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Abstract 

Due to their several advantages, induction motors are widely used for industrial applications 

today. The present study focuses on developing a robust high-power induction motor variable 

frequency drive. In order to test the algorithms of the motor control on an actual induction 

motor, it is important to first carry out simulation tests to verify and troubleshoot the control 

strategy. One of the most common software used for such a need is MATLAB/Simulink. To 

run such experiments requires a significant simulation time and at the same time must satisfy 

a certain level of accuracy. Therefore, one of the objectives of the thesis is to carry out a study 

on some of the ODE solvers of MATLAB/Simulink to choose the most efficient solver for the 

simulation tests of the motor control strategy. The fixed step solvers ode1, ode2 and ode4 and 

the variable step solvers ode45, ode113 and ode23 are studied in terms of the actual time taken 

to complete the simulations and the relative tolerance of each solver. Comparing the 

performance of the fixed step and variable step solvers it is evident that the variable step solvers 

outperformed the fixed step solvers in terms of both speed and accuracy.  

One of the most famous speed control strategies is the open loop V/Hz control. In this control 

method two modulation techniques were studied. This was the asynchronous modulation 

technique and the synchronous modulation technique. With the use of the asynchronous 

modulation technique subharmonics are introduced. To avoid the introduction of such harmful 

subharmonics the synchronous modulation technique is proposed. The synchronous 

modulation technique is implemented with the open loop V/Hz control strategy and simulation 

tests were carried out to verify the problem of subharmonics being removed. Another problem 

encountered with the open loop V/Hz control strategy is the presence of large current and 

torque oscillations of the motor at low to medium frequencies. This is due to the nonlinear 

interactions between the electrical and mechanical subsystems. To mitigate these unwanted 

oscillations a stability analysis of the open loop V/Hz control is carried out and a region of 

instability is determined. Two mitigation techniques are proposed in this thesis namely varying 

slope V/Hz control strategy and the active damping control strategy. The proposed techniques 

are verified and validated through simulation tests on a 7 MW medium voltage (MV) induction 

motor in MATLAB/Simulink and on a low voltage (LV) induction motor in laboratory without 

a mechanical load. Moreover, in this thesis it has been examined that with the consideration of 

the magnetic saturation of the motor, more stable operations are achieved. This is firstly 

verified in simulation where considering the magnetic saturation allowed the use of higher flux 
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values providing more stable machine operations while at the same time allowing for a larger 

torque. With the experimental test on a 10-kW induction motor it was proved that the results 

obtained through simulations where more stable operations were seen as the value of the flux 

were increased were correct.  

In the power applications such as the ac-dc conversion for the above mentioned 7 MW medium 

voltage induction motor, a high total harmonic distortion (THD) can be seen in the primary 

currents with the use of the conventional diode-based ac-dc conversion. In addition, such a 

conversion does not permit the control of the dc link voltage and has not power factor 

correction. To overcome these shortcomings the Active Front End rectifier which uses IGBTs 

that can be electronically controlled is used. In the AFE, the waveform of the input current is 

monitored and is shaped to be sinusoidal as a result decreasing the THD. Another significant 

advantage of the AFE rectifier is its capability to handle regenerative power. In this thesis, two 

configurations of the AFE rectifier are studied. These two configurations include firstly the 

development of the AFE rectifier using a two-level three-phase inverter and secondly the 

development of the AFE rectifier with single phase H-bridge cells. From the comparison of the 

performance of the two configurations of the AFE it is seen that the AFE realised with the H 

Bridge cells and phase shifted secondary was the best in terms of the THD and the dc link 

voltage ripple. From these results the AFE realised with H Bridge circuits and phase shifted 

secondary is chosen for the operation of a real high-power induction motor controlled with the 

open loop V/Hz control strategy and equipped with the active damping technique for mitigating 

the current and torque oscillations. 
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Abbreviations 

AC   Alternating Current 

AFE   Active Front End 

APODPWM  Alternate Phase Opposition Disposition Pulse Width Modulation 

DC   Direct Current 

DTC Direct Torque Control 

FOC Field Oriented Control 

FSAL First Same as Last 

IGBT Insulated Gate Bipolar Transistor 

LV Low Voltage 

MV Medium Voltage 

NPC Neutral Point Clamped 

ODE Ordinary Differential Equation 

PDPWM  Phase Disposition Pulse Width Modulation 

PECE Predict Evaluate Correct Evaluate 

PODFPWM Phase Opposition Disposition Variable Frequency Pulse Width Modulation 

PODPWM  Phase Opposition Disposition Pulse Width Modulation 

PSPWM  Phase Shifted Pulse Width Modulation 

PWM   Pulse Width Modulation 

RK Runge-Kutta 

RPM Revolution per Minute 

SPWM   Sinusoidal Pulse Width Modulation 

THD   Total Harmonic Distortion 

VFD   Variable Frequency Drive 

VSVO Variable Step Variable Order 
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Chapter 1  

Introduction 

Induction motors due to their several advantages are the most suitable choice in many fields of 

applications ranging from low to high power [1-5]. Some advantages include its capability of 

self-starting, reliability, low-cost operation, ruggedness and robustness [2, 3, 6-10]. The 

increase in the use of such machines is due to the advancement in technology and 

improvements in the power semiconductor devices [2, 11-16].  

It is important to note that the effective use of such machines can only be obtained if it is 

possible to achieve the variable frequency control of the machine. This is because, if these 

machines are powered at a constant frequency directly from the mains, they can only operate 

at a constant speed which is at the frequency of the supply. In order to utilise these machines 

in variable speed applications which is the demand for all the industrial applications today [17], 

a variable frequency drive needs to be implemented. 

In this thesis, the application of the inverter-fed open loop V/Hz control for high-power 

induction motors is studied. The V/Hz control has several advantages which make it the first 

choice of control over other more precise and robust control strategies. However, using the 

open loop V/Hz control strategy also has some drawbacks which need to be addressed in order 

to utilise the control strategy effectively. The issues faced with using such a control strategy 

for high-power induction motors will be studied in the thesis and the mitigation techniques will 

be proposed in order to finally implement a robust high-power induction motor variable 

frequency drive using the open loop V/Hz control strategy.  

