitude on the two lines, but travel

the same direction. These currents are mainly caused by the coupling of radiated 

ne voltage. Experimental results show that the 

amplitude of the output voltage is about 18V which is very close to the calculated 

 

Figure 9.3. The generated phase to neutral voltages M= 0.5, f= 50Hz, Vdc= 63V 

f the narrow pulses was not a solution to the noise 

problem above 68V. After understanding the EMI immunity of the developed control 

system is not acceptable, several precautions were taken against EMI to ensure the 

EMI results from the switching systems in which the current or voltage changes 

rapidly. The higher the switching dv/dt and di/dt is, the higher EMI emission will be. 

power converters, contactors 

drives can cause serious electromagnetic disturbances. These affect the 

operation of the susceptible devices such as DSP’s, PLCs or I/O modules. 

EMI can be radiated through space as electromagnetic waves, or it can be conducted 

mode or differential-mode 

mode, the currents are equal and opposite on the two wires. 

mode currents are almost equal in amplitude on the two lines, but travel in 

the same direction. These currents are mainly caused by the coupling of radiated 
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EMI to the power lines and by stray capacitive coupling to the body of the equipment 

[111,112]. 

The conducted EMI noise in a PWM inverter are mainly due to the many small 

capacitive couplings exist in the drive systems as shown in Figure 9.4 [112,-114].  

 

Figure 9.4. Common mode and differential mode noise paths in PWM drive 

(modified from [112]) 

The design measures for EMI protection should be considered even in designing the 

circuits, which cannot be added afterwards. For example, to minimize the inductive 

coupling, it is good practice to keep PCB tracks as short and wide as possible, 

especially for power supply lines in which the signal tracks which carry fast 

changing currents. Other than PCB design, the taken precautions to minimize the 

EMI problem are listed as in the following; 

 

• Power circuit (rectifier, dc link filter, inverter) part is not share the same 

metallic cabinet with control circuit including TMS320F2812 board as seen 

in Figure 9.5. Both parts are screened individually and the cabinets and 

cabinet doors are properly earthed. By this way noisy and clean leads were 

separated from each other as shown in Figure 9.6. 
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Figure 9.5.  Experimental set-up view before countermeasures were taken against 
EMI 

 

Shielded power cables are also used between two cabinets and both ends of the 

shields are grounded at 360º in order to suppress EMI/RFI. To allow the entrance of 

the cables connected to the controller, holes are made in the side of the enclosures. 

The size of the holes is small enough so that the shielding ability of the enclosure is 

not distorted. The length of the hole is smaller than the wavelength of EMI. 
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Figure 9.6. Experimental set-up view after countermeasures were taken against EMI 
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• Line filter as shown in Figure 9.7 is added on the input side of the three phase 

rectifier after the variac to reduce the effect of noise coming from commercial 

power line. It comprises of a toroidal ferrite, capacitance of the order of 0.1 

µF, and two capacitors of the order of nF, a resistance of the order MΩ and a 

varistor to protect from over voltage.  

 

 

Figure 9.7. The photo of the three-phase line filter 
 

• A power line filter is connected in the inputs of linear power supplies of 

control circuit cards. This filter can prevent EMI/RFI of the circuit with other 

adjacent circuits. 

• Decoupling capacitors are placed between the supply rail and ground as near 

as possible to each alone standing logic IC.  

• Since the usage of the long cables is more susceptible to EMI than the short 

cables, the cables are kept as short as possible. 

• Cables are also filtered using ferrite cores possibly. Ferrite is general term for 

a class of non-conductive ceramics. They are especially effective in damping 

of high frequency oscillations above 1 MHz. To maximize their effect, the 

wire through the ferrite core is wrapped two times to attenuate high 

frequencies. 

• RC filter and metal oxide varistor (MOV) for contactor coil and suppressor 

diode for dc relay coil are used for reducing EMI. 
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• The cable length between the inverter and the motor is kept as short as 

possible and the chassis of the motor was grounded for safety reasons during 

experimental study. 

 

For the motors rated at 380V, the required DC bus voltage is about at 550 V. With 

the short rise and fall times of IGBTs, the rate of change of the VSI output voltage 

reaches approximately 0.5-11 kV/µs. 

 

The short motor cables can be considered as resistors with 50 Hz. However, in case 

of PWM IGBT inverter having short rise and fall times typically in the range of 0.05-

1µs, the long cables represent shunt capacitances and stray inductances similar to the 

transmission lines as shown in Figure 9.8 [112].  

 
 

Figure 9.8. Transmission line equivalent circuit of long cables [112] 

According to transmission line theory, a forward travelling pulse is either partially or 

fully reflected at the receiving end depending on the impedance mismatch in the 

system [114]. When the motor impedance is greater than the characteristic line 

impedance; the voltage is reflected from the motor back toward the inverter. 

Therefore, voltage doubling at the motor terminals may occur with long cables and 

IGBT’s with small rise times. This over-voltage transient has been known to cause 

premature failure of the motor and cable insulation in many installations [114]. The 

critical cable lengths for various rise times are given in Table 9.1. 
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Table 9.1. Minimum cable length after which voltage doubling occurs at motor 
terminals. ([115]) 

 

Pulse rise time Critical cable length  

0.1 µs 6 m 

0.5 µs 39 m 

1 µs 59 m 

2 µs 118 m 

3 µs 177 m 

5 µs 295 m 

 

Additionally, the charging and discharging of the stray capacitances of the cable with 

steep changing of the inverter output voltage cause excessive peak currents. 

Particularly, the charging current of these stray capacitors causes over current faults.  

The usage of dV/dt filter is one of the solutions to protect the system from the 

destructive effects of peak voltages facilitated by long cable runs between the 

inverter and motor. 

Other than generating the voltage spikes on the motor terminals, the rectangular 

voltage forming characteristics of an inverter bring about the additional losses in the 

motors caused by the high frequency current ripple. These problems are solved by 

installing a low pass filter at the output terminal of the inverter.  

