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ABSTRACT 

 

“The Suitability of four-switch three-phase (FSTP) inverters as compared to the traditional 

six-switch three-phase (SSTP) inverters to control the permanent magnet synchronous motor 

(PMSM) drives has been studied through wide literature. The results of this study are presented 

in this work. The work is expanded by selecting a latest FSTP inverter which gives nearly 

sinusoidal ac output voltages of the high amplitude as compared to the earlier texts. A high 

performance, cost effective, FSTP inverter as a replacement for the traditional SSTP inverter, 

selected from literature is investigated to control a PMSM motor drive. With no need of output 

filter this FSTP inverter technique provides pure three-phase sinusoidal output voltage which can 

be used as the input to the PMSM. The control approach reduces the cost, the switching losses, 

and the size of the inverter.  

 A recent single-ended primary-inductance converter (SEPIC)  - based FSTP inverter has 

been investigated and selected for control of the PMSM motor drive in MATLAB – SIMULINK 

environment.  
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CHAPTER-1 

INTRODUCTION 

Over the last two decades, the permanent magnet synchronous motor (PMSM) has been 

paid much attention for variable speed drive (VSD) systems due to its high torque to 

current ratio, large power to weight ratio, high efficiency, high power factor and 

robustness. PMSM motors are typically used for high-performance and high efficiency 

motor drives. High-performance is characterized by smooth rotation over the entire speed 

range of the motor, full control up to zero speed, and fast acceleration and deceleration. 

To achieve such control, sophisticated control techniques are used. Traditionally six-

switch three-phase inverter (SSTPI) is used for this purpose. These inverters have some 

drawbacks, which involve the losses of the six switches as well as the complexity of the 

control algorithms and interface circuits to generate six pulse width modulation (PWM) 

logic signals. In 1984 [1] a new topology consisting only four switches in the three phase 

inverter is introduced. This four-switch three-phase inverter (FSTPI) has emerged as a 

competitive topology to the SSTPI resulting into the reduced cost, complexity, size, and 

switching losses. The FSTPI has these advantages due to the reduced number of power 

switches and therefore, less number of power conditioning and interfacing circuits of the 

power switches. Due to the less number of components, the space requirement for the 

FSTPI is significantly reduced as compared to the SSTPI. This is also facilitated by the 

reduction in the switching losses and the cooling requirement of the inverter. Traditional 

FSTPI usually operated at half the dc input voltage; hence, the output line voltage cannot 

exceed this value. In a recent FSTPI topology [2], the increased amplitude of the output 

voltage along with its increased closeness with the sinusoidal waveform has shown the 

significant improvement in the utilization of the dc battery voltage. 

  Most of the reported works on FSTPI for machine drives did not consider the 

closed loop vector control scheme, which is essential for high performance drives. 

Usually, high performance motor drives used in robotics, rolling mills, machine tools, 

etc. require fast and accurate response, quick recovery of speed from any disturbances 

and insensitivity to parameter variations. The dynamic behavior of an ac motor can be 

significantly improved using vector control theory where motor variables are transformed 
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into an orthogonal set of d-q axes such that speed and torque can be controlled separately. 

Fig. 1.1 shows classification of various kinds of motors. 

 

 

Fig. 1.1 Classifications of motor. 

 

Most of the past research on variable speed PMSM motor drives mainly concentrated on 

the development of the efficient control algorithms for high performance drives. 

However, the cost, simplicity and flexibility of the overall drive system which become 

some of the most important factors did not get that much attention to the researchers. 

That is why, despite tremendous research in this area most of the developed control 

system failed to attract the industry.  
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CHAPTER-2 

Permanent Magnet Synchronous Motors 

2.1 Permanent Magnet Brushless Motors 

Permanent magnet brushless (PMBL) motors are broadly classified as PMSM motors and 

BLDC motors. There principle of operation and comparison are as follows. 

2.1.1 Principle of Operation of PMSM 

A PMSM motor is a synchronous motor that uses permanent magnets rather than 

windings in the rotor as shown in Fig. 2.1. Electronic excitation control with integrated 

power inverter and rectifier, sensor, and inverter electronics is required for practical 

operation.  

The PMSM motor is an AC synchronous motor whose field excitation is provided by 

permanent magnets, and has a sinusoidal Back EMF waveform. 

 With permanent magnets the PMSM motor can generate torque at zero speed 

 higher torque density versus AC Induction Motors (ACIM), i.e., smaller frame 

size for same power 

 high efficiency operation 

 requires digitally controlled inverter for operations 

PMSM motors are typically used for high-performance and high-efficiency motor 

drives. High-performance motor control is characterized by smooth rotation over the 

entire speed range of the motor, full torque control at zero speed, and fast acceleration 

and deceleration. To achieve such control, vector control techniques are used for PMSM 

motors. The vector control techniques are usually also referred to as field-oriented control 

(FOC). The basic idea of the vector control algorithm is to decompose a stator current 

into a magnetic field-generating part and a torque generating part. Both components can 

be controlled separately after decomposition. Then, the structure of the motor controller 

(vector control controller) is almost the same as a separately excited DC motor, which 

simplifies the control of a PMSM motor. 

http://www.microchip.com/design-centers/motor-control-and-drive/motor-types/acim


4 
 

Characterized by permanent magnets on rotor known for 

 Its simplicity and low maintenance   

 No copper loss on rotor 

 High efficiency 

 

Fig. 2.1 Permanent magnet synchronous motor. 

PMSM motor is widely used in appliances, robots, and hybrid Electric vehicle and 

many other motor applications. PMSM motor has a small size, high efficiency and high 

performance. Field-Oriented control is efficiently used method to control the torque as 

well the speed of PMSM motor. This presents a mathematical model of PMSM motor, 

which is multiple stator winding with constant excitation feeds from the permanent 

magnet which is mounted on the rotor. Only surface permanent magnet synchronous 

motor is considers in this. Power switching electronic is used to generate the desired 

voltage/current from DC source. PWM technique controls the switching power electronic 

by creating a control signals which are applied to their gates. The whole circuit of the 

inverter based on space vector PWM. FOC, or vector control, is implemented via Digital 

Signal Processors to control PMSM motor. Clarke and Park transformations are applied 

to „abc‟ coordinate frame of permanent magnet synchronous motor model to get the „qd‟ 

coordinate frame that is used in field oriented control technique. Hence, the developed 
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torque and the magnetizing the ux component are controlled separately. Since the rotor 

angle is required for Park transformation, field oriented control is classified into two 

types; indirect, or called sensorless, and direct, or called sensorless, method. In this only 

sensorless FOC is presented. PI controller is used to control the motor speed and torque. 

PI controllers are design using frequency response method and symmetric optimum 

method. The whole system is simulated based on the mathematical model of PMSM 

motor and field-oriented control method with designed PI controllers. Simulation results 

show the PMSM motor have a perfect dynamic response. Digital signal processors are a 

high speed processor which can implement the field oriented control algorithms and 

compute the parameter in real time. A Texas Instruments kits and software are used to 

implement field-oriented control of permanent magnet synchronous motor. The paper 

includes a short review of DSP controller. Implementation of field-oriented control of 

PMSM motor shows satisfactory performance yielding low torque ripples and low speed 

ripples. 

PMSM motors are applied to various fields such as railway vehicles, road electric 

vehicles (EVs), road hybrid electric vehicles (HEVs), electrical home and industrial 

appliances, etc. Because of their compactness, high power density and high efficiency, 

PMSM motor as traction motor of EVs or HEVs widens high-speed drive region, gives 

fast torque response is more compact, and more reliable. To widen drive region and to 

achieve fast torque response of PMSM motor, high DC link voltage is simple solution. 

Expanding battery module, however, is undesirable solution as cost, weight and 

installation space. Thus operating PMSM motor in the over modulation range is required. 

By operating PMSM motor in the over modulation range of inverter, maximum of 27% 

higher voltage can be obtained from the same DC link voltage compared to the operation 

in the linear range. Therefore, operation of PMSM motor in the over modulation range 

has been researched. Position sensorless control is also an important research area of 

PMSM motor drive. In order to obtain a high torque performance, a vector control is very 

common method. And information of rotor position is necessary for the current vector 

control. Sensors to detect the rotor position, however, make some problems which are 

cost, power/torque density. And the sensors can negatively affect the robustness of the 

PMSM motor, both electrically and mechanically. Therefore, position sensorless control 
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is required in some cases. In the over modulation range, however, the inverter output 

contains low-order harmonic voltage, and it destabilizes both the current control system 

and position estimation system. Though open loop controllers are one solution to avoid 

destabilization, however these control system has to change controller for drive in the 

over modulation range. Authors proposed position sensorless Torque control system with 

harmonic estimator which is able to operate both in linear and over modulation range by 

single controller and were evaluated under torque control condition.   

  In today‟s fast changing world, PMSM motors – commonly used in industrial 

automation for traction, robotics or aerospace – require greater power and high level of 

intelligence. Cutting-edge semiconductor solutions form great promise and deliver high 

quality and innovative technologies. By using the software tools the complexity and cost 

of integrating specific features into the system can be reduced. This way the right 

products, application kits and support are found to optimally control permanent magnet 

synchronous motors. Additional motor control applications are in the battery powered 

applications, home and building and industrial automation. 

The PMSM motor is intermediary between an induction motor and BLDC motor. 

Like a BLDC motor, it has a permanent magnet rotor and windings on the stator. 

However, the stator structure with windings constructed to produce a sinusoidal flux 

density in the air gap of the machine resembles that of an induction motor. The power 

density of PMSM motors is higher than that of induction motors with the same ratings in 

which the stator power contribution to the magnetic field is absent. Today, these motors 

are designed to be more powerful while also having a lower mass and lower moment of 

inertia. 

2.1.2   Principle of operation of BLDC motor 

BLDC motor may be described as electronically commutated motor which does 

not have brushes. This motor is highly efficient in producing large amount of torque over 

a vast speed range.  