1.1. Variable Frequency Drives (VFDs) 

For the operation of an induction motor in variable speed applications, a variable frequency 

three phase source is required [18-20]. A variable frequency drive can be defined as a device 

which can be used to control the speed and rotational force or output torque of mechanical 

equipment [5]. Advantages of VFDs are several, some of which include its capability of 

providing reliable dynamic systems while enabling significant savings in energy usage and 

costs of the induction motors (IMs) [5, 10, 21, 22]. This can be obtained by the utilisation of a 

power converter that consists of a rectifier which is connected to an inverter through a DC link. 

This is presented in Figure 1-1. 
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Figure 1-1: Variable frequency drive for induction motor 

The purpose of the rectifier is to convert the 3-phase constant frequency power supply into a 

DC voltage (fixed). With the use of the gate signals, the inverter converts the DC link voltage 

into an adjustable three phase AC voltage. The inverter output frequency and voltage can be 

controlled with the use of different control schemes. In industrial applications, the Pulse Width 

Modulation is one of the most used control schemes [15, 16, 23]. In this control, the variable 

three phase voltage is obtained by the modulation of the switch on and switch off times of the 

power switches [14]. 

1.2. AC-DC Conversion 

In a standard drive, an uncontrolled 6 pulse diode-based bridge rectifier is used. In this type of 

rectification at any point in time at least 2 diodes on either side of the bridge will be conducting 

and it must be ensured that to obtain a load voltage the 2 conducting diodes must be in different 

legs. Despite the simple structure of this rectification method, it provides several drawbacks 

some of which include a very high total harmonic distortion in the input currents, and the 

inability to regulate the DC link voltage. Another significant drawback of such a rectification 

technique is that it only allows for a 1-quadrant operation and hence its inability to handle 

regenerative power. The installation of large resistive banks is required to dissipate the 

regenerated power incurring increased costs and energy wastage. The deterioration of the 

quality of the power supply is due to the injection of current harmonics by the non-linear loads 

such as VFDs [24]. To overcome these shortcomings of the 6-pulse diode rectifier an Active 

Front End Rectifier is used. In this rectification technique the diodes are replaced by IGBTs 

which can be electronically controlled. In addition, since the AFE rectifier ensures a sinusoidal 

input current, the harmonic distortions are significantly reduced. In this thesis an AFE rectifier 

is modelled based on 2 configurations which are the realisation of the AFE rectifier with a 2 
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level 3 phase inverter and the realisation with H Bridge cells. The performance of these 2 

configurations will be analysed based on an industrial application. 

1.3. PWM Modulation Techniques 

One of the most common PWM techniques for the use of inverter frequency and voltage control 

is the so-called Sinusoidal Pulse Width Modulation [23, 25]. In this modulation technique, the 

control signal or the modulating signal is compared with the carrier signals whose frequency 

is equal to the switching frequency of the inverter. When the control signal is greater than the 

carrier signal, a high gate signal for the inverter switch is obtained whereas if the control signal 

is less than the carrier signal, then a low gate signal is obtained as the inverter switch [25, 26]. 

The idea behind the proposal of the fundamental frequency SPWM control strategy was to 

minimize the losses due to switching. Furthermore, the use of such a control method allowed 

for a better performance of multilevel inverters and the classification of the different SPWM 

categories are according to the carrier signal arrangement (vertical or horizontal) [25]. There 

are four different categories of the SPWM technique [26-30]. 

1. Phase Disposition PWM (PDPWM) 

In this technique, all the carrier signals are in phase with each other with the same frequency 

and amplitude and are only level shifted vertically. An advantage of the PDPWM strategy is 

that it provides a more efficient way for the control of the neutral point voltage as well as the 

ability of using higher switching frequency [30]. 

2. Phase Opposition Disposition PWM (PODPWM) 

In the PODPWM technique, the carriers on the positive side of the zero reference are in phase 

with each other whereas, the carriers on the negative side of the zero reference are in phase 

opposition i.e. there is a phase shift of 180˚. 

3. Alternate Phase Opposition Disposition PWM (APODPWM) 

In this control scheme, all the carriers on each side of the zero reference are in phase opposition 

with each other. 

4. Phase Opposition Disposition with Variable Frequency PWM (PODFPWM) 

In this PWM control technique, the outer carrier waves on each side of the zero reference have 

a lower frequency compared to the inner carrier signal. Moreover, the two outer carrier signals 

are in phase opposition with each other. The same applies for the inner carrier signals. 
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Figure 1-2: SPWM Techniques 

Compared to the other three techniques presented above, the line-to-line harmonics produced 

are lower in the Phase Disposition PWM method. The reason for this is that in the PDPWM 

technique, the harmonic energy is put directly into the common mode carrier component which 

cancels across the line to line output [26]. 

1.4. Speed Control Techniques 

In order to control induction motor drives, different speed control techniques can be applied 

based on the requirements of the application [31]. Some of the common speed control 

techniques are: 

1. Scalar control or the V/Hz control 

In three phase induction motors, the emf is induced by induction similar to that of a transformer 

which is given by: 

V 4.44 K * T * f=   or 
V

4.44KTf
 =  

Where K is the winding constant, T is the number of turns per phase and f is the frequency. 

Hence, with a decrease in only the frequency or an increase in only the voltage will cause the 

flux to increase. Therefore, the purpose of the V/Hz control strategy is to ensure that the voltage 

amplitude and frequency are kept proportional to each other [10]. With this, the flux of the 

motor is constant, preventing the phenomenon of weak magnetic and magnetic saturation 
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situations [13, 32]. The V/Hz control strategy is one of the most commonly used strategies in 

many industrial applications due to its simplicity and ease of control [33]. However, the 

drawback of this control strategy is that it cannot be relied upon in applications where high 

precision in control is required. Since the V/Hz speed control strategy is the focus of the thesis 

it will be discussed more in detail in the later chapters of the thesis. 