A three-phase LC filter shown in Figure 9.9 is selected in this thesis due to its 

simplicity.  

 

Figure 9.9. LC filter connection diagram 
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In designing the LC filter, different design criteria can be considered. These criteria 

may include resonance frequency, filter size, cost and losses. In our case, the design 

is a compromise between the filtering performance and the cost. 

As a rule of thumb, for a fundamental frequency of 50Hz, the resonance frequency 

has to be at least 500Hz and the PWM frequency of the inverter has to be at least 5 

kHz [116, 117].  

According to the general LC filter output equations, the resonance frequency is 

calculated by (9.1). 

�� =
�

����	
	
                                                                                                            (9.1) 

The filter capacitor provides a low-impedance path for high-frequency currents. 

These currents are limited mainly by the filter inductor. Capacitor value is calculated 

by (9.2) to keep the max dV/dt at motor’s terminal within the limits required by the 

design specifications of dv/dt. 
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                                                                                                          (9.2) 

Another design criterion is the voltage drop in the filter inductor. The voltage drop 

will be significant is the fundamental frequency is high. 

Even though capacitor and the inductor values planned to use are 40 uF and 1.2 mH, 

since 8uF and 15mH inductor were available in the laboratory, so they were used 

forming 460 Hz resonance frequency LC filter. 

The frequency of the output waveform is planned to change from 20 to 100 Hz. 

Therefore, the minimum resonance frequency of the filter should be 1000Hz which is 

suitable for the switching frequency of 15 kHz. 
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The sinusoidal LC filter may not require an additional resistor if the inverter output 

voltage does not include significant harmonics near the system resonance frequency. 

Furthermore, the motor impedance can be considered as a damping resistance. 

Unfortunately, the LC filter also may produce some problems, namely the resonance 

frequency, the common mode voltage on the motor terminals against the ground. The 

damping resistance in series with the filter capacitor is alleviated this resonance 

phenomenon. 

 

• A common mode current is also caused by the cable asymmetries [118, 119]. 

If the cables are oriented in a totally symmetric fashion providing equal 

capacitors and inductors like in Figure 9.10, then there is less contribution to 

common mode current.  

 

 

Figure 9.10. Symmetrical cable [112] 
 

When the four wires cabling as shown in Figure 9.11 is used as in this study, the 

capacitance and inductance balance is distorted, and as a result of this considerable 

common mode current is induced. 

 

 

Figure 9.11. Unsymmetrical cable [112] 
 



 

 

The improvement after the taken EMI countermeasures mentioned above are 

observed clearly on the signal at the fault detection pin as given in Figure 9.12 in 

contrast to Figure 9.2, both were captured at 60V dc link.

 

Figure 9.12. DSO capture of the signal at the fault detection pin at 60V dc link

Figure 9.13. The generated phase to neutral voltages M= 0.5, f= 50Hz, Vdc= 60V
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The improvement after the taken EMI countermeasures mentioned above are 

observed clearly on the signal at the fault detection pin as given in Figure 9.12 in 

contrast to Figure 9.2, both were captured at 60V dc link.  

. DSO capture of the signal at the fault detection pin at 60V dc link

Figure 9.13. The generated phase to neutral voltages M= 0.5, f= 50Hz, Vdc= 60V

The improvement after the taken EMI countermeasures mentioned above are 

observed clearly on the signal at the fault detection pin as given in Figure 9.12 in 

 

. DSO capture of the signal at the fault detection pin at 60V dc link 

 

Figure 9.13. The generated phase to neutral voltages M= 0.5, f= 50Hz, Vdc= 60V 



 

 

After examining that the systems worked satisfactorily at a low voltage (60V), the 

DC voltage was increased in steps of 30V up to 250V. However, noise still comes 

out with increasing voltage. When the DC bus voltage reaches 250V, an increased 

noise level on the fault detection signal is clearly seen as shown in Figure 9.14.

 

Figure 9.14. DSO captur

link and the generated 3

countermeasures were taken against EMI 
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After examining that the systems worked satisfactorily at a low voltage (60V), the 

increased in steps of 30V up to 250V. However, noise still comes 

out with increasing voltage. When the DC bus voltage reaches 250V, an increased 

noise level on the fault detection signal is clearly seen as shown in Figure 9.14.

Figure 9.14. DSO captures showing the signal at the fault detection pin at 250V dc 

link and the generated 3-phase voltage signals after LC filtering with 

countermeasures were taken against EMI  

After examining that the systems worked satisfactorily at a low voltage (60V), the 

increased in steps of 30V up to 250V. However, noise still comes 

out with increasing voltage. When the DC bus voltage reaches 250V, an increased 

noise level on the fault detection signal is clearly seen as shown in Figure 9.14. 

 

 

es showing the signal at the fault detection pin at 250V dc 

phase voltage signals after LC filtering with 
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After increasing the dc link voltage to 275V, the gate resistor of the lower IGBT in 

the middle leg was burn out. The problem is the peak power capability of the gate 

resistor was not enough to carry the peak current flowing in the gate-emitter circuit. 

During turn-on process the gate driver circuit is trying to charge the input 

capacitance of the IGBT (4300 pF) from 0 to 18V in 50ns. According to (9.3), this 

process might causes 1.548A flowing through 0.75W, 10Ω gate resistor. 

��,��� = ∆". �/∆%                                                                                                  (9.3) 

To decrease the peak turn-on current, the gate resistor for IGBT is increased to 15Ω 

and the positive bias supply voltage is decreased to 15V. By doing that EMI 

emissions are further reduced. It is better to use surge proof, metal film resistors. 