Before explaining working of BLDC motor, it is better to understand function of 

brushed motor. In brushed motors, the magnetic field is produced either by permanent 

magnets of stator or by the field winding placed on the stator and fed by the DC supply. 

https://www.infineon.com/cms/en/applications/motor-control-drives/battery-powered-applications/
https://www.infineon.com/cms/en/applications/motor-control-drives/battery-powered-applications/
https://www.infineon.com/cms/en/applications/motor-control-drives/battery-powered-applications/
https://www.infineon.com/cms/en/applications/motor-control-drives/home-building/
https://www.infineon.com/cms/en/applications/motor-control-drives/industrial-automation/
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When the DC supply is applied to the armature through mechanical commutator and 

brushes, an alternating current flows in the armature conductors. Since these current 

carrying armature conductors are placed in the magnetic field of the field magnets, the 

forces and hence the torques are applied on the conductors which rotates the armature. 

The nature of the EMF in the armature conductor is flat-topped (near to trapezoidal).  

BLDC motor works on the principle similar to that of a conventional DC motor, 

i.e., the Lorentz force law which states that whenever a current carrying conductor placed 

in a magnetic field it experiences a force. As a consequence of reaction force, the magnet 

will experience an equal and opposite force. In case BLDC motor, the current carrying 

conductor is stationary while the permanent magnet moves. 

 

Fig. 2.2 Brushless DC motor. 

As shown in Fig. 2.2, when the stator coils are electrically switched by a supply 

source, it becomes electromagnet and starts producing the uniform field in the air gap. 

Though the source of supply is DC, switching makes to generate an AC current 

waveform with rectangular shape. Due to the force of interaction between electromagnet 

on stator and permanent magnet rotor, the torque is applied on the rotor to keep it 

rotating. 

Motor stator is excited based on different switching states. With the switching of 

windings as High and Low signals, corresponding winding energized as North and South 

poles. The permanent magnet rotor with North and South poles align with stator poles 

causing motor to rotate. 

https://www.electrical4u.com/magnetic-field/
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Observe that motor produces torque because of the development of attraction 

forces (when North-South or South-North alignment) and repulsion forces (when North-

North or South-South alignment). By this way motor moves in a clockwise direction. 

Based on this signal from sensor, the controller decides particular coils to 

energize. Hall-effect sensors generate Low and High level signals whenever rotor poles 

pass near to it. These signals determine the position of the shaft. 

2.1.3   Comparison of PMSM and BLDC Motors 

A BLDC motor and PMSM motor consist of a permanent magnets, which rotates 

(the rotor), surrounded by three equally spaced windings, which are fixed (the stator). 

Current flows in each winding producing a magnetic field vector, which sums with the 

fields from the other windings. By controlling currents in the three windings, a magnetic 

field of arbitrary direction and magnitude can be produced by the stator. Torque is then 

produced by the attraction or repulsion between this net stator field and the magnetic field 

of the rotor.  

The BLDC and PMSM motors can be the same or different depending on the 

researcher‟s views. Basically they are synchronous motors with permanent magnets 

attached on their rotors. Some researchers define a BLDC motor is a PMSM motor with 

trapezoidal BEMF, while a BLAC motor is a PMSM motor with sinusoidal BEMF. The 

drive techniques for BLDC motors and PMSM motors are quite different. In BLDC 

machine, the stator winding is concentrated. Hence the stator EMF waveform will be 

trapezoidal, whereas in PMSM motor the stator winding is distributed. Hence the stator 

EMF waveform is sinusoidal. As far as rotor is concerned both have permanent magnets.  

The main difference in the rotor shape, nature of armature winding and nature of 

armature current are as follows. 

 In BLDC motor the magnet shape and the concentric armature winding provide 

trapezoidal EMF in the armature winding while the rectangular armature currents 

are forced through electronic commutation.  
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 In PMSM motor the magnet shape and the distributed armature winding provide 

sinusoidal EMF in the armature winding while the sinusoidal armature currents 

are forced through electronic commutation. 

2.2   Control of PMSM motors 

PMSM motors are typically used for high-performance and high-efficiency motor 

drives. High-performance motor control is characterized by smooth rotation over the 

entire speed range of the motor, full torque control at zero speed, and fast acceleration 

and deceleration. To achieve such control, vector control techniques are used for PMSM 

motor. The vector control techniques are usually also referred to as FOC. The basic idea 

of the vector control algorithm is to decompose a stator current into a magnetic field-

generating part and a torque generating part. Both components can be controlled 

separately after decomposition. Then, the structure of the motor controller (vector control 

controller) is almost the same as a separately excited DC motor, which simplifies the 

control of a PMSM motor [3].  

In PMSM motor speed control system, some constraints are paid close attention 

because of their affects on system performance, for example, the restrictions on the 

amplitude of voltage, current or torque. Two commonly used methods to handle the 

constraints are Anti-Windup and MPC. Wherein, Anti-Windup method has some 

advantages such as a simple structure, offline design and very small amount of 

calculation. However, MPC is more potential for the systems containing multivariable 

constraints and can obtain the optimal control law with solving optimization problems 

online [4]. 

The approximate linearization model of PMSM motor speed control system is 

used to design a linear MPC speed controller to meet the constraints on the speed and the 

current.  Shows the feedback linearization method is combined with MPC to achieve the 

speed control and meet current constraints.  Proposed the piecewise feedback Anti-

Windup method to design PID speed controllers and the overshoot of speed is effectively 

suppressed over a large dynamic range. 



10 
 

This presented a simple and accurate linearization method for PMSM motor speed 

control system, on this basis, a linear MPC controller to ensure the closed-loop stability 

of systems is designed by defining the terminal constraint set conditions. Finally, the 

performance comparison of MPC and Anti-Windup is fulfilled through simulation. 

2.2.1 Field-Oriented Control (FOC) 

  FOC of PMSM motor is one important variation of vector control methods as 

given in Fig. 2.3. The aim of the FOC method is to control the magnetic field and torque 

by controlling the d and q components of the stator currents or relatively fluxes. With the 

information of the stator currents and the rotor angle a FOC technique can control the 

motor torque and the flux in a very effective way. The main advantages of this technique 

are the fast response and the little torque ripple. The implementation of this technique 

will be carried out using two current regulators, one for the direct-axis component and 

another for the quadrature axis component, and one speed regulator.  

 

Fig. 2.3 Field-oriented control vector explanation 

PMSM machine is the BLDC motor designed for low voltage electronic 

equipment. In their initial stage the operations of PMSM motor were limited to simple 

DC motor circuits with low power input and high performance index. However, with 

later improvement in machines introduced the applications of PMSM motor in heavy 

industrial equipment considering the benefits over conventional motors. The panorama of 
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PMSM motor has covered areas of automobiles, military, precision tools, Medical 

instruments etc. However PMSM motors perform poorly with open-loop scalar V/Hz 

control, since there is no rotor coil to provide mechanical damping in transient 

conditions. 

PMSM motors are widely used in appliances, robots, and hybrid Electric vehicle 

and many other motor applications. PMSM Motor has a small size, high efficiency and 

high performance. FOC is an efficiently used method to control the torque as well the 

speed of permanent magnet Synchronous motor. This presents a mathematical model of 

permanent magnet synchronous motor, which is multiple stator winding with constant 

excitation feeds from the permanent magnet which is mounted on the rotor. Only surface 

PMSM motor is considers in this. Power switching electronic is used to generate the 

desired voltage/current from DC source. PWM technique controls the switching power 

electronic by creating a control signals which are applied to their gates. The whole circuit 

of the inverter based on SVPWM. FOC, or vector control, is implemented via Digital 

Signal Processors to control permanent magnet synchronous motor. Clarke and Park 

transformations are applied to „abc‟ coordinate frame of PMSM motor model to get the 

„qd‟ coordinate frame that is used in field oriented control technique. Hence, the 

developed torque and the magnetizing the ux component are controlled separately. Since 

the rotor angle is required for Park transformation, field oriented control is classified into 

two types; indirect, or called sensorless, and direct, or called sensorless, method. In this 

only sensorless FOC is presented [3]. PI controller is used to control the motor speed and 

torque. PI controllers are design using frequency response method and symmetric 

optimum method. The whole system is simulated based on the mathematical model of 

PMSM motor and field-oriented control method with designed PI controllers. 

Implementation of field-oriented control of PMSM motor shows that motor has 

satisfactory response in terms of torque ripple and speed response.  

FOC is the most popular control technique used with PMSM motor. FOC 

technique operates smoothly and provides maximum torque, full speed range and 

instantaneous acceleration and deceleration by controlling the iq and dq currents for three 

phase voltage supply in lower performance applications. To convert the low voltage input 

in high voltage for motor coordination, the FOC is implemented with a voltage inverter. 
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The capability of inverter to modulate the voltage signifies the operating range of PMSM 

motor. The difference in the input voltage pulse and the required modulation voltage are 

subject of PID controllers installed in FOC controllers [5]. However, to generate 

maximum torque at zero speed and maximize the overall performance of PMSM motor 

the inverters are generally operated in over modulation range. The difference in actual 

flux and torque compared with estimated values are basis for switching of inverters. The 

gate (electric) pulses for control of inverter are derived from a standard unit known as 

Space Vector Pulse Width Modulation. 

As we mentioned before, the goal of FOC is to control the developed torque and 

the magnetizing field, individually, by analyzing, transforming, and making PMSM 

motor behaves like a separate excited DC machine. In general, DC machines have the 

armature winding in the rotor while the field winding in the stator. Now the DC machine 

torque control, one can recall the orientation of the armature MMF. The commutator 

keeps the angle between the MMF and field flux 90 degree. In another ward, the action of 

commutator is to reserve the direction of the armature winding currents as the coils pass 

the brush position such that the armature current distribution is fixed in space no matter 

what the rotor speed is Fig. 2.3 shows a diagram of a DC machine with the MMF and 

Field axis. The field flux 
f , and armature MMF are orthogonal, therefore, the flux is 

unaffected by the armature current, as given in Eqn. 2.2 Ia. 

 

There are two basic results: 

1- The induced voltage Ea is proportional to the rotor speed ωm: 

                                                             
2

a af m

p
E                                 (2.1) 

  

2-  The electromagnetic torque is proportional to the armature current: 

 

                                                       
2

e af a

p
T I                                          (2.2) 
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Fig. 2.4 DC Motor Diagram. 