2. Field Oriented Control (FOC)  

A simple control such as the V/Hz control strategy has limitations in its performance such as 

its impreciseness in applications that require high precision in results. To achieve better 

dynamic performance, a more complex control scheme needs to be applied to the induction 

motor drive [2, 10]. Hence, the FOC is preferred in such situations. FOC was introduced in the 

early 1970s by K. Hasse and Siemens' F. Blaschke [10, 34, 35]. The FOC provides a method 

of decoupling the stator currents of an induction motor into two components in the 

synchronously rotating reference frame (d-q frame) [13]. The first component is the 

magnetising current dsi , which is to excite the motor flux and the second component is the 

torque current 
qsi , which is to generate the electromagnetic torque. Therefore, the FOC 

provides an independent control of the torque and the flux, which is similar to a separately 

excited DC machine [35]. However, such a control strategy requires accurate electrical and 

mechanical measurements adding to the complexity of the control strategy as well as an added 

cost for the overall system. In Figure 1-3 is presented the basic principle of the FOC. 

 

Figure 1-3: Principle of FOC 

3. Direct Torque Control (DTC) 

The DTC was introduced by [36, 37] in the late 1980s. The DTC is similar to the FOC in the 

sense that it decouples the torque and flux hence controlling them independently. However, in 

the DTC, the torque response when compared to FOC is faster since it directly controls the 
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torque without a modulator [13, 35, 38, 39]. Two control loops are utilised in the DTC. These 

are the speed and torque control loops that work together with an advance motor model that 

precisely predicts the stator flux and motor torque [40]. Similar to the FOC, the DTC also 

requires accurate measurements of the electrical and mechanical parameters at a cost of added 

complexity.  

 

Figure 1-4: DTC block diagram 

1.5. Objectives of the thesis 

The aim of this thesis is to develop a robust high-power induction motor variable frequency 

drive utilising the open loop V/Hz control strategy and fed by an H bridge multilevel AFE. As 

discussed above, it is important to develop a variable frequency drive for induction motors in 

order to operate them in varying speed applications which is the demand for the industrial 

applications today. 

1. Selection of an appropriate MATLAB/Simulink Solver 

For this objective, a study on the MATLAB/Simulink numerical integrators for the selection 

of the most appropriate model solver (fixed step and variable step) will be carried out. The 

performance of the solvers when solving a system of a V/Hz controlled high-power induction 

motor will be analysed in terms of the actual time to complete the simulations and the relative 

tolerance of each of the studied solvers. 

2. Implementation of a solution for eliminating the subharmonics introduced due to the 

asynchronous modulation technique 

To accomplish this objective, firstly the problem of the introduction of the subharmonics due 

to the asynchronous modulation technique utilisation with the open loop V/Hz controlled high 

power induction motor with a large inertial load will be presented. Next, a solution for the 

elimination of the subharmonics with the use of the synchronous modulation technique will be 

proposed. Simulation results will be presented in order to validate the proposed mitigation 

technique. 
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3. Mitigation of currents and torque oscillation in the open loop V/Hz control strategy 

For this objective, firstly the problem of large oscillations in the currents and torque with the 

use of the V/Hz control will be introduced. Then, a methodology will be proposed in order to 

predict the region of the instabilities. Finally, two mitigation techniques will be proposed with 

simulation results to back up the proposed solutions. 

4. V/Hz control of induction motors with the consideration of magnetic saturation. 

Firstly, the magnetic saturation curve of the induction motor will be obtained. Then, 

simulations will be carried out with the magnetic saturation enabled instead of the constant 

parameter model. The stability of the induction motor will then be studied in simulation. 

Finally, the concept will be tested at the PETRA lab in the University of Genova. 

5. Improved Total Harmonic Distortion and Regenerative Power handling Capabilities. 

For better harmonic response in the ac-dc conversion in power applications Active Front End 

Rectifier with IGBTs that can be electronically controlled will be developed replacing the 

conventional diode-based rectifiers. With the advantage of 4-quadrant operation with the AFE 

rectifiers, the regenerated power can be fed back into the electric supply rather than having to 

dissipate this power with larger resistive banks. 

 

1.6. Thesis outline 

This thesis is divided into 6 chapters. The content of each of these chapters is as discussed 

below: 

Chapter 2: In this chapter the performance of the different built-in ODE solvers in MATLAB 

is presented when used to solve a model of the speed control of an induction motor with the 

open loop V/Hz control strategy. The performance is categorised in terms of simulation speed 

and relative tolerance. 

Chapter 3: In this chapter the problem of the introduction of subharmonics due to the use of 

the asynchronous modulation technique using the open loop V/Hz control strategy in high-

power induction motors is presented. To mitigate this problem, the synchronous modulation 

technique is proposed and validated through simulation results.  

Chapter 4: In this chapter the problem of huge current and torque oscillations due to the 

nonlinear interactions of the electrical and mechanical subsystems with the use of an open loop 
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V/Hz control strategy is presented. As a mitigation two oscillation suppression techniques are 

proposed namely active damping and variable slope V/Hz ratio technique.  

Chapter 5: In this chapter the performance of an induction machine with and without the 

consideration of magnetic saturation is presented. From the results it will be demonstrated that 

the motor model with the consideration of magnetic saturation is more accurate than the 

constant parameter model allowing the production of higher torque due to the ability of using 

higher flux levels and in a way contributing to the damping of the system hence providing more 

stable operations. 

Chapter 6: In this chapter the development of the Active Front End Rectifier and its control is 

presented. The AFE rectifiers are realised in two different architectures. In the first case, the 

AFE rectifier is realised using a three phase two-level inverter whereas in the second case, the 

AFE rectifier is realised with the use of H-bridge cells. To control the switches of the rectifier, 

the Phase Shifted Pulse Width Modulation (PSPWM) technique is utilised. With the control 

strategy the DC link voltage can be regulated. The DC voltage output of the AFE rectifiers is 

then used in the cascaded H-bridge multilevel inverter for AC applications such as the 

operation of asynchronous motors. 
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Chapter 2  

Numerical Integration Methods Comparison in Induction 

Motor Simulations with V/Hz Control 

With its several advantages, induction motors are the most used machines in industrial 

applications [1]. In order to use these machines in varying speed applications, various speed 

control techniques can be adopted. One of the simplest and most used is the so-called V/Hz 

control strategy. For the purpose of simulation tests, the induction motor is modelled in 

MATLAB in terms of ordinary differential equations (ODEs) allowing the system to be solved 

using one of the many ODE solvers available in MATLAB. These ODE suites utilise the 

numerical integration methods to approximate the solution of the system function at each step 

with the use of either an explicit or implicit method [41]. In the beginning, these numerical 

methods were based on integration methods utilising fixed step sizes [42]. However, since in 

such methods the step size was fixed, the error in each step depended on the step size. More 

specifically, if a solution with a high accuracy was needed, a smaller step size had to be utilised. 