After putting the control circuits into the cabinet, the gate driver circuit is away from 

the inverter. Although the gate-emitter signals are transferred through twisted cables, 

about 55 cm long distances may lead to a higher inductance in the gate-emitter 

circuit. Since as stated in [120] is that every 1 cm of 0.5 mm od wire has an 

inductance of 7.26 nH, an assumption of 100 nH stray inductance in the gate-emitter 

circuit with a di/dt of 30A/µs would be generate a surge voltage voltage of 3V. This 

can be result in a reduction in the applied gate emitter bias voltage below 15V and 

hence an increase in rise time of IGBT. Moreover, depending on the stray inductance 

and the input capacitance of the IGBT, reflection can be occur in the IGBT side 

causing gate-emitter voltage to rise above its rated value. This phenomenon is also 

improved by paralleling a 10 KΩ resistor between the gate-emitter terminals of an 

IGBT. Furthermore, the distance between the gate driver and the IGBTs is kept as 

close as possible. However, the use of fiber optic cable is the most reliable solution 

but it is not preferred due to its cost problem.  

After LC filtering with taken countermeasures against EMI, DSO captures showing 

the three-phase input currents of the rectifier and voltage and current waveforms of 

motor are presented in Figure 9.15.a, Figure 9.15.b and Figure 9.15.c, respectively. 

The dc link voltage is 250V, the modulation index is 0.5 and the reference frequency 

is set to 25 Hz. All of them satisfy the theoretical expectations. 
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Figure 9.15.a. 3-phase diode bridge rectifier current waveforms, f=25Hz 

 

Figure 9.15.b.   3-phase motor voltage waveforms signals after LC filtering showing 

the signal at 250V dc link, f=25Hz 

 

Figure 9.15.c. 3-phase motor current waveforms signals, f=25Hz 
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9.2 Results Related with ZSI Experiment 

The developed Z-Source inverter prototype used in the experiment is shown in 

Figure 9.16. The Z-source network has the following parameters: L1=L2=2.3mH, 

C1=C2=3300µF. The inductors and capacitors are oversized in the prototype for 

possible regenerative operation. There cannot be any DC capacitors right across the 

inverter in the shoot-through states. With using a traditional snubber circuit, a huge 

loss will occur during the shoot through, thus the traditional snubber circuit cannot 

be applied in ZSIs. A special snubber circuit is implemented in order to reduce the 

overshoot as shown in Figure 9.16. During experiment, the switching frequency is at 

5 kHz and the modulation index is selected as 0.85. 

 

 

Figure 9.16. Z-source view 

The experimental results are presented for two cases: the non-shoot-through mode 

and the shoot-through mode. 

 

i) Results during normal operation (non-shoot-through mode): 

For the first case shown in Figure 9.17, the input dc voltage is adjusted at 28V. For 

the second case shown in Figure 9.18, the input dc voltage is adjusted at 50V. As 

expected, the z-source capacitor voltage is the same as the input dc voltage for both 

cases. The z-source input current is less than 0.5A since no boost is applied. The 

voltage across the inverter bridge is close to 28V for the first case and 50V for the 

second case. 



 

 

Figure 9.17. Results with no boost at 28V (yellow: input dc voltage, purple: Z

capacitor voltage, green: inverter input voltage, bl

current)

Figure 9.18. Results with no boost at 50V (yellow: input dc voltage, green: Z

capacitor voltage, blue: inverter input voltage, purple: Z

current)

 

Based on the experimental results, without shoot

as a traditional inverter, where the capacitor voltage equals the input voltage as 

expected.  
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Figure 9.17. Results with no boost at 28V (yellow: input dc voltage, purple: Z

capacitor voltage, green: inverter input voltage, bl

 

Figure 9.18. Results with no boost at 50V (yellow: input dc voltage, green: Z

capacitor voltage, blue: inverter input voltage, purple: Z

 

Based on the experimental results, without shoot-through, the inverter operates just 

as a traditional inverter, where the capacitor voltage equals the input voltage as 

 

 

Figure 9.17. Results with no boost at 28V (yellow: input dc voltage, purple: Z-source 

capacitor voltage, green: inverter input voltage, blue: Z-source input 

 

Figure 9.18. Results with no boost at 50V (yellow: input dc voltage, green: Z-source 

capacitor voltage, blue: inverter input voltage, purple: Z-source input 

he inverter operates just 

as a traditional inverter, where the capacitor voltage equals the input voltage as 
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ii) Results with Boost Mode: 

The shoot-through duty ratio of 0.18 is selected at first for 50V dc-link voltage. The 

pair of switching signals showing the shoot time belonging to the middle leg is given 

in Figure 9.19. According to the switching pattern of ZSI generated by using the 

Table 6.1, for a 5kHz switching frequency 6 shoot period is seen in the bridge 

voltage as shown in Figure 9.19. The inverter bridge voltage is equal to zero during 

shoot times and equal to the peak value defined by the boost factor given by (6.8) 

during non-shoot-through state.  

 

Figure 9.19.The inverter bridge voltage at the shoot periods 

The obtained results with a boost factor of 1.56 are shown in Figure 9.20.  

 

Figure 9.20. Results with shoot through duty ratio of 0.18 at 50V dc input voltage 

(yellow: input dc voltage, blue: Z-source capacitor voltage, green: 

inverter input voltage, purple: Z-source input current) 
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According to Figure 9.20, the average of the dc link voltage of the bridge inverter is 

shown by blue line is about 64V which is the expected theoretical value calculated 

by (6.7) and the peak value of the pulsating dc-link inverter voltage is very close to 

78V which is the expected theoretical value calculated by (6.8). 

As a second case, the result obtained with a boost factor of 1.9 is shown in Figure 

9.21. The average of the dc link voltage of the bridge inverter is shown by blue line 

is 72V which is very near to the expected theoretical value calculated by (6.7) and 

the peak value of the pulsating dc-link inverter voltage is very close to 95V which is 

the expected theoretical value calculated by (6.8). 

 

Figure 9.21. Results with shoot through duty ratio of 0.235 at 50V dc input voltage 

(yellow: input dc voltage, blue: Z-source capacitor voltage, green: 

inverter input voltage, purple: Z-source input current) 

 

From Figure 9.21, the increase in the input current of z-source inverter is clearly seen 

as anticipated. 