 

Where λaf is the flux produced by field current which links the armature winding Eqn. 

2.3. 

 

                                                   
af

af f

If af

L

L L
 


                                        (2.3) 

 

                                                             
af

f

f

L

L
                                      (2.4) 

 

Laf is mutual inductance between field and armature winding. Lf is field leakage 

inductance and Lf is the field self inductance.  

Therefore  

 

                                                   
2

af

e f a

f

Lp
T I

L
                                            (2.5) 

 

Therefore, the requirements for torque control in DC machine are: 

 

1- An independent controlled Ia to overcome the effects of armature resistance, leakage 

inductance and induced voltage. 

2- An independent controlled or constant value of field flux. 
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3- A separately controlled orthogonal spatial angle between flux and MMF to avoid the 

interaction of MMF and field flux. 

Fig. 2.5 shows a schematic diagram of FOC. It starts by computing the three 

phase current of the PMSM motor by measuring ia and ib only, since ia+ib+ic = 0. Thus 

two sensors are only needed. The sensor is usually a shunt resistance. By using Clarke 

transformation, iα and Iβ   are found. Rotational Park transformation converts the current 

from "αβ" to "dq" coordinate frame. Idref and Iqref are the current reference signals to 

generate error signals with id and iq. These error signals are fed into the Proportional-

Integral (PI) controller to regulate and send as vd and vq. Inverse rotational Park 

transformation is converted vd and vq to vα and vβ which are fed to SVPWM [6]. 

SVPWM generated signals apply to VSI to create the required output voltage. Moreover, 

the rotor angle is encoded, which is used in dq transformation and calculates the 

instantaneous rotor speed ωm. Ωm is compared to ωmref , which is the reference speed, to 

obtain speed error signal. This error is fed to PI controller whose output is ωqref . 
 

 

Fig. 2.5 Basic diagram of FOC of PMSM motor. 

2.2.2   Direct Torque Control (DTC) 

Direct Torque Control is one of the high performance control strategies designed 

for AC machines in 1980s. the DTC is implemented by selecting proper voltage space 

vector (VSV) according to the switching status of the inverter which depends upon the 

error values between the reference flux linkage and torque with their measured real 

values obtained from calculations in stationary reference frame by means of simply 

detecting the motor voltage and currents. The DTC scheme has already been realized 

successfully in induction motor drives and nowadays for PMSM motor also. Therefore 
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there are lots of questions and techniques needed to and deserved to be investigated 

further in this aspect. Aiming at the DTC of PMSM motor drives this paper illustrates the 

theoretical basics of DTC in PMSM motor drives firstly and then explains the application 

of DTC to PMSM motor for the purpose of utilizing the successful and matured 

technique of DTC to solve the problems in implementation of DTC in PMSM motor [7]. 

DTC method has been first proposed for induction machines. This concept can 

also be applied to synchronous drives. The DTC technique is different from the 

conventional vector control method, where torque is controlled in the rotor reference 

frame via current control loops. But the conventional DTC strategy has serious ripples of 

the electromagnetic torque and flux linkage inevitably, so its steady state performance is 

poor, and the inverter has variable switching frequency. Many researchers have devoted 

to the improvement of the steady state performance of the basic DTC, especially for 

induction machine since the first industrial product has been produced in 1996. In the late 

1990s, DTC method has been proposed for permanent magnet synchronous motor, as 

well as the advantages for induction motor. However, new problems appear regarding 

application of zero vectors. This is especially true at a low speed, when the zero voltage 

vectors application on the PMSM motor holds the torque rather than decreases it. As well 

as improving dynamics, deletion of zero vectors also causes more significant torque and 

flux ripples in steady state, and complicates the control of the motor smoothly in the low 

speed range. Therefore, the way of minimizing torque ripples becomes the main research 

subject in a DTC of PMSM motor [8]. 

Space vector modulation DTC is a technique to reduce the ripples of the 

electromagnetic torque and flux linkage. Space vector modulation techniques have 

several advantages that are offering better DC bus utilization, lower torque ripples, lower 

total harmonic distortion in the AC motor current, lower switching loss, and easier to 

implement in the digital systems. 

In general, there are two control methods used for the PMSM motor; field 

oriented control and direct torque control [9, 10]. The AC drives in which flux oriented 

control (FOC) is used field control leads to flux control. Here, rotor flux space vector is 

calculated and controlled by using the angular velocity which is derived from the speed 
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feedback and the stator current vector. The greatest drawback of the flux vector control is 

the need for a tachogenerator or an encoder for high accuracy. This need definitely 

increases the costs of the system. The basic principle of DTC is to directly select the 

stator voltage vectors according to the errors between the reference and actual values of 

the torque and stator flux. Torque and flux are resolved and directly controlled using 

nonlinear transformations on hysteresis controllers, without performing coordinate 

transformations. A double layer hysteresis band controller is utilized for stator flux 

control and a three-layer hysteresis band controller is used for torque control. DTC is an 

alternative to field oriented control method in high performance applications due to the 

advantages of reduced computations, since the torque and flux estimators in DTC 

requires and relies on the parameters identification and accuracy of the estimations, the 

estimation of the electromagnetic torque is essential for the entire system performance. In 

classical PWM and flux vector controlled drives, voltage and frequency are used as basic 

control variables and that are modulated and then applied to the motor [11]. This 

modulator layer needs an additional signal processing time and restricts the torque and 

speed response. The key notion behind DTC is to directly steer the stator flux vector by 

applying the appropriate voltage vector to the stator windings. This is done by using a 

pre-designed switching table to directly update the inverter‟s discrete switch positions 

whenever the variables to be controlled, the electromagnetic torque and the stator flux, 

exceed the hysteresis bounds around their references. The switching table is derived on 

the basis of the desired performance specifications on the controlled variables also 

include the balancing of the inverter‟s neutral point potential around zero. 

2.2.2.1 Determination of the voltage space vector 

The main principle of DTC is determination of correct voltage vectors using the 

appropriate switching table. The determination process is based on the torque and stator 

magnetic flux hysteresis control. Stator magnetic flux can be calculated using Eqn. 2.6. 

                                              s ss

t t

t
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17 
 

Eqn. 2.6 shows that the stator magnetic flux and the voltage space vector are in the same 

direction. Therefore, amplitude and direction control of the stator magnetic flux is 

possible by selecting the suitable voltage space vectors. Voltage vector plane is divided 

into six parts as shown in Fig. 2.6. Two adjacent vectors that yield the lowest switching 

frequency are selected in order to increase or decrease the amplitude respectively [12]. 

 

Fig. 2.6 Vectors of space vector modulation. 

Here, when the stator magnetic flux is moved clockwise in sector 1, voltage space vector 

v2 is selected in order to increase the stator magnetic flux amplitude and voltage space 

vector v3 is selected in order to decrease the amplitude. When the stator magnetic flux 

moves clockwise, if still in section 1, v6 is used to increase the amplitude and v5 is used to 

decrease the amplitude. The torque of the PMSM motor can be controlled using DTC by 

means of controlling the stator magnetic flux rotation speed in cases where the stator 

magnetic flux amplitude is kept constant. Since the magnets on the rotor are continuously 

rotating, stator magnetic flux does not change when v0 and v7 zero vectors are used. Zero 

vectors can be used to estimate the initial position of the rotor by a fixed active voltage 

vector while limiting current by applying zero vectors. In this position data is not used; 

therefore, zero vectors are not used within DTC for PMSM motor [12, 13]. Table 1 shows 

the suggested switching sequences. For these different states, the hysteresis controllers 

can be used as flux and torque hysteresis controllers. 
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Table 2.1 switching vector. 

 

In Table 2.1(a). ψ denotes stator magnetic flux hysteresis controller output, Τ 

denotes torque hysteresis controller output, and θ represents magnetic flux sector. These 

vectors are selected in order to provide the stator flux error within 2Δψs bandwidth and 

the actual torque error in the 2tΔe bandwidth at each switching period. The flux hysteresis 

controller output is dψs. If an increase is needed for flux, it is assumed that d 1 ψs = and 

when a decrease is needed, it is assumed that d 0 ψs = 0. Two level hysteresis controllers 

are determined by Eqn. 2.7. 
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                               sd =  
1,     s  <   

sref − 𝛥
s  

0,    s  >   
sref + 𝛥

s  
                       (2.7) 

 

        In direct torque method, three level torque comparator is used to select whether 

the inverter output voltage vector should be a torque-increasing vector or a torque-

reducing vector. The appropriate vector is then applied for the duration of the sampling 

period. At low speed the torque increasing vectors are very effective at increasing the 

torque, whereas the torque reducing vectors are less effective. In contrast, at high rotor 

speeds, the torque-increasing vectors are less effective, whereas the torque reducing 

vectors are more effective. The result of this is that, at low speed, the torque tends to 

make a considerable excursion above the maximum torque hysteresis limit. 

 

Fig. 2.7 Schematic diagram of DTC for PMSM motor. 

2.2.3 Model predictive control (MPC) 

A Model Predictive Control (MPC) algorithm applied to electrical drives. The 

main contribution is a comprehensive and detailed description of the controller design 

process that points out the most critical aspects and gives also some practical hints for 

implementation. As an example, the MPC is developed for a permanent magnet 

synchronous motor drive. Speed and current controllers are combined together, including 
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all of the state variables of the system, instead of keeping the conventional cascade 

structure. This way the controller enforces both the current and the voltage limits.  

Its strategies are based on an explicit and identifiable model of the controlled 

system [14], which is used to pre-calculate the behavior of the plant and to choose an 

optimal value of the control variables. Because of the computational effort required by 

MPC, its implementation has been formerly restricted to slowly varying systems, as 

chemical processes, in which the time step of the discretization is long enough to allow 

the complete execution of the control algorithm. As the performance of the available 

computing hardware has rapidly increased and new faster algorithms have been 

developed, it is now possible to implement MPC for fast systems with shorter time steps.  