Hence, as a result of choosing a small step size fixed throughout the simulation, the 

computational time of the system increases [42]. In order to achieve better performance, 

integration methods that use variable step sizes during the simulation were developed. What a 

variable step integration method does is that it adjusts the size of the time step during the 

simulation based on the characteristics of the system. That is, if there is a rapid change in the 

variables of the system, smaller time steps are used while larger time steps are used when the 

system variables are changing slowly [43, 44]. Doing this, allows the integration method to 

take fewer steps to reach the final solution and as a result the total computation time is also 

reduced. 

The choice of the most appropriate solver for applications such as the speed control of 

asynchronous motors is of great importance since a high computational speed is very important 

while at the same time keeping in mind that the accuracy of the solution is retained. Moreover, 

the stability of the system is also dependent on the settings of the ODE solver used particularly 

its step size. This chapter of the thesis presents a comparison of the different numerical 

integration methods of MATLAB (fixed step and variable step solvers) in terms of the total 

computational time taken by the solvers and their relative tolerances for the simulation of 

induction motors equipped with the V/Hz control strategy. 
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2.1. MATLAB and its ODE Solvers 

The software MATLAB has been used to carry out the motor simulations. The motor equations 

as will be seen in chapter 3 have been derived in terms of ordinary differential equations. 

Therefore, for the simulations, the built-in ODE solvers in MATLAB have been utilized. In 

order to select the most appropriate ODE solver, the comparison of various ODE solvers in the 

MATLAB ODE suite (fixed step and variable step) in terms of simulation time and relative 

tolerance were made. 

2.1.1. Fixed Step Solvers 

Fixed step solvers are used to solve models at regular intervals throughout the course of the 

simulation. In these types of solvers, the interval of the simulation is known as the step size. 

For a more accurate result, smaller time steps are utilized. However, it should also be noted 

that as the step size decreases, the total time required for the simulation increases. On the 

contrary, as the step size is increased, the total time required for simulation decreases however, 

the accuracy of the results is reduced. An important point to consider is that the fixed step 

solvers have an upper limit for the step size in order to avoid instability at step sizes higher 

than the upper bound. In this thesis, the study has been focused on three fixed step solvers of 

MATLAB namely ode1, ode2 and ode4. 

2.1.1.1. The ode1 Solver (Euler’s Method) 

The ode1 solver which uses the method of Euler’s integration is one of the most commonly 

used types of fixed step solvers due to its simplicity. It is an explicit integration method, which 

means that the state of a system at the next step is calculated using the state of the system at 

the current time step. The Euler method is a first-order method, which means that the local 

error (error per step) is proportional to the square of the step size, and the global error (error at 

a given time) is proportional to the step size. It is a solver with a first order of accuracy. The 

integration method of the ode1 solver is structured as follows: 

 i i i iy y f ( x , y )h+ = +1   (1) 

Where: +i 1y  is the system state at the next time step. 

iy  is the system state at the current time step. 

ix  is the current time. 

h  is the time step. 
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i if ( x , y )  is a derivative of the current time variable 

A major shortcoming of the Euler method is that approximations are made only at the beginning 

of the time interval [45]. Due to this, the error in the approximations in this method will be 

higher compared to other higher order methods hence, a more accurate integration method 

needs to be adopted for applications requiring higher accuracy levels. 

2.1.1.2. The ode2 Solver (Heun’s Method) 

The ode2 solver is known as the Heun’s method. It is a two-step integration method divided 

into the predictor and corrector steps. This is an improvement to the Euler’s method (which 

only has an accuracy of order 1) where solution approximations are done considering both the 

start and end points of a time step and taking an average of the points [45, 46]. In the first step 

of the ode2 solver, the predictor step is carried out. In this, the Euler’s method is used to predict 

the state of the system +i 1y  in the next time step. Then, the corrector step is used to correct the 

prediction of the state obtained from the predictor step. The ode2 solver has a second order of 

accuracy which is higher than the ode1 solver. Below are represented the predictor-collector 

steps utilised in the ode2 solver. 

Predictor step:  

• The Euler’s method is utilised to predict a first estimate for +i 1y . 

 
p

i 1 i i iy y f ( x , y )h+ = +   (2) 

• The slope at +i 1x  is calculated using the predicted state 
+

p

i 1y . 

Corrector step: 

• An average of the slopes at ix  and +i 1x  is taken. 

• Finally, this average is used to calculate the new estimate for +i 1y . 

 
p

i i i 1 i 1
i 1 i

f ( x , y ) f ( x , y )
y y h

2

+ +
+

+
= +   (3) 

2.1.1.3. The ode4 Solver (Fourth Order Runge-Kutta (RK4) Method) 

The ode4 solver uses the fourth order Runge-Kutta (RK) integration method. This integration 

method has the highest order of accuracy (4th order) compared to the previously discussed 
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ode1 and ode2 solvers using the Euler’s and Heun’s integration methods respectively. RK 

methods are a generalisation of ODE solvers that only use the known function f ( x, y )  but not 

its derivatives. Therefore, their applications are very simple. Another advantage of the RK 

method over the Euler method is that to obtain approximately the same levels of accuracy in 

the results, the time step does not have to be as low as that of the Euler method. The fourth 

order RK method is structured as follows [46, 47]: 

 1 2 3 4
i 1 i

k 2k 2k k
y y h( )

6
+

+ + +
= +   (4) 

Where:  

= i ik f ( x , y )1  

= + +2 i i 1k f ( x h 2 , y k h 2 )  

= + +3 i i 2k f ( x h 2 , y k h 2 )  

= + +4 i i 3k f ( x h, y k h )  

The syntax for implementing the fixed step ODE solvers in MATLAB is as follows: 

=[ t ,state] solver(@ dstate,tspan,ICs )  

Where: [ t ,state] – the ODE solution is stored here in an array with respect to time 

solver - solver of choice e.g., ode1 

@ dstate – Handle for function containing the derivatives 

tspan – the interval of the solution is defined in this vector 

ICs – vector containing the initial conditions of the system 

Note: a handle represents a function and is used to pass a function to another function. 