It is successfully demonstrated that the Z-source inverter operating in boost mode 

with shoot-through can greatly boost the dc link voltage as desired.  
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Furthermore, Z-source inverter produces PWM voltage waveforms just like the 

traditional inverter. Thus, a LC filter is added after the inverter to achieve sinusoidal 

waveform. The filter parameters are L = 25 mH and C = 8uF.  

The experimental results are given for a 50V dc link voltage in Figure 9.22 for no 

boost and Figure 9.23 with 1.9 boost conditions.  

 

Figure 9.22. Motor voltages and current waveforms without boost 

 

Figure 9.23. Motor voltages and current waveforms with B=1.89 

According to the simulation results, the obtained motor voltages and current at the 

end of the LC filter are sinusoidal, which confirms that the Z-source inverter will 

produce low harmonics with a boost capability.  
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9.3 Summary 

A prototype has been built to further verify the operation, theoretical relationships of 

voltage boost of the presented z-source LIM drive system. Experimental results 

verified the effectiveness of the implemented z-source inverter based on V/Hz 

control strategy using fixed-point DSP TMS320F2812. With the developed z-source 

inverter based on V/Hz control, the AC voltage applied to LIM is no longer limited 

and is boosted 90% which is beyond the limit achieved by conventional VSI. The 

obtained waveforms clearly demonstrate that the dc capacitor voltage can be boosted 

and maintained to a desired level, which is the average input inverter voltage. The 

results obtained with the prototype z-source inverter circuit are slightly differed from 

those obtained from theoretical calculations due to the power losses on the circuit 

components in the experiment circuit.  
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CHAPTER 10 

CONCLUSIONS 

The objective of this thesis is to analyze, design and realize a flexible z-source inverter 

based LIM drive system. The developed system is based on ezDSPTMS320F2812, all 

the required experimental hardware components including power circuit and interface 

circuits. To solve this task, both theoretical and practical system are designed, simulated 

and constructed.  

The mathematical model of LIM is necessary in order to obtain better control 

performance. In chapter 2, the LIM mathematical model are given with an analogy to 

rotary induction motor and the related Matlab/Simulink model have been presented. 

Actually, the operation principles of LIM are similar to the traditional rotary induction 

motor. However, LIM’s control characteristics are a bit more complicated due to finite 

length of its primary. As a result of this feature, LIM has an end effect phenomenon 

causing attenuation in air-gap flux also in thrust. For achievement of better LIM control, 

the end effect is considered in mathematical modelling of LIM. The LIM mathematical 

model with end-effect is developed in stationary reference frame and the developed 

model is simulated by using Matlab/Simulink. The detractive influence of the increased 

supply frequency, the decreased seconder resistance on thrust is shown in chapter 4 by 

means of simulation results. 

The direct thrust control (DTC) is chosen as vector control method for LIM. In DTC 

method, flux linkage and electromagnetic thrust are controlled directly and 

independently by hysteresis controllers and selection of optimum inverter switching 

modes. In this control concept, flux and torque control loop is required. In addition, 

DTC requires only one parameter, primary resistance, among the motor’s all parameters 

during a control operation. In this thesis, DTC of LIM is mathematically investigated 

and its simulation model is developed.The performance of direct thrust controlled LIM 
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drive with different hysteresis band amplitudes for thrust and stator flux is simulated 

with Matlab/Simulink. It has been deduced that the width of the hysteresis bands 

influences the drive performance in terms of flux and torque ripples, current harmonics 

and switching frequency of the power device. According to simulation results, hysteresis 

band for stator flux mainly influences the stator current; on the other hand, hysteresis 

band for thrust mainly affects the switching frequency. Consequently, it is better to 

choose the small hysteresis band for flux for reducing the current harmonics by 

considering their heating effect and small hysteresis band for thrust to reduce thrust 

pulsations with using high-speed switching devices and processors. 

A method for better flux/thrust estimation for DTC is proposed in considering the end 

effect phenomenon of LIM and its viability is proven by using Matlab/Simulink. 

Furthermore, the ordinary flux estimation algorithm based on open loop integration does 

not work well practically due to the presence of noise and dc offsets. Offset errors in the 

measured voltages and currents are mainly resulting from the analog signal conditioning 

circuits and sensors. The problem arises from the interfacing of sensor-generated signals 

with the A/D input of DSP. Since ezDSPTMS320F2812 accepts analog input signals in 

the range 0-3.3V, a dc offset of 1.5V is added to the ac signal produced by the sensor. 

However, the dc offsets at the A/D input differ due to different voltage drops on wires or 

connectors. In order to alleviate this effect, a software routine is developed for 

calibrating the offset for each ADC channel. The signal is sampled 30000 times before 

motor starting and the no-load offset for each channel is obtained.  

Furthermore, in chapter 5 the flux estimation algorithm has been modified to work on a 

real system for digital approximation and measurement errors as explained. A discrete 

form of the low-pass filter is used instead of the pure integrator in stator flux estimation 

to prevent the integral instability. Moreover, the stator flux magnitude and phase angle 

errors compensation are also accomplished.  

Z-source inverter based LIM drive was not dealt with before in the literature. This 

recently developed inverter structure is used to overcome the problems in the traditional 

voltage source inverters. It employs a unique impedance network coupled with the 

inverter main circuit to the dc voltage that is rectified from mains ac voltage. This new 
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power conversion topology is studied as a step up converter in the dc link which 

converts the input dc voltage to a higher output dc voltage for three phase inverter 

bridge. Furthermore, the reliability of the voltage source inverter is improved, since 

there is no need for the dead times to avoid miss-gating from EMI that causes the 

destruction of the v-source inverter.  

Throughout the study, the steady state mathematical analysis of ZSI is completed and 

the related simulation results are also presented in chapter 6. The simulation results 

closely agree with the theoretical calculations because both theoretical analyses and 

simulations have been conducted under ideal conditions.  

The hardware design procedure for LIM drive system is presented in chapter 7. The 

capability of each developed hardware circuit and the guidelines for selecting the 

required circuit components are explained in detail. The experimental control design 

details and flow charts to implement the control algorithms are presented in chapter 8. 