Electrical drives are of particular interest for the application of MPC for at least two 

reasons: 

 1) Their quite accurate linear models can be obtained by both analytical means and 

identification techniques;  

2) Bounds on drive variables play a key role in the dynamics of the system. Actually, two 

main approaches are available to deal with systems constraints: the conventional anti–

windup techniques, with their manifold variants, widely used in the PI controllers, and 

MPC [15]. It is worth to note that the difficulty in establishing constraints on the states 

have also limited the application of conventional state space controllers.  

In spite of the mentioned advantages, MPC applications to electrical drives are 

still largely unexplored and they involve only few research laboratories. For example, 

generalized predictive control (GPC) – a special case of MPC – has been applied to 

induction motors first for the current regulation only and, later, for the speed and current 

control. In the more general MPC solution has been adopted for the design of the current 

controller in the same drive. In other works MPC has been used as a current or a 

torque/flux controller, directly driving the inverter states. The main contribution of this 

paper is a comprehensive and detailed description of the design process of an MPC 

controller for an electrical drive, pointing out the most critical aspects and giving some 

practical hints for the design and the implementation, and some suggestions for future 

studies and developments. As an example of application, the MPC is applied to the 
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control of a PMSM motor. Speed and current controllers are combined together in a 

single MPC that includes all the state variables of the system, instead of keeping the 

conventional cascade structure. In this way it is possible to enforce all the constraints of 

the system namely current and voltage limits in the controller. Opposite to previous 

works, this also considers the motional coupling effect between the direct and quadrature 

axes of the motor. This approach exploits the main advantages of MPC, i.e. its capability 

of systematically coping with hard constraints on inputs and states, and its suitability for 

directly addressing multi-variable systems. These are the null steady-state error in the 

presence of unknown load and parameters mismatch of the model and the preservation of 

stability when a low-pass filter is introduced in the feedback path, especially in the speed 

measurement. 

In PMSM motor speed control system, some constraints are paid close attention 

because of their affects on system performance, for example, the restrictions on the 

amplitude of voltage, current or torque. Two commonly used methods to handle the 

constraints are Anti-Windup and MPC. Wherein, Anti-Windup method has some 

advantages such as a simple structure, offline design and very small amount of 

calculation. However, MPC is more potential for the systems containing multivariable 

constraints and can obtain the optimal control law with solving optimization problems 

online. 

The approximate linearization model of PMSM motor speed control system is 

used to design a linear MPC speed controller to meet the constraints on the speed and the 

current. Shows the feedback linearization method is combined with MPC to achieve the 

speed control and meet current constraints. Proposed the piecewise feedback Anti-

Windup method to design PID speed controllers and the overshoot of speed is effectively 

suppressed over a large dynamic range. This presented a simple and accurate 

linearization method for PMSM motor speed control system, on this basis, a linear MPC 

controller to ensure the closed-loop stability of systems is designed by defining the 

terminal constraint set conditions.  

Advantages of PMSM motor drives over other drives are higher power factor 

operation, higher torque to inertia ratio and higher efficiency. In recent years, new control 

strategies have been studied for the current control of power inverters. Among them, 
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MPC has been applied for the control of power converters due to its several advantages, 

like fast dynamic response, easy inclusion of nonlinearities and constraints of the system, 

and the flexibility to include other system requirements in the controller. A cost function 

represents the desired behavior of the system. MPC is an optimization problem where a 

sequence of future actuations is obtained by minimizing the cost function. The first 

element of the sequence is applied, and all the calculation is repeated every sample 

period. Due to the fast sampling times used in the control of power converters, solving 

the optimization problem of MPC online is not practical. One approach is to use an 

explicit solution of MPC, solving the optimization problem offline. The resulting 

controller is a search tree or a lookup table and can be implemented without big 

computational effort. This solution has been used for the control of a DC–DC converter 

and a drive system. Considering that power converters are systems with a finite number 

of states, given by the possible combinations of the state of the switching devices, the 

MPC optimization problem can be simplified and reduced to the prediction of the 

behavior of the system for each possible state. Then, each prediction is evaluated using 

the cost function, and the state that minimizes it is selected. This is also a different 

approach that has been successfully applied for the current control in a three-phase 

inverter and a matrix converter power control in an active front-end rectifier and torque 

and flux control of an induction machine [16]. 

MPC uses an explicit model of system to predict future trajectory of system states 

and outputs. The optimization yields an optimal control sequence as input and only the 

first input from the sequence is used as the input to the system. At the next sampling 

interval, the horizon is shifted and the whole optimization procedure is repeated. The 

main reason for using this procedure, which is called receding horizon control (RHC), 

[17, 18, 19] is that it allows compensating for future disturbance and modeling error. The 

basic structure of model predictive control is depicted in Fig. An explicit model of the 

system is used to predict output response of the future chain yˆ. Based on the predicted 

system output and current system output, the error is calculated. The errors, then, are fed 

to the optimizer. In the optimizer, the future optimal control sequence Δu, is calculated 

based on the objective function and system constraints. The state space model of the 
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system is used in the model predictive control. The general discrete form of the state 

space model used in model predictive control is of the form: 

                                          x(k + 1) = Ax(k) + Bu(k) + Ed(k) + Fw(k)                             (2.8) 

                                          y(k) = Cx(k)                                                                          (2.9) 

Where k is the sampling instant, x is the state vector, u is the input vector, d 

represents system disturbance and w represents system noise model. A, B, C, E and F are 

coefficients of system state space model and reflect the PMSM motor model. The final 

aim of MPC is to provide zero output error with minimal control effort. Therefore, the 

cost function J that reflects the control objectives is as follows: 
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Where μk and vk , respectively, are the weighting factors for the prediction error 

and control energy, y(n + k) is the k
th
 step output prediction, yref(n + k) is the k

th
 step 

reference trajectory and u(n + k) is the k
th
 step control action. Where the first term 

reflects the future output error and second term reflects the consideration given to the 

control effort. The predicted output vector has dimension of 1 × Np where Np is the 

prediction horizon. u is control action vector with dimension of 1×Nc that Nc is control 

horizon. In the MPC, the control horizon, Nc, is always smaller than or equal to 

prediction horizon (Np). μk and vk are reflecting the weights on the predicted error of 

predicted outputs and change in the control action. 
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Fig. 2.8 Basic structure of model predictive control (MPC) 

umin ≤ u(n + k) ≤ umax ,  Δumin ≤ Δu(n + k) ≤ Δumax 

                               xmin ≤ x(n + k) ≤ xmax ,   Δxmin ≤ Δx(n + k) ≤ Δxmax                                  (2.12) 

ymin ≤ y(n + k) ≤ ymax ,  Δymin ≤ Δy(n + k) ≤ Δymax 

 

The constraints of MPC include constraints of magnitude and change of input, 

state and output variables that can be defined in the following form Eqn. 2.12. 
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CHAPTER-3 

Four Switch Three Phase Inverter 

In earlier times, when Four-switch three-phase inverter (FSTPI) were generally used as 

course of action component minimized and which was first in use with three-phase 

induction motor in as early as 1984 [1]. It consists of variable speed drives using three-

phase inverters and squirrel cage induction machines and has already found many 

practical applications. Certain applications, however, still require a further cost reduction 

for the drive. Regarding the drive motor, important reduction in material cost may be 

obtained by raising the speed, while the reduction of the number of power semiconductor 

device components in the converter should be the main consideration for reducing the 

cost of the control subsystem. The use of transistors instead of thyristors eliminates the 

force commutating components and, when properly designed, presents distinct 

advantages for drives in the power range up to 50 KVA. A further reduction in 

components is possible by considering alternatives to the conventional three-phase bridge 

configuration for a voltage-fed inverter, since this circuit uses six switching devices and 

six reactive power diodes. These Considerations lead to a bridge circuit with only four 

switching devices and four reactive power diodes. It has been shown in the past that a 

two-level current control can be implemented to yield quasi-sinusoidal currents in the 

three load phases. Fundamentally, however, there are two control possibilities for this 

type of three-phase Inverter Bridge, i.e., current source operation (two-level current 

control) and voltage source operation (PWM). Due to the limitations of the current source 

method, the second option is also used in practice. In one method of pulse width 

modulation a four switch circuit is suggested in order to obtain PWM phase voltages in 

all three phases, using only two modulated voltages. As this phase asymmetric PWM 

(PAPWM) leads to series of positive, negative, and zero sequence voltages, the method is 

evaluated theoretically against a six switch circuit with PWM, including influences on 

additional losses and torque pulsations. Furthermore, by operating a machine off a 50-hz 

supply, an experimental evaluation of residual no ideal effects can be made [20, 21, 22]. 

Operation of the same machine at the same operating point in the torque speed plane by 
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feeding from both a six switch and a four switch circuit with PWM, two-level current 

control, and PAPWM, respectively, also enables an experimental comparison to be made. 

 Many research works are focusing in the development of the efficient control 

algorithms for high performance variable speed induction motor (IM) drives. Induction 

motor has been operated as a work horse in the industry due to its easy build, high 

robustness and generally satisfactory efficiency. Recent development of high speed 

power semi conductor devices, three phase inverters take part in the key role for variable 

speed AC motor drives. Traditionally, SSTPIs have been commonly utilized for variable 

speed IM drives; this involves the losses of the six switches as well as the complexity of 

the control algorithms and interface circuits to generate six PWM logic signals. So far 

researchers mainly concentrated on the development of new control algorithms. 