2.1.2. Variable Step Solvers 

As using the same step size throughout the simulation can be highly inefficient, integration 

methods that utilizes variable step sizes have been developed. These methods can be called 

adaptive integration methods as the step size is chosen to allow the local error in each time step 

to be below the value of the specified relative tolerance. Unlike the fixed step solvers, the 

variable step solvers have a varying step size during the simulation. The step size during the 

simulation is either increased or decreased to either improve the accuracy of the result or to 



13 

 

avoid unnecessary steps during the simulation making it more efficient. In addition, although 

computing the step size at each step adds to the computational burden, it reduces the total 

number of steps and as a result the total time of the simulation is reduced while at the same 

time maintaining the specified level of accuracy. Moreover, by using the integration settings 

defined by options, which is an argument created using the odeset function, the parameters 

such as the relative and absolute tolerances can be specified. The variable step solvers focussed 

on in this chapter are the ode45, ode113 and ode23 solvers. 

2.1.2.1. The ode45 Solver 

The ode45 is a solver based on the algorithm of Domand-Prince. It is used to solve non-stiff 

ordinary differential equations. The algorithm utilises a six-stage process and has the First 

Same as Last (FSAL) property. FSAL is a property where the initial value of a function at the 

current time step is the same as the value of the function at the end of the previous time step. 

Due to its higher levels of accuracy, the ode45 solver is mostly the first-choice solver for many 

applications [48]. It performs a comparison of the error between the fourth and fifth order 

methods and calculates an appropriate step size. More specifically, in this integration method, 

firstly a fifth order estimate of +i 1y  is obtained. Similarly, a fourth order estimate is also 

calculated. Then, the error between the fourth order and fifth order estimates is compared and 

if the resulting error is greater than the specified tolerance, a smaller value of the time step is 

chosen, and the calculations are made again. However, if the error was less than the tolerance, 

then the approximation is classed as accurate, and the chosen step size is retained for that 

particular time step [45]. The structure of the ode45 solver is as follows: 

1 i ik f ( x , y )h=  

2 i i 1

1 1
k f ( x h, y k )h

5 5
= + +  

3 i i 1 2

3 3 9
k f ( x h, y k k )h

10 40 40
= + + +  

4 i i 1 2 3

4 44 56 32
k f ( x h, y k k k )h

5 45 15 9
= + + − +  

5 i i 1 2 3 4

8 19372 25360 64448 212
k f ( x h, y k k k k )h

9 6561 2187 6561 729
= + + − + −  

6 i i 1 2 3 4 5

9017 355 46732 49 5103
k f ( x h, y k k k k k )h

3168 33 5247 176 18656
= + + − − + −  
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7 i i 1 3 4 5 6

35 500 125 2187 11
k f ( x h, y k k k k k )h

384 1113 192 6784 84
= + + + + − +  

The value at the next step is then calculated as: 

 i 1 i 1 3 4 5 6

35 500 125 2187 11
y y k k k k k

384 1113 192 6784 84
+ = + + + − +   (5) 

This is the calculation of the solution of order 4. Next, for comparison the output at the next 

step of RK method order 5 is done as follows: 

 i 1 i 1 3 4 5 6 7

5179 7571 393 92097 187 1
z y k k k k k k

57600 16695 640 339200 2100 40
+ = + + + − + +   (6) 

Once the 4th and 5th order solutions are obtained, the error between them is calculated to 

determine if the specified relative tolerance requirement is satisfied or not. If the relative 

tolerance is satisfied, then the chosen time step is retained, else a new time step is chosen, and 

the calculations are repeated. 

2.1.2.2. The ode113 Solver 

The ode113 is a variable step variable order (VSVO) solver which utilises the Adams-

Bashforth-Moulton method of orders 1 to 13 [49]. If a high degree of accuracy is required in 

the solution or if the derivative function f ( x, y )  is expensive to evaluate, the Adams-

Bashforth and Adams-Moulton methods are considered to be generally more efficient when 

compared to the RK methods [50]. Also, when compared to the ode45 solver, the ode113 solver 

is more efficient at stringent tolerances [49]. Since it is a multistep solver, in order to calculate 

the current approximation, it requires solutions at several preceding time points. The ode113 

solver is usually recommended for tasks requiring medium to high accuracy solutions [49]. In 

addition, the ode113 follows the Predict Evaluate Correct Evaluate (PECE) algorithm. This 

means that firstly an approximation of the desired quantity is calculated with the use of the 

predictor step (typically by means of an explicit integration method). Once an approximation 

is obtained with the help of the predictor step, the approximation is refined using the corrector 

step (typically by means of an implicit integration method). The predictor and corrector 

formula of the ode113 solver is structured as follows: 

Predictor formula: 

 p

i 1 i i i i 1 i 1 i 2 i 2 i 3 i 3

h
y y [ 55 f ( x , y ) 59 f ( x , y ) 37 f ( x , y ) 9 f ( x , y )]

24
+ − − − − − −= + − + −   (7) 
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Corrector formula: 

 c p

i 1 i i 1 i 1 i i i 1 i 1 i 2 i 2

h
y y [ 9 f ( x , y ) 19 f ( x , y ) 5 f ( x , y ) f ( x , y )]

24
+ + + − − − −= + + − +   (8) 

2.1.2.3. The ode23 Solver 

The ode23 solver is an implementation of an explicit Runge-Kutta (2,3) pair of Bogacki and 