The developed experimental set-up is adaptable to any DSP controlled motor control 

system. 

The obtained experimental results with the developed prototype circuit related with ZSI 

based on V/Hz control are presented. The operation of the ZSI and the effectiveness of 

the voltage boost are verified by experimental results. With the developed z-source 

inverter based on V/Hz control, the AC voltage applied to LIM is no longer limited and 

is boosted 90% which is beyond the limit achieved by conventional v-source inverter. 

The results obtained in the prototype circuit have slightly differed from those obtained 

from theoretical calculations. The reason for this is the power losses on the circuit 

components in the experimental circuit. The forward voltage drop on the input diode of 

z-source inverter led to power losses because it carried all the input current. 

Additionally, the current through the z-source capacitors are also the source of power 

losses. Thus, the usage of lower ESR capacitors would also increase the efficiency. 

Furthermore, it is observed that the line current and voltage contains much less 

harmonics because of both the Z source inductors and capacitors compared with 

traditional VSI.  
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Prototype LIM drive system is designed and constructed to realize the experiments. The 

program developments for ZSI based LIM drive on ezDSPTMS320F2812 are completed 

and tested for V/Hz control and DTC. However, the developed prototype drive unit 

efficiency needs to be increased especially in terms of common mode voltage noise 

reduction. The important consequences of this study are that the application of ZSI 

based LIM drive becomes practical and viable with a low cost, and also better flux/thrust 

estimations are achieved for LIM.  

10.1. Future Work 

The simulations and experimental works of the studied methods show promise for future 

works. Because of circuit construction limitations, the developed methods could not be 

tested over a wide voltage ranges. Therefore, the experimental work is required to 

implement the developed techniques in the entire voltage range of LIM.  

EMI problem is very important aspect of the motor drive system. The switching pattern 

of the three-phase inverter IGBT’s also causes the pulsed nature of DC link current with 

different amplitudes and different durations. The conducted EMI noise from inverter 

switching is directly caused by the pulsating DC link current. Concerning the real plant 

application of the motor drive, EMI causes a nuisance tripping of the inverter by 

influencing the control circuits. How to solve the EMI effectively by using soft-

switching techniques, hardware improvements by using smd circuit construction and 

laminated dc busbar design for minimizing the stray inductance of the dc link should be 

a topic of the future work. 

To reduce the thrust and flux ripples, an improved DTC algorithm for LIM in which the 

application of the voltage vector having variable duty period in accordance with the 

error status in each sector could be realized practically. 

The online primary resistance measurement algorithm can be developed and embedded 

into DTC and V/Hz software programs. Sensorless operation of the LIM drive system 

could be introduced. It will reduce the number of sensors used in the system. This will 

lead to a lower cost of the whole system.  
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APPENDIX A 

THE PARK TRANSFORMATION  
 

In the late 1920s, R.H. Park introduced a revolutionary approach to electric machine 

analysis [31]. He formulated a change of variables which replaced variables such as 

voltages, currents, and flux linkages associated with fictitious windings rotating with the 

rotor called direct-quadrature. Main reason, why to transform three phases a,b,c system 

to dq0 is to simplify description of system. Instead of equation for each phase, there will 

be only, two dimensional system with direct- and quadrature-axis. It has the unique 

property of eliminating all time varying inductances from the voltage equations of three-

phase ac machines due to the rotor spinning. 

The transformation from 
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rotating coordinates) is obtained through the multiplication of the vector Xabc by the 

transformation matrix T: 

abcdq XTX ⋅=                                                                                                               (A.1) 

where X represents any stator quantity to be transformed. 
 

Park’s transformation matrix T established according to Figure A.1 transforms three-

phase quantities (voltage, current, flux linkage, etc.) into two-phase quantities developed 

on a rotating dq0 axes system, whose speed is w [31]. 



 

169 
 

 

 

Figure A.1. Relationship between the dq and the abc quantities [31] 

Assuming a balanced three-phase system (no zero sequence component), a three-

phase vector representation transforms to dq vector representation (zero-axis 

component is 0) through the transformation matrix T, defined as: 
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The inverse transformation is calculated as: 

dqabc XTX ⋅= '                                                                                                        (A.3) 

The inverse transformation matrix is defined as: 
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If an inverse Park transformation is made over the two axis of the static plane the 

resulting vector will contain the alpha - beta coordinates and then if the Clarke 

inverse transformation is done to that new vector, there will be a vector with three 

coordinates with the three desired sinusoidal signals. 
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APPENDIX B 

INTERNAL CIRCUITRY OF HCPL-316J 

 

Figure B.1. Internal circuitry of HCPL-316J (datasheet) 

 

The outputs (VOUT and FAULT) of the HCPL-316J are controlled by the 

combination of VIN, UVLO and a detected IGBT Desat condition. 

Table B.1. Output control of HCPL-316J 
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APPENDIX C 

SOURCE CODES of SVM ROUTINE FOR ZSI AND DTC ROUTINE 

//================================================================= 
// SVM routine for ZSI 
//================================================================= 
void Mmysv(_iq gain, _iq freq, _iq freqmax, _iq tsh) 
{ _iq tempduty; 
 _iq tx, ty; 
 if (freq < _IQ(0))   
  {freq =  labs(freq); 
   cw = 1; 
  sectora = 5 - sector; 
  }  
 else {cw = 0; 
  sectora = sector ;}  
 stepangle = _IQmpy(freq,freqmax); 
// Calculate new angle alpha 
 alpha = alpha + stepangle; 
 entryold = entrynew; 
 if (alpha >= _IQ(1.0)) 
  alpha = alpha - _IQ(1.0);  
     entrynew = alpha; 
     ty = _IQsin(_IQmpy(entrynew ,pi_third));              // ty = sin(NewEntry) 
     tx = _IQsin(pi_third - _IQmpy(entrynew,pi_third));     // tx = sin(60-NewEntry) 
// Determine which sector 
     if  (entrynew - entryold < 0)  
     {      if (sector == 5) 
           sector = 0; 
       else 
           sector = sector + 1; 
        } 
 tx = _IQmpy(_IQ(0.5),tx); 
 ty = _IQmpy(_IQ(0.5),ty); 