However, the cost, simplicity and flexibility of the overall drive system which are some 

of the most important factors did not get that much attention from the researchers. That is 

why, despite tremendous research in this area, most of the developed control system 

failed to attract the industry. Thus, the main issue of this work is to develop a cost 

effective, simple and efficient high performance PMSM motor drive. Recently, some 

efforts have been made on the application of FSTPI for variable speed drives. Some 

advantages of the FSTPI over the conventional SSTPI such as, reduced price due to 

reduction in number of switches, reduced switching losses, reduced number of interface 

circuits to supply logic signals for the switches, simpler control algorithms to generate 

logic signals, less chances of destroying the switches due to lesser contact among 

switches and less real time computational burden [2]. The invention of high speed power 

semiconductor devices makes it possible to control the AC drives with SSTPI. This 

inverter was popular since the last few decades. In recent years, many research and 

development project focusing the cost reduction of PMSM motor drive had been 

developed. An AC to AC converter with least amount of hardware was proposed for three 

phase induction motor (IM) drive. A cost effective FSTPI was proposed for PMSM motor 

drive. The authors showed a performance comparison of the FSTPI inverter fed drive 

with SSTPI fed drive in terms of speed response and total harmonic distortion of the 

stator current. The authors also proposed control scheme for FSTPI PMSM motor drive 

[23]. A vector control technique for PMSM motor using FSTPI was presented for high 
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performance industrial drive systems. The authors verified the complete vector control 

scheme. 

Over the year‟s induction motor (IM) has been utilized as a workhorse in the 

industry due to its easy build, high robustness, and generally satisfactory efficiency. By 

tradition, SSTPIs have been widely used for variable speed IM drives [24]. The last work 

on FSTPI for IM drives investigated the performance of a four-switch three-phase 

inverter fed cost effective induction motor in real time, which has been implemented by 

vector control. A standard three-phase voltage source inverter utilizes three legs six-

switch three-phase voltage source inverter, with a pair of complementary power switches 

per phase. The FSTPI structure generates four active vectors in the plane, instead of six, 

as generated by the SSTPI topology. A reduced switch count voltage source inverter four 

switch three-phase voltage source inverter uses only two legs, with four switches. Several 

articles report on FSTPI structure regarding inverter performance and switch control. 

This presents a general method to generate PWM signals for control of four-switch, three 

phase voltage source inverters, even when there are voltage oscillations across the two 

dc-link capacitors. The method is based on the so called space vector modulation, and 

includes the scalar version. This permits to implement all alternatives, thus allowing for a 

fair comparison of the different modulation techniques. The proposed method provides a 

simple way to select either three, or four vectors to synthesize the desired output voltage 

during the switching period. In the proposed approach, the selection between three or 

four vectors is parameterized by a single variable .The influence of different switching 

patterns on output voltage symmetry, current waveform, switching frequency and 

common mode voltage is examined. 

In the FSTPI, they are using in various ways; model-based predictive current 

control (MBPCC) [15] scheme for FSTPI-fed PMSM motor drive systems based on a 

three-phase extended back-EMFs estimation method. First, we estimate the three-phase 

extended back-EMFs of PMSM motor using the information of the stator currents, the q-

axis inductance, and the stator voltages. After that, the future stator currents are predicted 

for four possible switching states generated by the FSTPI. By defining a cost function 

which is related to current errors, one can select a switching state that minimizes the cost 

function. Then, the future switching state of the FSTPI at the next sampling time can be 
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determined to directly control the drive signals of FSTPI. In addition, to improve the 

performance of the closed-loop system, an adaptive back stepping complementary PI 

sliding-mode (ABCPISM) position controller is proposed. In the performance of a fuzzy 

logic- controller (FLC)-based cost-effective drive system of PMSM motor for high-

performance industrial applications. In this paper, the FLC is used as a speed controller 

and the motor is fed from a FSTPI PWM inverter instead of a conventional SSTPI. This 

reduces the cost of the inverter, the switching losses, and the complexity of the control 

algorithms and interface circuits to generate six PWM logic signals. Furthermore, the 

proposed control approach reduces the computation for real-time implementation. The 

closed-loop vector control scheme of the selected FSTPI-fed PMSM motor drive 

incorporating the FLC is implemented in [24]. A comparison of the FSTPI fed PMSM 

motor drive with a conventional SSTPI system is also made in terms of performance and 

harmonic analysis of the stator current. An ADRC based MPCC strategy is developed for 

PMSM motor fed by FSTPI as an after-fault-topology for fault-tolerant FSTPI. Firstly, 

the mathematical model of a PMSM motor fed by a FSTPI is built. Then the ADRC and 

MPCC are respectively designed, with the former being used to realize disturbance 

estimation and disturbance compensation while the latter being used to reduce stator 

current ripple and improve the quality of the torque and speed control. The resultant 

ADRC-based MPCC PMSM motor fed by an unhealthy inverter has fault-tolerant 

effective with dynamical performance very close to an ADRC-based MPCC PMSM 

motor fed by a healthy inverter [24, 25, 26]. On the other hand, compared with PI-based 

MPCC PMSM motor fed by an unhealthy inverter, it possesses better dynamic response 

behavior and stronger robustness as well as smaller THD index of three-phase stator 

current in the presence of variation of load torque. The simulation results validate the 

feasibility and effectiveness of the proposed scheme. A MFPCC for FSTPI-fed PMSM 

motor drive systems is proposed. A new method, using the stator current and its 

difference is proposed to predict the next stator current. The advantages of the proposed 

MFPCC are low computation, simple to realize, and insensitive to parameter variations. 

The switching state that minimizes a defined cost function, which is used to evaluate the 

current error at the next switching state, is obtained to control the drive signals of the 
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FSTPI. Due to its simplicity and powerfulness, the proposed method provides an 

alternative current controller for the FSTPI  - fed PMSM motor drive system. 

 

3.1   Conventional FSTPI voltage source inverter 

In FSTPI, two of the output load phases are maintained from the two inverter legs, 

while the third load phase is fed from the dc-link at the middle point of a split-capacitor 

bank as shown in Fig. 3.1 Recently, the FSTPI has attracted the most interests regarding 

its performance, control, and applications [2]. The conventional SSTPI two-level voltage 

source inverter (VSI) has found widespread industrial applications in different forms such 

as motor drives, renewable energy conversion systems, and active power filters. 

However, in some low power range applications, reduced switch count inverter 

topologies are considered to alleviate the volume, losses, and cost. Some research efforts 

have been directed to develop inverter topologies that can achieve the aforementioned 

goal. The results obtained showed that it is possible to implement a three-phase inverter 

with only four switches. Recently, the FSTPI has attracted the most interests regarding its 

performance, control, and applications. Compared to the traditional SSTPI, the FSTPI has 

some advantages such as reduced cost and increased reliability due to the reduction in the 

number of switches, reduced conduction and switching losses by 1/3, where one entire 

leg is omitted, and reduced number of interface circuits to supply PWM signals for the 

switches. The FSTPI can also be utilized in fault tolerant control to solve the open/short-

circuit fault of the SSTPI. However, there are some disadvantages of the conventional 

FSTPI which should be taken into consideration. Similar to the traditional SSTPI, the 

FSTPI performs only buck dc–ac conversion. Furthermore, the peak phase voltage of the 

FSTPI is reduced to 3 (VDC/2), where it is VDC/2 in the SSTPI. In order to boost up the 

phase voltage of the FSTPI to that of SSTPI, the typical solution is to insert a dc–dc boost 

converter between the dc input source and the FSTPI. However, this adds significant 

complexity and hardware to the power conversion system and wastes the merits of the 

reduced switch count. Also, the FSTPI topology is not symmetrical; while two load-

phases are directly fed from the two inverter legs, the third load-phase is connected to the 

center tap of split dc-link capacitors. This forces the current of the third phase to circulate 

through the dc-link capacitors; hence, a fluctuation will inevitably appear in the two 
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capacitors‟ voltages, which correspondingly distorts the output voltage. Moreover, if the 

dc-link split-capacitors have not equal values, there is a possibility of over modulation of 

the pulse-width modulation process in order to compensate this dilemma. The SEPIC 

converter is a fourth-order nonlinear system that is extensively used in step-down or step-

up dc–dc switching circuits, photovoltaic maximum power point tracking and power 

factor correction circuits due to its promising features as the non inverting output voltage 

buck-boost capability and lower input current ripple content. Based on the 

aforementioned advantages, SEPIC converter has been recently researched by scholars in 

various topologies in many diversified studies. Although the proposed FSTPI SEPIC 

inverter has not a voltage boost capability, it can produce an output voltage higher than 

that of the conventional FSTPI VSI by a factor of two, which improves the voltage 

utilization factor of the input dc supply. Another attractive feature of the proposed SEPIC 

inverter is that the output voltage is a pure sinusoidal wave, therefore reducing the 

filtering requirements at the output stage. Also, there is no vital need to insert a dead-

band between the same-leg switches, which significantly reduces the output waveform 

distortion and gain nonlinearity. 

 

 

Fig. 3.1 Conventional FSTPI voltage source inverter. 

 

3.2 Sliding Mode Control (SMC) 

Sliding mode controller (SMC) is a kind of nonlinear controller which was 

introduced for controlling variable structure systems (VSS). Its major advantages are 
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guaranteed stability and robustness against parameter, line, and load uncertainties. 

Moreover, being a controller that has a high degree of flexibility in its design choices, the 

SM controller is relatively easy to implement as compared to other types of nonlinear 

controllers. Such properties make it highly suitable for control applications in nonlinear 

systems, including power electronics. It has been repeatedly demonstrated that the SMC 

controller is a viable solution for enhancing the control performance of power converters 

[27]. 

SMC is a nonlinear control theory which extends the properties of hysteresis 

control to multivariable environments. It is able to constrain the system status to follow 

trajectories which lie on a suitable surface in the state space (the sliding surface). The 

main advantages of SMC are the fast dynamic response and the guarantee of stability and 

robustness for large variations of system parameters and against perturbations. Moreover, 

given its flexibility in terms of synthesis, SMC is relatively easy to be implemented 

compared to other types of nonlinear control. However, its application to power 

converters should be studied for each converter severally. As a control method, SMC has 

been applied to basic dc–dc converters and complex converters. Although most authors 

mention the generalization of their developed methods to other high-order converters, this 

does not imply to all converters because the difference in circuit topology completely 

changes the system‟s behavior even if it is of the same order. 