Shampine method [51]. The ode23 is a single-step low order solver. The Bogacki-Shampine 

method is a third order Runge-Kutta method that utilises four stages in its approximation 

equipped with the FSAL property. The solver can be used as an adaptive step size solver due 

to the embedded second order method of the solver. The ode23 solver is useful for solving 

differential equations which are non-stiff. An advantage of this low order integration method 

over the other high order methods is that it is more suitable in cases where only a crude 

approximation to the solution is required. This is because at crude tolerances, a step in the 

ode23 solver is half as expensive as the higher order solver of ode45 which allows the step size 

to be adjusted more often [52]. The implementation of the 3rd order solver is as follows: 

1 i ik f ( x , y )=  

2 i i 1

h h
k f ( x , y k )

2 2
= + +  

3 i i 2

3 3
k f ( x h, y hk )

4 4
= + +  

 i 1 i 1 2 3

h
y y ( 2k 3k 4k )

9
+ = + + +   (9) 

The syntax for implementing the variable step solver in MATLAB is as follows: 

=[ t ,state] solver(@ dstate,tspan,ICs,options )  

Where: [ t ,state] – the ODE solution is stored here in an array with respect to time 

solver - solver of choice e.g., ode45 

@ dstate – Handle for function containing the derivatives 

tspan – the interval of the solution is defined in this vector 

ICs – vector containing the initial conditions of the system 

options – MATLAB odeset command is used to create a structure making it possible 

to modify the default settings of the solver such as the relative tolerance 
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2.2. Comparison of Different ODE solvers in MATLAB 
In order to select the most appropriate ODE solver in MATLAB to carry out the motor 

simulations, the fixed step and variable step ODE solvers discussed above were compared in 

terms of relative tolerance and the actual time taken by the solvers to perform the simulations 

on an induction motor equipped with the V/Hz control strategy. The results of how these ODE 

solvers performed based on these criteria are shown in Figure 2-1.  

2.2.1. Fixed Step Solvers 

For simulations with the fixed step solvers, the MATLAB ODE solvers ode1, ode2 and ode4 

were utilised. Four different fixed time steps were used which were 1e-7 secs, 1e-6 secs, 1e-5 

secs, and 1e-4 secs. With these settings, simulations of the induction motor with the V/Hz 

control were carried out and the simulation times for each of the solvers were noted for the 

different time steps. Then, the relative tolerances of these solvers were calculated with the 

following formula: 

 = − ref[ N ,I ] max( x x )   (10) 

  =
ref

N
Rel Tol

x [ I ]
  (11) 

The mechanical speed of the motor was utilised in the calculation of the relative tolerances of 

the solvers. In equation (10), x  represents the mechanical speed of the motor at each of the 

different time steps while 
refx  represents the reference mechanical speed of the motor utilised 

to calculate the relative tolerance. The reference mechanical speed used in these calculations 

was obtained from the simulation with a fixed time step of 1e-8 secs. The maximum error is 

found using equation (10) and is stored in the variable N . The position at which the maximum 

error occurs is stored in variable I . Equation (11) is then utilised to calculate the relative 

tolerance. The results of the simulation times and relative tolerances for these fixed step solvers 

are reported in Table 2-1. 
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Table 2-1: Fixed step solver performances 

 Solver 

ode1 ode2 ode4 

Time 

Step (s) 

Relative 

Tolerance 

(x102 %) 

Simulation 

Time (s) 

Relative 

Tolerance 

(x102 %) 

Simulation 

Time (s) 

Relative 

Tolerance 

(x102 %) 

Simulation 

Time (s) 

1e-7 5.5726e-6 280.0560 8.2150e-7 561.4460 8.2133e-7 1.1169e3 

1e-6 6.1295e-5 27.8990 7.8325e-6 56.4690 7.8330e-6 112.9380 

1e-5 6.1562e-4 2.7310 7.6162e-5 5.5270 7.6218e-5 11.0170 

1e-4 5.9e-3 0.3020 3.3424e-4 0.5710 7.6022e-4 1.1090 

From the results obtained, it can be noted that as expected, the relative tolerances of the solvers 

decrease as the time step is decreased. Moreover, it is also visible that the higher the value of 

the time step, the faster the simulation. In addition, it is clearly evident from the results that the 

ode1 solver has the fastest simulation times in all the different simulations with different time 

steps. However, it should also be noted that the ode1 also has the highest relative tolerance 

compared to the ode2 and ode4 solvers. When comparing the ode2 and ode4 solvers, it can be 

said that the relative tolerances between these solvers at different time steps are approximately 

the same, however, the ode2 solver has a faster computational performance when compared to 

the ode4 solver. Finally, as the fixed step of the solvers is further increased, the system starts 

to enter the zone of instability. From the simulations, the upper bound for the fixed step for 

each of the three solvers was determined which would lead the system to instability. For the 

ode1 solver, the upper bound for the fixed step size was found to be 1e-3 secs. Meanwhile, the 

upper bounds for the solvers ode2 and ode4 were 4e-3 secs and 6e-3 secs respectively. 

2.2.2. Variable step solvers 

Three built-in MATLAB variable step solvers were studied. These are the ode45, ode113 and 

ode23 solvers as discussed in the previous section. Contrary to the fixed step solvers, in the 

variable step solvers, a fixed time step is not utilised as suggested by its name. Based on the 

relative tolerance specified, the solver adjusts its timestep throughout the duration of the 

simulation hence allowing for a faster simulation as a result reducing the computational cost.  
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The following MATLAB command is used to set the relative tolerance of the variable step 

solvers: 

= − −options odeset(' RelTol',1e 7,' MaxStep',1e 3 )  

The odeset function is utilized to set the different values of the relative tolerance of the solvers. 

The results obtained from the simulation of the V/Hz controlled induction motor with variable 

step solvers is presented in Table 2-2. 

Table 2-2. Variable Step Solvers Performance 

 Simulation Time (s) 

Relative Tolerance (x102 %) ode45 ode113 ode23 

1e-7 0.6740 0.3590 2.1470 

1e-6 0.5990 0.2620 1.5070 

1e-5 0.5310 0.2390 0.9910 

1e-4 0.4870 0.2330 0.7240 

 

Comparing the results of the solvers it can be said that the ode23 solver takes a longer time to 

complete the simulations when compared to the ode45 and ode113 solvers at every setting of 

the relative tolerance. When comparing the performance of the ode45 and ode113 solvers it is 

clear that the ode113 outperforms the ode45 solver in terms of the simulation speed in all four 

tests with different relative tolerance settings.  