 if (tx + ty >Ts)  
   { tx = _IQmpy(tx, _IQdiv(Ts,(tx+ty))); 
      ty = _IQmpy(ty, _IQdiv(Ts,(tx+ty))); } 

tz = _IQmpy(_IQ(0.5),(Ts-tx-ty)); 
     if (tsh >_IQmpy(_IQ(0.6667), tz))  
      tsh = _IQmpy(_IQ(0.6666), tz); 

 switch (sector) 
         { case 0://Sector 1 calculations 
      da = tz- _IQmpy(_IQ(1.5),tsh); 
  db = tz + tx - _IQmpy(_IQ(0.5),tsh); 
  dc = tz + tx + ty + _IQmpy(_IQ(0.5),tsh);  
  daL = tz-_IQmpy(_IQ(0.5),tsh); 
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  dbL = tz + tx + _IQmpy(_IQ(0.5),tsh); 
  dcL = tz + tx + ty + _IQmpy(_IQ(1.5),tsh);  
          break; 
       case 1:  // Sector 2 calculations   
      db = tz - _IQmpy(_IQ(1.5),tsh); 
  da = tz + ty - _IQmpy(_IQ(0.5),tsh) ; 
  dc = tz + tx + ty + _IQmpy(_IQ(0.5),tsh);  
  dbL = tz - _IQmpy(_IQ(0.5),tsh); 
  daL = tz + ty + _IQmpy(_IQ(0.5),tsh) ; 
  dcL = tz + tx + ty + _IQmpy(_IQ(1.5),tsh);  
     break; 
       case 2:  // Sector 3 calculations  
     db = tz - _IQmpy(_IQ(1.5),tsh); 
  dc = tz + tx - _IQmpy(_IQ(0.5),tsh); 
      da = tx + ty + tz + _IQmpy(_IQ(0.5),tsh);  
  dbL = tz - _IQmpy(_IQ(0.5),tsh); 
  dcL = tz + tx + _IQmpy(_IQ(0.5),tsh); 
      daL = tx + ty + tz + _IQmpy(_IQ(1.5),tsh); 
   break; 
       case 3:  // Sector 4 calculations  
      dc = tz - _IQmpy(_IQ(1.5),tsh); 
  db = tz + ty - _IQmpy(_IQ(0.5),tsh); 
  da = tx + ty + tz + _IQmpy(_IQ(0.5),tsh);  
  dcL = tz-_IQmpy(_IQ(0.5),tsh); 
  dbL = tz + ty + _IQmpy(_IQ(0.5),tsh); 
  daL =  tx + ty + tz + _IQmpy(_IQ(1.5),tsh); 
   break; 

case 4:  // Sector 5 calculations  
      dc = tz- _IQmpy(_IQ(1.5),tsh); 
  da = tx + tz-_IQmpy(_IQ(0.5),tsh); 
  db = tx + tz + ty + _IQmpy(_IQ(0.5),tsh); 
  dcL = tz-_IQmpy(_IQ(0.5),tsh); 
  daL = tx + tz + _IQmpy(_IQ(0.5),tsh); 
  dbL = tx + tz + ty + _IQmpy(_IQ(1.5),tsh); 
     break; 

case 5:  // Sector 6 calculations  
     da = tz - _IQmpy(_IQ(1.5),tsh); 
  dc = ty + tz-_IQmpy(_IQ(0.5),tsh); 
  db = tz +tx+ty+_IQmpy(_IQ(0.5),tsh);  
  daL = tz-_IQmpy(_IQ(0.5),tsh); 
  dcL = ty + tz + _IQmpy(_IQ(0.5),tsh); 
  dbL = tz +tx+ty+_IQmpy(_IQ(1.5),tsh); 
          break; 
 } //end of switch case 
// Convert the unsigned GLOBAL_Q format (ranged (0,1)) -> signed GLOBAL_Q format 
(ranged (-1,1)) 
// Then, multiply with a gain . 
 da = _IQmpy(_IQ(3.99999),(da-_IQ(0.5))); 
 daL = _IQmpy(_IQ(3.99999),(daL-_IQ(0.5))); 
   db = _IQmpy(_IQ(3.99999),(db-_IQ(0.5))); 
     dbL = _IQmpy(_IQ(3.99999),(dbL-_IQ(0.5))); 
     dc = _IQmpy(_IQ(3.99999),(dc-_IQ(0.5))); 
  dcL = _IQmpy(_IQ(3.99999),(dcL-_IQ(0.5))); 
 if (cw) 
    {    tempduty = dc; 
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      dc = db; 
      db = tempduty; 
      tempduty = dcL; 
      dcL = dbL; 
      dbL = tempduty; 
                } 
 } // END OF void Mmysv(_iq gain, _iq freq, _iq freqmax, _iq tsh) 
 