 

3.2.1 Sliding Surface 

Although the output voltage vC2 of each single-ended primary inductance 

converter (SEPIC) is the final control target, it will be impossible for the closed-loop 

controlled system to reach stable motion on the sliding surface if vC2 is only selected to be 

the direct control target, thus the other variables should be chosen. Then, it is proposed to 

increase the number of state variables as low as possible in the sliding surface. To avoid a 

large number of tuning gains, a surface containing the input current in addition to the 

output voltage could be chosen as given by Eqn. 3.1 

                                                 S (iL1, vC2) = α1e1 + α2e2                                                                                                   (3.1) 

Where coefficients α1 and α2 are gains, while e1 and e2 are the feedback errors of the state 

variables iL1, and vC2, respectively, and given by Eqn. 3.2 
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                                                    e1 = iL1ref − iL1 

                                                e2 = vC2ref − vC2                                                             (3.2) 

The reason for choosing iL1 instead of iL2 is to allow the sliding surface to directly 

control the input of each converter in addition to its output, which is more stable than the 

other cases. At an infinitely high switching frequency, the SMC will ensure that both 

input inductor current and output capacitor voltage are regulated to follow exactly their 

instantaneous references iL1ref and vC2ref, respectively. However, in the case of finite 

frequency or fixed frequency SMCs, the control is imperfect, where steady-state errors 

exist in both inductor current and output capacitor voltage. A good method for 

suppressing these errors is to introduce an additional integral term of the state variables 

into the sliding surface. Therefore, an integral term of these errors is introduced into the 

SMC as an additional controlled state-variable to reduce these steady-state errors. This is 

commonly known as integral sliding-mode control (ISMC) [28, 2], and the sliding 

surface are selected as specified by Eqn 3.3. 

                                               s = α1e1 + α2e2 + α3e3                                             (3.3) 

where, α1 , α2 , and α3 represent the desired control parameters denoted sliding 

coefficients, while e1 ,e2 and e3 are expressed as 

 

                                                     e1 = iL1ref − iL1 

                                                     e2 = vC2ref − vC2                                                             (3.4) 

                                                     e3 = 1 2( )e e dt  

The time derivative of the three-state errors is given by 
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The inductor current reference is difficult to evaluate as it has a nonconventional 

form and generally depends on the load power demand, supply voltage, and load voltage. 

In practical implementation, the state variable error for the inductor current is obtained 

from the actual current either by using a high-pass filter to obtain the inductor current 

ripples at the switching frequency that simulates the error, or by using a low-pass filter to 

pass only the fundamental component of the inductor current then the actual current is 

subtracted from this reference signal to get the state error. To avoid increasing the system 

order and altering the converter dynamics when such filters are used, the inductor current 

reference can be chosen as  

                                               iL1ref = K (vC2ref − vC2 )                                                      (3.6) 

where K is an amplifying gain of the converter output voltage error. Substituting 

Eqn. 3.5 in Eqn. 3.6 gives  

 

                                             

1 1 2 21
( ) [ ( )L ref L C ref Ce

d i i d K v vd

dt dt dt

 
 

                                             (3.7)
 

Considering the time derivative of the output capacitor voltage 

                                                               

2 2

2

vc cd i

dt c


                                                                                 (3.8) 

 

Fig. 3.2 ISMC for SEPIC converter 

To simplify the calculation, assuming that vC2ref is constant, and substituting 

equation (15) [2] and Eqn. 3.8 in Eqn. 3.7 gives 
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where D is the equivalent control signal denoted as the duty cycle of the 

converter, which could be formulated using the invariance conditions by setting the time 

derivative of Eqn. 3.3 to zero as follows [50]: 

   

                             (3.10) 

 

Solving for the equivalent control signal yields 
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Where 3
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1
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   and 3
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are the fixed gain parameters 

of the recommended ISMC. The block diagram of the ISMC given by is illustrated in Fig. 

3.3. 

 

 3.2.1.1 Double-Integral Sliding-Mode Control (DISMC) 

To increase the effectiveness of the ISMC, an additional double-integral term of 

the state-variables error could be introduced in the sliding surface. This is the so-called 

DISMC [2]. Thus, the DISM controller has the following sliding surface 

 

                                   s = α1e1 + α2e2 + α3e3 + α4e4b                                                       (3.12) 

Where the state errors are defined by 

31 2
1 2 3 0

dede deds

dt dt dt dt
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e1 = iL1ref − iL1 

e2 = vC2ref – vC2 

e3 = 1 2( )e e dt  

                                                           e4 = 1e dt                             (3.13)                              
 

Substituting the SEPIC state-space models under CCM into the time derivative of 

Eqn. 3.13 gives the dynamical model of the system as 
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                                                                                                                                    (3.14)
 

The equivalent control signal deduced from setting the time derivative of Eqn. 

3.12 into zero gives 
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  are the 

fixed gain parameters in the recommended DISM controller. Eqn. 3.15 Shows that the 

DISMC introduces an integral term of the capacitor voltage error component in the 

equivalent control, which allows solving the problem of the significant steady-state errors 

in the ISMC algorithm. The block diagram of the DISMC given by Eqn. 3.15 is 

illustrated in Fig. 3.3. 
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3.2.1.2 Selection of DISM Control Parameters 

The system behavior is completely determined by coefficients Ki, which must be 

selected so as to satisfy the existence condition of the SMC and ensure stability and fast 

response even for large supply and load variations. The existence condition for the SMC 

consists of finding the regions of attraction given by
( )

( ) 0
ds x

s x
dx

 throughout the entire 

domain of operation which are imposed by the SMC strategy. These regions are found 

using the following inequalities [2]: 

 
Fig. 3.3 DISMC for SEPIC converter 

  
( )

0,
ds x

dx
   if  ( ) 0s x   

   
( )

0,
ds x

dx
 if   ( ) 0s x 

                                        (3.16) 

Detailing equation (3.16) leads to 

Case 1: ( ) 0s x  , u=1, then  
( )

0,
ds x

dx
  

1 2 2 4 2 2 2 2 3 1 1( ) ( ) ( ) 0in C ref C C ref C C L LV K v v K v v dt K i K r i                                         (3.17)
 

Case 1: ( ) 0s x  , u=0, then  
( )

0
ds x

dx
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Since existence conditions are expressed by inequalities Eqn. 3.17, there are some 

degrees of freedom in choosing coefficients Ki. The solutions giving stable and non 

oscillatory response of all state variables can therefore be investigated. This can be 

obtained by finding the system Eigen values as a function of the coefficients Ki in order 

1,

0,

u

u
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to find the solutions having Eigen values with negative real part and suitable dynamic 

behavior. 

3.2.1.3 Parameters and ratings selection for SEPIC inverter components 

I. Inductors Selection 

Retrieving equation 1 [2], the relation between input, and output voltages and currents for 

SEPIC converter is as follows: 

                                                        

( ) ( ) ( )

( ) 1 ( )

in o

o DC

i t v t D t

i t V D t
 


                                                            (3.19)

 

where D(t) is the instantaneous duty cycle, which can be expressed by (34) 
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                                                                  (3.20)

 

Considering the first converter in the proposed SEPIC inverter topology, which is 

connected to phase B, and retrieving equations Eqn. 2 and Eqn. 6 [2], i.e., vBO(t) = VDC − 

VmL −L sin (ωt) and iB (t) = Imsin (ωt−∅−5π/6). Then, the instantaneous duty for the first 

converter is calculated as follows  
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                                                     (3.21)

 

To find the duty cycle at the highest output current, it is necessary to find the time at 

which the current becomes at its peak value. For the load current iB (t), it will be at the 

level of Im when 

                                                               

4

3
t


  

                                                                          (3.22)

 

Then, the duty cycle correspondent to this maximum current is D̂ , and could be 

found as follows 
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                                         (3.23)

 

It is clear from Eqn. 3.22 that the highest possible duty cycle occurs at ϕ = π/6, which is 

not depending on the ratio of (VmL −L /VDC). The corresponding maximum duty cycle 
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could be found by Eqn. 3.23, and will be used in design which emulates the worst 

possible case 

                                              

max 1
2

DC mL L
conv

DC mL L

V V
D

V V









                                                                     (3.24)

 

For the second converter in the proposed SEPIC inverter topology, which is connected to 

phase C, i.e., vCO(t) = VDC + VmL −L sin(ωt + 2π/3) and iC (t) = im sin(ωt + π/2 − ϕ). The 

instantaneous duty cycle is calculated as follows: 
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                                            (3.25)

 

For the load current iC (t), it will be at the level of Im when  

                                                    ωt = ϕ                                                                        (3.26) 

Then, the duty cycle correspondent to this maximum current is D̂ , and could be found as 

follows: 
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                                             (3.27)

 

It is clear from Eqn. 3.27 that the highest possible duty cycle, at the peak current, occurs 

at ϕ = 0, regardless of the ratio of (VmL –L /VDC). The corresponding maximum duty cycle 

is given by Eqn. 3.28, and will be used in design which emulates the worst possible case 
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                                               (3.28)

 

1) Input Inductor Selection: Considering that the peak-to peak ripple current through 

the input inductor is set to 10% of the maximum value of the converter input current. The 

input inductor ripple current can be expressed as 

1max 10%iL   of input current peak = max

max

0.1
1

m

D
I

D
                                                                     (3.29)

 

Also, from the dc–dc converter basics, the ripple current can be expressed as 

                                                                 

max
max

DC
L

sw

V D
i

Lf
 

                                                              (3.30)

 

where fsw is the switching frequency, while L is the inductance value. Equating Eqn. 3.28 

and Eqn. 3.29, the input inductance L1 is estimated as in Eqn 3.30. 
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max
1

(1 )

0.1

DC

m sw

V D
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I f




                                                               (3.31)

 

2) Output Inductor Selection: For the output inductor, the peak-to-peak ripple current is 

recommended to be 30% of the maximum value of the converter output current [51]. 

Following the same steps used in the selection of the input inductor, L2 could be selected 

according to the following equation: 

                                                     

max
2
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DC
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V D
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                                                          (3.32)

 

 

  

II. Capacitances Selection 

1) Coupling Capacitor Selection: Based on the desired voltage ripples, the capacitance 

can be selected as follows: 

                                                                

max
1
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sw

I D
C

Vf



                                                                        (3.33)

 

The ripple voltage across the coupling capacitance ΔV is recommended as 5% of the dc 

input voltage (VDC). 