The performances of all the studied solvers (fixed step and variable step) are graphically 

represented in Figure 2-1. From such a representation, it can be observed that all three variable 

step solvers outperform the fixed step solvers in terms of both relative tolerance and simulation 

speed. Hence, it can be said that for such an application involving the simulation of induction 

motors with the V/Hz control strategy, it is preferable to choose the variable step solvers as 

they not only provide a faster simulation but also increases the accuracy of the solution which 

has been proved through the comparison study performed and presented in this chapter of the 

thesis. 
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Figure 2-1: Fixed step and variable step solver performance comparison 

2.3. Chapter Summary 

In this chapter, a comparison of the different solvers in MATLAB was carried out. The study 

was focused on three fixed step solvers (ode1, ode2 and ode4) and three variable step solvers 

(ode45, ode113 and ode23). The performances of the solvers were analysed according to the 

criteria of simulation time and relative tolerance when the solvers were used in a real-life 

application of induction motor simulations with the famous V/Hz control strategy. The 

performance of the fixed step solvers was analysed first. From the results obtained, it was clear 

that the ode1 solver had the fastest simulation times compared to the ode2 and ode4 solvers in 

each of the simulations with different fixed time steps. On the other hand, it was also important 

to notice that the ode1 solver also had the highest relative tolerance when compared to the other 

two solvers. In addition, it was observed that the relative tolerances between the ode2 and ode4 

solvers were approximately the same however, the ode2 had a faster simulation time when 

compared to the ode4 solver. Next, the variable step solvers were evaluated. From the results 

it was evident that the ode23 solver was the slowest of the three solvers while the ode113 solver 

had the best performance in terms of the simulation speed. When both the fixed step and 

variable step solvers were compared against each other, it was clear that all three of the variable 

step solvers outperformed the fixed step solvers in terms of both relative tolerance and 

simulation speed.  
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Chapter 3  

Open Loop Variable Speed Control of Induction Motors: 

Asynchronous vs Synchronous PWM 

Due to the wide application of induction motors in industrial applications for its reliability and 

durability, it has become important to understand the effects of the input voltage on these 

electrical machines. A major cause of concern is the existence of subharmonics in the voltage 

supplied as an input to the induction motors and as a consequence are also present in the current. 

Subharmonics are the unwanted components of frequencies that are either lower than the 

frequency of the fundamental or are not its integer multiple [53, 54]. 

One of the causes of the introduction of subharmonics is due to non-linear loads such as 

inverters, cycloconverters and arc furnaces [55]. The effects of these subharmonics on 

induction motors are several. Some of which include an increase in power losses, and the 

temperature of the winding, saturation of the magnetic circuit, the thermal loss of life as well 

as pulsations and vibrations of motor torque and rotational speed [54, 56]. It is important to 

note that huge vibrations and heating of induction motors can occur regardless of the traces of 

the voltage subharmonics being inconsiderable. In addition, high-power induction motors are 

said to be more susceptible to voltage subharmonics in comparison to low-power induction 

motors. 

In this chapter, the problem of huge spikes in the torque of a high-power induction motor 

(7MW) due to the introduction of subharmonics when using the asynchronous PWM 

generation technique will be discussed and a solution to eliminate these subharmonics will be 

proposed. Firstly, the conventional open loop V/Hz control strategy for the variable speed 

control of the high-power induction motor driving a large gas turbine will be presented. Next, 

to obtain the Pulse Width Modulated input voltage for the motor, a Neutral Point Clamped 

(NPC) inverter which is one of the most used types of multilevel inverters will be introduced. 

In recent times, multilevel inverters are considered as the most suitable power converters for 

applications demanding high voltage capability and high power quality [57-60]. An advantage 

of multilevel inverters is that they reduce the total harmonic distortion (THD) as it increases 

the number of voltage steps (levels) [61]. For simulation purposes, the mathematical model of 

the high-power induction motor elastically coupled with the large gas turbine is derived. 

Finally, as a solution for controlling the high-power induction motor avoiding the introduction 

of subharmonics, the synchronous PWM generation technique is presented.  



21 

 

3.1. Open Loop V/Hz Control Strategy  

The Voltage/Frequency control or as more commonly known as the V/Hz control is a speed 

control strategy allowing the variable speed control of induction motors. The main logic behind 

such a speed control strategy is to maintain a proportional output voltage amplitude and 

frequency. With this, it ensures that the flux of the motor is constant, preventing the 

phenomenon of weak magnetic and magnetic saturation situations [62, 63]. Due to its 

simplicity in implementation and several application advantages, the V/Hz control strategy has 

become one of the most used types of speed control strategies. Some of the advantages of the 

V/Hz control include: 

• Low cost 

• Ease of implementation 

• Low starting current requirement 

• Range of speed 

• By increasing frequency further, the motor can be driven beyond the base speed.  

However, the voltage cannot be increased further than the rated voltage 

 

Figure 3-1: V/Hz characteristics curve 

The V/Hz characteristics curve shown in Figure 3-1 presents the three main speed regions of 

the V/Hz control strategy [63, 64]. The first region which is from (0 – cf  (cut-off frequency), 

Hz) is the low frequency region. When operating in this region, a boost voltage is required to 

𝑉𝑠(𝑉) 

𝑉𝑟𝑎𝑡𝑒𝑑 

f (Hz) 𝑓𝑟𝑎𝑡𝑒𝑑 

Defluxed Region Constant Flux Region 

Boost for Voltage drop 

Compensation 

0 𝑓𝑐 
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compensate for the voltage drop due to the stator impedance. In Figure 3-1, the second region 

represents the linear region with a frequency range of ( cf  – ratedf  (rated frequency), Hz). The 

slope represents the air gap flux s  while ratedw  the rated angular pulsation. 

 rated
s

rated

V

w
=   (12) 

 2  rated ratedw f=    (13) 

Finally, the third speed region is referred to as the field weakening region [64]. The field 

weakening region occurs when it is not possible to maintain a constant V/Hz ratio. This is the 

case when the frequencies tend to be higher than the rated frequency whereas the stator voltage 

is not increased above the rated voltage [64]. Hence, as a result of only increasing the 

frequency, the air gap flux will be reduced [63]. 