//=================================================================
// DTC Algorithm 
//=================================================================  
interrupt void MainISR(void) 
{ // Verifying the ISR 
    IsrTicker++; 
while (AdcRegs.ADCST.bit.SEQ1_BSY == 1) 
        { }; 
 adc[0] = AdcRegs.ADCRESULT0; 
 adc[1] = AdcRegs.ADCRESULT1; 
 adc[2] = AdcRegs.ADCRESULT2; 
 adc[3] = AdcRegs.ADCRESULT3; 
 adc[4] = AdcRegs.ADCRESULT4; 
 adc[5] = AdcRegs.ADCRESULT5; 
 adc[6] = AdcRegs.ADCRESULT6;  
     adc[7] = AdcRegs.ADCRESULT7; 
 adc[8] = AdcRegs.ADCRESULT8; 
 for (i=0;i<6;i++) 
    ChOut[i] = read_ADCb(off[i], adc[i], ChGain[i]); 
 for (i=6;i<9;i++) 
 ChOut[i] = read_ADCu(off[i], adc[i], ChGain[i]); 
//------------------------------------------------------------------------------------   
// Clarke transformation    
iAlpha = _IQmpy((_IQ15toIQ((int32)ChOut[0]) - 
_IQmpy(_IQ(0.5),_IQ15toIQ((int32)ChOut[1]))- 
_IQmpy(_IQ(0.5),_IQ15toIQ((int32)ChOut[2]))),_IQ(0.66666667)); 
iBeta = _IQmpy(( _IQ15toIQ((int32)ChOut[1]) - 
_IQ15toIQ((int32)ChOut[2])),_IQ(0.57735)); vAlpha = 
_IQmpy((_IQ15toIQ((int32)ChOut[3]) - _IQmpy(_IQ(0.5),_IQ15toIQ((int32)ChOut[4]))- 
_IQmpy(_IQ(0.5),_IQ15toIQ((int32)ChOut[5]))),_IQ(0.66666667)); 
vBeta = _IQmpy(( _IQ15toIQ((int32)ChOut[4]) - 
_IQ15toIQ((int32)ChOut[5])),_IQ(0.57735)); // 1/sqrt(3) = 0.57735026918963 
iMag = _IQsqrt(_IQmpy(iAlpha,iAlpha) + _IQmpy(iBeta,iBeta)); 
vMag = _IQsqrt(_IQmpy(vAlpha,vAlpha) + _IQmpy(vBeta,vBeta)); 
//------------------------------------------------------------------------------- 
// DClink voltage 
vdcMag = _IQ15toIQ((int32)ChOut[6]);  
//------------------------------------------------------------------------------------       
///flux approximation Rs=0.126 pu with filter 
oldflxalpha = flxAlpha; 
emfalpha=vAlpha-_IQmpy(iAlpha ,_IQ(0.126)); 
emfalpha = _IQmpy(_IQ(2*PI*BASE_FREQ),emfalpha); //Global Q 22 
flxAlpha=oldflxalpha+_IQmpy(_IQ(T),emfalpha); 
//flxAlpha=_IQmpy(_IQ(0.9922),flxAlpha); 
oldflxbeta = flxBeta; 
flxAlpha=_IQmpy(Clpf,flxAlpha); 
emfbeta=vBeta-_IQmpy(iBeta ,_IQ(0.126)); 
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emfbeta = _IQmpy(_IQ(2*PI*BASE_FREQ), emfbeta); //Global Q 22 
flxBeta=oldflxbeta+_IQmpy(_IQ(T),emfbeta); 
 //flxBeta=_IQmpy(_IQ(0.9922),flxBeta); 
flxBeta=_IQmpy(Clpf,flxBeta); 
//Flx Magnitude 
//flxMag=_IQsqrt(_IQmpy(flxAlpha,flxAlpha)+_IQmpy(flxBeta,flxBeta)); 
//Compensation Term 
oldtFlxalpha = tFlxalpha; 
tFlxalpha=_IQmpy(_IQ(0.5),flxBeta)+flxAlpha; 
oldtFlxbeta = tFlxbeta; 
tFlxbeta=flxBeta-_IQmpy(_IQ(0.5),flxAlpha); 
//Flx Magnitude 
tFlxmag=_IQsqrt(_IQmpy(tFlxalpha,tFlxalpha)+_IQmpy(tFlxbeta,tFlxbeta)); 
tetanew=_IQatan2PU(tFlxbeta, tFlxalpha); 
K1= _IQ21(400);   //K1 = 1/(fb*T) 
if ((tetanew <= MAX_LIMIT)&(tetanew > MIN_LIMIT)) 
omg = _IQmpy(K1,(tetanew - tetaold)); 
else  
omg=_IQtoIQ21(omgf); 
K3=_IQ(0.99995); 
K2=_IQ(0.00005); 
omg = _IQmpy(K2,_IQtoIQ21(omgf))+_IQmpy(K3,omg); 
 if (omg>_IQ21(1)) 
omgf= _IQ(1); 
else if (omg<_IQ21(-1)) 
omgf= _IQ(-1);    
else 
 omgf= _IQ21toIQ(omg); 
tetaold=tetanew; 
// Calculate Clpf  
Clpf = _IQmpy(_IQmpy (_IQ(0.5),_IQ(T)),omgf); 
Clpf = _IQdiv(_IQ(0.9999), Clpf); 
// ------------------------------------------------------------------------------ 
//  Calculate flux vector sector 
 a = _IQ(1.73); 
 b = _IQmpy(_IQ(-1),_IQ(1.73)); 
 flxr = tFlxalpha; 
     flx2s = _IQmpy(a, tFlxbeta) - tFlxalpha; 
    flx2t = _IQmpy(b, tFlxbeta) - tFlxalpha; 
 if (flxr >= _IQ(0)) sectora = 0x008C; 
 else sectora = 0x0070; 
 if (flx2t >= _IQ(0)) sectorc = 0x00E0; 
 else sectorc = 0x001C;  
 if (flx2s >= _IQ(0)) sectorb = 0x0038; 
 else sectorb = 0x00C4;  
 sector = sectora & sectorb & sectorc; 
// ------------------------------------------------------------------------------ 
// Flux error 
 flxErr = flxRef - tFlxmag; 
 if (flxErr > Hbflx) flxi=1; 
 else if (flxErr < ((-1)*Hbflx)) flxi = 0; 
// ------------------------------------------------------------------------------ 
// Calculate torque 
     trq = _IQmpy(tFlxalpha,iBeta) - _IQmpy(tFlxbeta,iAlpha); 
// ------------------------------------------------------------------------------ 
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//  Connect inputs of the RMP_CNTL module and call the Ramp control 
//  calculation function. 
     rc1.TargetValue = _IQ(SpeedRef); 
     rc1.calc(&rc1); 
// ------------------------------------------------------------------------------ 
//    Connect inputs of the PID_REG3 modules and compute the PID speed controller. 
    if (SpeedLoopCount == SpeedLoopPrescaler) 
{       pid1_spd.Ref = rc1.SetpointValue; 
   pid1_spd.Fdb = speedpu;  