2) Output Capacitor Selection: The design Eqn. 3.32 is typically used for the selection 

of the output capacitor. The only change is that the ripple voltage across the output 

capacitor 

  

                                Inductors                                    1 6.77BL mH , 2 2.26BL mH  

                                                                                   1 7 ,CL mH 2 2.36 ,CL mH  

                           Capacitors                                 1 10.6 ,BC F  2 2.8BC F   

                                                                                   1 10.3 ,CC F  2 2.8CC F  

                           DISMC coefficients                1 2,K  2 10,K  3 1,K  4 100,K   

Table. 3.1 Parameters of FSTPI SEPIC inverter 
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ΔVo is recommended to be 10% of the peak voltage applied on the output of the SEPIC, 

which is equal to VDC + VmL –L. The output capacitor is selected according to Eqn. 3.34. 

                                                          

max
2

m

O sw

I D
C

V f



                                                                            (3.34)

 

III. Ratings of Switching Devices 

For the proposed inverter topology, the voltage stresses of all switching devices for each 

SEPIC are equal to the sum of the input voltage and maximum output voltage as follows: 

                                                   VDmax = VSWmax = VDC + VmL –L                                                                     (3.35) 

where VD and VSW are the voltage across the diode and the switch, respectively. Also, the 

maximum stresses IDmax and ISWmax of the diodes and switches could be deduced from as 

follows: 

IV.  Design Example 

In this section, the previously deduced equations are used to select the appropriate values 

of the components used in the proposed SEPIC inverter [2]. 

The design specifications of the proposed FSTPI SEPIC inverter are as follows: 

1) input voltage: 200 VDC; 

2) Peak output line voltage: 100√3 VAC; 

3) Output frequency: 50 Hz; 

4) Switching frequency: 25 kHz; 

5) Rated current: Im = 4A (Load: 25 Ω series with 1mh). From Eqn. 3.24, Dmax conv1 = 

0.65, while from Eqn. 3.25, Dmax conv2 = 0.63. The parameters of both SEPIC converters 

for the above mentioned specifications are summarized in Table 3.1. 

 After the verification of all the performance of the FSTPI SEPIC inverter, Fig. 3.4 

shows the performance of the inverter during normal operating conditions, where the 

output capacitor voltage and the coupling capacitor voltage of both SEPIC converters are 

shown in Fig. 3.4(a) and (b), respectively. Fig. 3.4(a) shows that the output voltages of 

both SEPIC converters have sinusoidal waveforms shifted by 120° with a dc bias that is 

exactly equal to the input dc voltage. Fig. 3.4(b) shows that the average value of the 

coupling capacitor voltage for both SEPIC converters is equal to the value of the input dc 

voltage. The current of both input and output inductors for each SEPIC converter is show 
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(a)                                                                                  (b) 

 

(c)                                                                                             (d) 

 

                                   (e)                                                                                                           (f) 

 

                                  (g)                                                                                                              (h) 

Fig. 3.4 Performance of the FSTPI SEPIC inverter under normal operating conditions (a) Output capacitor 

voltage of both SEPIC converters. (b) Coupling capacitor voltage of both SEPIC converters. (c) Input 

inductor current of both SEPIC converters. (d) Output inductor current of both SEPIC converters. (e) Duty 

cycle of both SEPIC converters. (f) Dc supply current. (g) Three-phase output voltages. (h) Three-phase 

load currents. 
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in Fig. 3.4(c) and (d), respectively. Fig. 3.4(c) shows that the simulated waveforms of the 

input inductor currents for both SEPIC converters. Fig. 3.4(d) shows that the output 

inductor current has the same waveform of the corresponding load current with 

superimposed switching ripples. The duty cycle of both SEPIC converters is shown in 

Fig. 3.4(e), where they are varying between approximately 0.12 and 0.65. It should be 

noted that the waveform of the duty cycle of the SEPIC converter is similar to that 

obtained from the buck-boost converter at the same values of input and output voltages. 

This is due to the fact that both SEPIC and buck-boost converters have the same 

magnitude of the input/output relationship. The input current of the dc supply is shown in 

fig. 3.4(f). This oscillation is due to the ripples imposed on the input inductor current of 

both SEPIC, and ripples of phase-A current. The three-phase output voltages and load 

currents of the inverter are shown in Fig. 3.4(g) and (h), respectively, where the output 

voltages are well regulated without any filtering requirements [2]. 

 

 

 

 

 

 

 

 

 

 

 

 

 



43 
 

CHAPTER-4 

FSTPI Inverter Fed PMSM drive  

In this chapter the control of PMSM motor through four switch inverter is explored. 

PMSM motor is typically used for high-performance and high efficiency motor drives. 

High-performance characterized by smooth rotation over the entire speed range of the 

motor, full control at zero speed, and fast acceleration and deceleration, are achieved. For 

FSTPI FOC [3, 10], DTC [5, 11] and MPC [15, 10] control techniques are being widely 

used. FSTPI is usually adopted as the topology for continuous fault-tolerant operation of 

a Direct Torque (DTC) system when inverter fault occurs [5]. Due to that the FSTPI can 

only provide four voltage space vectors with unequal amplitude, the DTC system 

performance will deteriorate to a certain extent. To enhance the performance of PMSM 

motor drive fed by FSTPI, a sliding mode controller with the analysis and design of the 

controller included is proposed for the purpose of direct control of the torque and stator 

flux linkage. Besides a nonlinear perpendicular flux observer is adopted to estimate the 

stator flux more accurately as well.  

A FSTPI [2] has been selected as a promising inverter design to reduce the cost, 

complexity, size, and switching losses of the dc–ac conversion system. Traditional FSTPI 

usually operates at half the dc input voltage; hence, the output line voltage cannot exceed 

this value. The selected topology provides pure sinusoidal output voltages with no need 

for output filter. Compared to previous FSTPIs, this FSTPI improves the voltage 

utilization factor of the input dc supply, where this topology provides higher output line 

voltage which can be extended up to the full value of the dc input voltage. The integral 

sliding-mode control is used with this topology to optimize its dynamics and to ensure 

robustness of the system during different operating conditions. The components ratings 

are derived for the parameters in the [2]. 

Over the last two decades, the PMSM motor has been paid much attention for 

variable speed drive (VSD) systems due to its high torque to current ratio, large power to 

weight ratio, high efficiency, high power factor and robustness. With the invent of high 

speed power semiconductor devices three-phase inverters play the key role for variable 
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speed ac motor drives. Traditionally, SSTPI have been widely used for variable speed 

PMSM motor drives. These inverters have some drawbacks, which involve the losses of 

the six switches as well as the complexity of the control algorithms and interface circuits 

to generate six PWM logic signals. Recently, some efforts have been made on the 

application of FSTPI to uninterrupted power supplies and variable speed drives. 

                   Most of the reported works on FSTPI for machine drives did not consider the 

closed loop vector control scheme, which is essential for high performance drives. 

Usually, high performance motor drives used in robotics, rolling mills, machine tools, 

etc. require fast and accurate response, quick recovery of speed from any disturbances 

and insensitivity to parameter variations. The dynamic behavior of an ac motor can be 

significantly improved using vector control theory where motor variables are transformed 

into an orthogonal set of d-q axes such that speed and torque can be controlled separately 

[29]. Most of the past research on variable speed PMSM motor drives mainly 

concentrated on the development of the efficient control algorithms high performance 

drives. However, the cost, simplicity and flexibility of the overall drive system which 

become some of the most important factors did not get that much attention to the 

researchers. That is why, despite tremendous research in this area most of the developed 

control system failed to attract the industry. Thus, the main issue is to develop a cost 

effective, simple and efficient high performance PMSM motor drive system.  

                   In this work, a PMSM motor with parameters from [30] and FSTPI are used 

for simulation. The circuit is given in Fig. 4.1. The simulation results are displayed in 

Fig. 4.5.  

 

Fig. 4.1 Schematic diagram of FSTPI fed PMSM Motor. 
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PMSM motors are widely used because they have many advantages such as 

rugged construction, easy maintenance, high efficiency, and high power factor. However, 

the most important problems are cost and reliability of the drive system: power 

electronics, digital processors and effective control algorithms. These problems restrained 

spreading of the PMSM motor based drives in the field of low-cost applications such as 

automotive and home appliance.  

There are many PMSM motor drive schemes have been researched [30, 31]. 

These PMSM motor are usually fed by SSTPI. However, they have drawbacks in view of 

cost. They are relatively expensive because they need six switches and corresponding 

gate drive circuits. Hence, the schemes using FSTPI have been widely researched for cost 

reduction by the elimination of power switches and additional circuits such as gate drives. 

From that point of view the main algorithm for PMSM motor drives is position and speed 

estimation algorithm for vector sensorless control system. In most PMSM motor drives, 

some types of shaft sensor such as an optical encoder or a resolver are connected to the 

rotor shaft. However, such sensors cause several disadvantages such as drive cost, 

reliability, machine size, and noise immunity. Hence, the speed and position sensorless 

control has been desired. Among many sensorless control schemes, there are studies 

taking an approach to the design of closed-loop observers.. A closed-loop vector control 

scheme of the proposed FSTPI fed PMSM motor drive is simulated using the MATLAB - 

SIMULINK. A comparison of the proposed FSTPI fed PMSM motor drive with a 

conventional SSTPI system is also made in terms of performance analysis. This control 

method verifies the validity of an FSTPI fed PMSM motor drive system for cost 

reduction and other advantages such as reduced switching losses, reduced number of 

interface circuits to supply logic signals for the switches, easier control algorithms to 

generate logic signals.  