       pid1_spd.calc(&pid1_spd); 
       trqRef = pid1_spd.Out; 
       SpeedLoopCount = 1; 
    } 
    else SpeedLoopCount ++; 
// ------------------------------------------------------------------------------ 
// Torque error and Torque hysteresis control 
 trqErr = trqRef - trq; 
 if (trqErr > Hbtrq) trqi = 1; 
 else if (trqErr < ((-1)*Hbtrq)) trqi = -1; 
     else trqi = 0; 
// ------------------------------------------------------------------------------ 
// Vector finding algorithm 
 if ((trqi == 1) && (flxi == 1)) vector = sector << 1; 
 if ((trqi == 1) && (flxi == 0)) vector = sector << 2; 
 if ((trqi == -1) && (flxi == 1)) vector = sector >> 1; 
 if ((trqi == -1) && (flxi == 1)) vector = sector >> 2; 
 if (vector < 0x0004) vector = vector << 6;  
 if (vector > 0x0080)  vector = vector >> 6; 
 oddsector = (sector & 0x0004)|(sector & 0x0010)|(sector & 0x0040); 
 if ((trqi == 0) && (flxi == 1) && (sector == oddsector)) 
      vector = 0x0000; 
 if ((trqi == 0) && (flxi == 1) && (sector != oddsector))          
                       vector=0x00FC; 
 if ((trqi == 0) && (flxi == 0) && (sector == oddsector)) 
              vector = 0x00FC; 
 if ((trqi == 0) && (flxi == 0) && (sector != oddsector))   
              vector = 0x0000; 
//------------------------------------------------------------------------------------  
//Current Limiting 
   if (flxAlpha < flxLimlow) 
    { if (iMag > iLimit1) vector = 0x0000;  
   if (iMag > iLimit2) vector = 0x0004; 
    } 
//------------------------------------------------------------------------------ 
// Counting the number of vector changings 
 if (vector != vector_old){ 
  vctchange ++; 
  vector_old = vector; } 
//------------------------------------------------------------------------------ 
// Counting the frequency of pwm 
 pwm_freq_counter ++; 
 if (pwm_freq_counter == 20000){ //20000*50us=1s  
  pwm_freq_counter = 0; 
         pwm_freq = vctchange; 
         vctchange = 0;} 
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//------------------------------------------------------------------------------ 
// HCPL RESET 
    GpioDataRegs.GPADAT.bit.GPIOA10 = 1; // fault cleaning for HCPL 
 DELAY_US(RESET_usDELAY);   // Delay constant for 5 ms 
 GpioDataRegs.GPADAT.bit.GPIOA10 = 0; // Indicates no fault for HCPL  
//------------------------------------------------------------------------------ 
// Sending the vector state to gate drive circuit     
//------------------------------------------------------------------------------ 
switch (vector){ 
case 0x0004: 
  EvaRegs.CMPR1=0; 
  EvaRegs.CMPR2=PeriodMax; 
  EvaRegs.CMPR3=PeriodMax; 
  break; 
case 0x0008: 
  EvaRegs.CMPR1=0; 
  EvaRegs.CMPR2=0; 
  EvaRegs.CMPR3=PeriodMax; 
  break; 
case 0x0010: 
  EvaRegs.CMPR1=PeriodMax; 
  EvaRegs.CMPR2=0; 
  EvaRegs.CMPR3=PeriodMax; 
  break; 
case 0x0020: 
  EvaRegs.CMPR1=PeriodMax; 
  EvaRegs.CMPR2=0; 
  EvaRegs.CMPR3=0; 
  break; 
case 0x0040: 
  EvaRegs.CMPR1=PeriodMax; 
  EvaRegs.CMPR2=PeriodMax; 
  EvaRegs.CMPR3=0; 
  break; 
case 0x0080: 
  EvaRegs.CMPR1=0; 
  EvaRegs.CMPR2=PeriodMax; 
  EvaRegs.CMPR3=0; 
  break; 
case 0x0000: 
  EvaRegs.CMPR1=PeriodMax; 
  EvaRegs.CMPR2=PeriodMax; 
  EvaRegs.CMPR3=PeriodMax; 
  break; 
case 0x00FC: 
  EvaRegs.CMPR1=0; 
  EvaRegs.CMPR2=0; 
  EvaRegs.CMPR3=0; 
  break; 
default: 
    EvaRegs.ACTRA.all = 0x0000; 
        break; 
}     //switch (vector){ 
 // ------------------------------------------------------------------------------ 
//    Connect inputs of the PWMDAC module  
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    PwmDacCh1 = (int16)_IQtoIQ15(flxAlpha); //PWM7 
    PwmDacCh2 = (int16)_IQtoIQ15(flxBeta);  //PWM9 
    PwmDacCh3 = (int16)sector;   //PWM11 
    pwmdac1.update(&pwmdac1); // Call update function for pwmdac1 
// ------------------------------------------------------------------------------ 
//    Connect inputs of the DATALOG module  
    DlogCh1 =(int16)_IQtoIQ15(tFlxalpha); 
    DlogCh2 =(int16)_IQtoIQ15(tFlxbeta); 
    DlogCh3 =(int16)sector; 
    DlogCh4 =(int16)sector; 
    dlog.update(&dlog); // Call the DATALOG update function. 
//------------------------------------------------------------------------------- 
   AdcRegs.ADCTRL2.bit.RST_SEQ1 = 1;        // Reset SEQ1 
   AdcRegs.ADCST.bit.INT_SEQ1_CLR = 1;  // Clear INT SEQ1 bit  
   AdcRegs.ADCTRL2.bit.EVA_SOC_SEQ1 = 1; 
   EvaRegs.EVAIMRA.bit.T1UFINT = 1;// Enable more interrupts from this timer 
   EvaRegs.EVAIFRA.all = BIT9;// 
   PieCtrlRegs.PIEACK.all |= PIEACK_GROUP2;    
} //end of interrupt void MainISR(void) 
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