4.1    Modeling of PMSM 

The complete drive system modeling involves the modeling of the PMSM motor, 

inverter and the controller, which are discussed in the following subsections. Over the 

years, traditionally, SSTPI have been widely utilized for variable speed alternating 

current (ac) motor drives. Recently, some efforts have been made on the application of 
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FSTPI for uninterruptible power supply and variable speed drives. This is due to some 

advantages of the FSTPI over the conventional SSTPI such as reduced price due to 

reduction in number of switches, reduced switching losses, reduced number of interface 

circuits to supply logic signals for the switches, simpler control algorithms to generate 

logic signals, less chances of destroying the switches due to lesser interaction among 

switches, and less real-time computational burden. However, most of the Four-switch 

three-phase inverters are limited to induction motor and BLDC motor systems reported 

the application of a FSTPI for BLDC motor system in which an open-loop PWM control 

scheme is considered. Moreover, due to the absence of magnetic saliency, the control of a 

BLDC motor is much easier than that of the PMSM motor, which is considered in this 

work. Reported works on the FSTPI for machine drives did not adequately consider the 

closed-loop vector control scheme utilized a FSTPI for closed-loop vector control of 

induction motor, where the proportional–integral (PI) algorithm was used for speed and 

current control purposes. The disadvantage of the PI algorithm is well known due to its 

dependence on machine parameters [24, 31]. Furthermore, the reported works on FSTPI 

did not adequately investigate the dynamic performances of the drive, although it is one 

of the main concerns for high-performance drive applications. Thus, a FLC is utilized to 

replace the PI controller. Despite a lot of advantages of FLC over the conventional PI 

controllers [23], the real-time implementation of an FLC in motor drive suffers from high 

computational burden. In such a case, the proposed FSTPI inverter will be a good 

candidate to minimize some computational burden in real time. Nowadays, the PMSM is 

becoming popular for variable speed- drive systems due to its high torque-to-current 

ratio, large power-to-weight ratio, high efficiency, high power factor, and robustness. The 

precise speed control of a PMSM motor drive becomes a complex issue due to nonlinear 

coupling among its winding currents and the rotor speed as well as the nonlinearity 

present in the electromagnetically developed torque due to magnetic saturation of the 

rotor core. Most of the past research on variable speed PMSM motor drives mainly 

concentrated on the development of the efficient control algorithms for high performance 

drives. However, cost, simplicity, and flexibility of the overall drive system, which are 

some of the most important factors, did not get that much attention to the researchers. 

Despite tremendous research in this area, most of the developed control systems failed to 
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attract attention of the industry. In the past, researchers also applied multilevel inverter 

system for high power applications. Again, this system involves more losses and complex 

switching, if the inverter is not required for that power level. Thus, one of the main points 

of this is to develop a cost-effective, simple, and efficient high-performance PMSM 

motor drive. High-performance motor drives used in robotics, rolling mills, machine 

tools, etc. require fast and accurate response, quick recovery of speed from any 

disturbances as well as insensitivity to parameter variations. The dynamic behavior of an 

ac motor can be significantly improved using vector control theory, where motor 

variables are transformed into an orthogonal set of d–q axes such that speed and torque 

can be controlled separately. This gives the PMSM motor machine the highly desirable 

dynamic performance capabilities of a separately excited dc machine while maintaining 

the general advantages of ac over dc motors. 

 

Fig. 4.2 FSTPI fed PMSM motor. 

This presents an FLC-based FSTPI-fed cost effective PMSM motor drive system 

for high performance industrial applications. In order to verify the robustness of the 

proposed approach, the performance of the proposed drive is investigated both 

theoretically and experimentally at different operating conditions. A comparison of the 

proposed FSTPI fed PMSM motor drive with a conventional SSTPI is also made in terms 

of THD of the stator current and speed response [33]. The FSTPI-fed PMSM drive is 

found reasonably good considering its performance, cost reduction, and other inherent 

advantageous features. 
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4.1.1 Modeling of the drive system 

The complete drive system modeling involves the modeling of the inverter, PMSM 

motor, and controllers, which are discussed in the following. 

1. Rectifier–Inverter Operation 

The power circuit of the PMSM motor fed from FSTPI voltage source inverter is shown 

in Fig. 4.2. The circuit consists of two parts. The first part is a front-end rectifier powered 

from single phase supply. The single-phase ac input, which is of fixed frequency, is 

rectified by the front-end rectifier switches Tr1 and Tr2. The split capacitor bank in the dc 

link is charged through the diodes associated with Tr1 and Tr2. The switches Tr1 and Tr2 

are operated on a PWM pattern synchronized to the ac mains to shape input current to be 

sinusoidal. The inductor L helps in filtering the higher order current harmonics. The 

synchronized PWM (SPWM) technique is used to eliminate several lower order 

harmonics and to control the operation of switches Tr1 and Tr2. The front-end rectifier is 

also controlled to ensure unity input power factor at the supply side [24, 35, 36]. 

 

 

 

Fig. 4.3 Switching vectors for a FSTPI. 
 

The second part is the FSTPI. Two phases “a” and “b” are connected through two 

legs of the inverter, while the third phase is connected to the center point of the dc-link 

capacitors C1 and C2. The four-switch inverter employs four switches and four diodes to 

operate two line-to-line voltages Vcb and Vac, whereas Vba is generated according to 

Kirchhoff‟s voltage law from a split capacitor bank. The maximum obtainable peak value 

of the voltage across each capacitor equals Vdc. 
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Switching function Switch on Output voltage vector 

Sa Sb  Va Vb Vc 

0 0 T2 T4 -Vdc/3 -Vdc/3 2Vdc/3 

0 1 T2 T3 Vdc Vdc -2Vdc 

1 0 T1 T4 Vdc/3 Vdc/3 -3Vdc/3 

1 1 T1 T3 Vdc/3 Vdc/3 -2Vdc/3 

 

Table 4.1 Inverter modes of operation 

 

The inverter switches are considered as ideal switches in the analysis. The output 

voltages are defined by the gating signals of the two leg switches and by the two dc-link 

voltages Vdc. The phase voltage equations of the motor can be written as a function of the 

switching logic of the switches and the dc-link voltage. These are given as 

[4 2 1]
3

dc
a a b

V
V S S                                                                     (4.1) 

                                           [ 4 2 1]
3

dc
b b a

V
V S S                                                                    (4.2) 

                                          [ 4 2 1]
3

dc
c a b

V
V S S                                                               (4.3) 

Where, 

Va, Vb,Vc motor phase voltages; 

Vdc voltage across the dc-link capacitors; 

Sa, Sb switching function for each phase leg. 

In matrix form, the above equations can be written as 

                                       

4 2 1

2 4 1
3 3

2 2 2

a

dc a d
b

b

c

V
V S V

V
S

V

      
      

         
           

                                          (4.4) 

4.1.2 PMSM Model 

The mathematical model of a PMSM motor drive can be described by the 

following equations in a synchronously rotating rotor d–q reference frame as [24]: 



50 
 

q

q q q r d d r f

d
d d d r q q

di
L v Ri P L i P

dt

di
L v Ri P L i

dt

 



   

  

 

 

                                                 
𝑉d

𝑉q
  =  

𝑅 + 𝜌𝐿d −𝑃𝜔𝑟𝐿q

𝑃𝜔𝑟𝐿d 𝑅 + 𝜌𝐿q
  

𝑖d

𝑖q
 +  

0
𝑃𝜔𝑟𝜓𝑓

                               (4.5) 

                                                      3
( ( ) ).

2

e L m r m r

e f q d q d q

T T J p B

P
T i L L i i

 



  

  
                                               (4.6)   

It is well known that a synchronous motor is unable to self-start when supplied 

with a constant frequency source. The starting torque of the PMSM motor used in this 

research is provided by a rotor squirrel cage winding. 

 

Fig. 4.4 Control setup for a PMSM motor drive. 

The starting process of the PMSM motor drive can be considered as a 

superposition of two operating modes, namely: 1) unsymmetrical asynchronous motor 

mode and 2) magnet-excited asynchronous generator mode. Therefore, the effect of 

shorted rotor windings has to be considered, if one wants to examine the process of run 

up to the synchronization. However, the model equations in 4.6 do not describe the 

asynchronous behavior of the PMSM motor drive. Therefore, the motor must start from a 

closed-loop speed control system, in which the motor is fed from the selected FSTPI. 
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4.2 SIMULINK model for PMSM motor drive 

 

Fig. 4.5 SIMULINK model for PMSM drive 

The given model was created using MATLAB - SIMULINK. The thyristors which act 

like switches were fired using a pulse generator. In this FSTPI, two of the output PMSM 

motor phases are maintained from the two inverter legs, while the third phase of the 

PMSM motor is fed from the dc-link at the middle point of a split-capacitor bank as 

shown in fig 4.5. It was not possible to obtain the results from this simulation, but best 

efforts will put towards its proper working. If this FSTPI fed PMSM motor model is 

implemented, not only there will be reduction in cost but also increase in its reliability 

due to the reduction in the number of switches, reduced conduction and switching losses. 
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CHAPTER 5 

CONCLUSION 

The FSTP inverter fed PMSM motor drives are found acceptable considering their cost 

reduction and other advantageous features. In this work, dynamic model of four-switch 

three-phase (FSTP) inverter fed PMSM motor system is introduced. The methods like 

field oriented control (FOC), direct torque control (DTC), and model predictive control 

(MPC) for the control of PMSM motors with FSTP inverters are discussed. A FSTP 

SEPIC - based inverter is discussed. This inverter improves the use of the DC bus by a 

factor of two compared to the conventional FSTP voltage source inverters (VSIs). Also it 

can produce three-phase pure sinusoidal output voltage waveforms without using the 

filters. A sliding mode control (SMC) [2] with fixed switching frequency was designed 

for the SEPIC based inverter with two different sliding surfaces called integral sliding-

mode and double integral sliding-mode (DISMC). A speed controller has been designed 

for closed loop operation of the PMSM motor drives system so that the motor runs at the 

reference speed. Fairly sinusoidal output voltage and current waveforms (with only high 

frequency switching harmonics) are obtained for unity power factor (resistive) load.  

The FSTP inverter selected from [2] is selected to control the PMSM motor in 

MATLAB-SIMULINK environment for investigation. The PMSM motor models suitable 

to be fed from the selected SEPIC based FSTP inverter are developed. However, the 

simulation results could not be observed.  

 

Scope for Future Work 

The selected SEPIC-based FSTP inverter is a promising candidate for the control of 

different AC motors. It is a suitable candidate in the control of PMSM motors for robust, 

reliable and smooth operation.  
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