 

Figure 3-2: Open loop V/Hz control scheme 

The conventional open loop V/Hz control strategy is illustrated in Figure 3-2. It is fed by a 

voltage source inverter in this case being a 3-level NPC inverter where 3 levels of the output 

voltage can be obtained in comparison to the traditional 2-level inverters where only 2 levels 

of voltage at the output are achieved. The inverter has two inputs which are the voltage, V, 

calculated from the V/Hz control logic and the angle θ. This is obtained by integrating the 

speed reference of the V/Hz control strategy. Moreover, the V/Hz ratio k is calculated as 

follows  
2 3

2 e

Vn

f
. Finally, w in Figure 3-2 is the imposed speed reference. 
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3.2. Three Level Neutral Point Clamped (NPC) Inverter 

The aim of three phase Pulse Width Modulated inverters is to shape and control the magnitude 

and frequency of the three phase output voltages with an input voltage dcV  which is essentially 

constant [65]. NPC inverter is one of the most used multilevel inverter topologies. Some of the 

most common uses of such an inverter topology is for variable speed motor drives, high-voltage 

system interconnections and high-voltage DC and AC transmission lines [66]. The 

configuration of an NPC inverter depends on the level of the inverters. Fundamentally, a total 

number of n-2 unidirectional power switches are required for each leg where n is the number 

of levels of the inverter. Moreover, a total of n-1 clamping diodes is also required for each leg 

of the inverter. In order to share the block voltage, the clamping diodes are connected in series 

[67]. Depending on the level of the inverter, the number of capacitors is designed in terms of 

n-1. In an NPC inverter, only a single Vdc is required to obtain the desired voltage in the output. 

 

Figure 3-3: 3-level NPC inverter architecture 

Figure 3-3 represents a 3-level NPC inverter scheme utilized to provide the input voltage for 

the induction motor.  Each leg represents each phase of the 3-phase system.  In each of the legs, 

switches 1 and 3 and switches 2 and 4 are complementary to each other.  This arrangement 

allows for 3 levels of voltage to be supplied to the induction motor which are 
2

dcV
+ , 0 and 

2

dcV
− . 

The 3-level inverter is used to provide a pulsed waveform as input to the motor. To achieve 

this, the modulating signal is compared with the carrier signals to obtain the switching 



24 

 

algorithm for the inverter.  To realize this, the phase disposition PWM modulation technique 

was used.  In this method, all the carriers have the same frequency and amplitude and are in 

phase with each other.  Since it is a 3-level inverter therefore the number of carrier signals to 

be used is obtained through the formula n-1 with n being the number of levels.  Hence, for a 3-

level system, the number of carrier signals used is 3-1 = 2.  Therefore, this has two triangular 

waves, one on each side of the zero reference as shown in Figure 3-4. It should be noted that 

the modulating signals are modified to achieve the maximum range for linear operation mode. 

This is accomplished by injecting a zero-sequence ov  such that the modulating phase voltages 

become: 

'

a a o

'

b b o

'

c c o

v v v

v v v

v v v

= −

= −

= −

 

Where, 

a b c a b c
o

max( v ,v ,v ) min( v ,v ,v )
v

2

+
=  

 

Figure 3-4: Sinusoidal phase disposition pulse width modulation 
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Figure 3-4 shows the carrier signals used for simulations in this chapter of the thesis.  As 

depicted by Figure 3-4, there are two triangular signals of the same amplitude and frequency 

which are in phase with each other. To obtain the states of the switches for each of the phases, 

the modulating signal is compared to the upper carrier to obtain the state of switch 1S . To 

achieve the state of switch 2S , the modulating signal is then compared with the lower carrier 

signal. Finally, the states of switches 3S  and 4S  are just the complementary of the switches 1S  

and 2S  states respectively [68]. 

 

Figure 3-5: Inverter gate signals 

Figure 3-5 shows the switching pattern of the inverter with the high and low gate signals 

obtained after comparing the modulating signals with both the upper and the lower carrier 

waveforms. From this sequence, the input voltage applied to the motor is determined by the 

inverter switching logic shown in Table 3-1 according to the 3-level NPC inverter: 

Table 3-1: NPC inverter switching logic 

 High Low Out High Low Out High Low Out 

𝑉𝑟 1 1 

2

dcV
 

0 1 0 0 0 

2

dcV
−   

𝑉𝑠 1 1 

2

dcV
 

0 1 0 0 0 

2

dcV
−   

𝑉𝑡 1 1 

2

dcV
 

0 1 0 0 0 

2

dcV
−   
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Figure 3-6: Current flow direction in inverter leg 

In Figure 3-6, a single leg of the three-level NPC inverter is presented. It shows the direction 

of the current flow in each of the three cases of the output voltage based on the gate signals 

obtained in Figure 3-5. If switches 1S  and 2S  are closed the output voltage connects to the 

positive 
2

dcV
 level. However, if the switches 2S  and 3S   are closed, the output voltage connects 

to the zero-level voltage. Finally, if the switches 3S  and 4S  are closed, the output voltage 

connects to the negative 
2

dcV
 level. 

3.3. Induction Motor Modelling 

The model of the induction machine can be represented by the following equations in the 

stationary reference frame: 

 

D s s D m d

Q s s Q m q

d m D r m Q r r d r r q

q r m D m Q r r d r r q

e
r e l

e m Q d D q

V ( R L p ) i L p i

V ( R L p ) i L p i

V L p i w L i ( R L p ) i w L i

V w L i L p i w L i ( R L p ) i

J
p w T T

NP

T NP L ( i i i i )

= +   +  

= +   +  

=   +   + +   +  

= −   +   −   + +  

  = −

=    − 

  (14) 

Where: DV , 
QV , Di  and 

Qi  are the stator voltages and currents in the d and q axis 

dV , 
qV , di  and 

qi  are the rotor voltages and currents in the d and q axis 
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sR  and rR  are the stator and rotor resistances 

sL , rL  and mL  are the stator, rotor, and mutual inductances 

rw , eJ  and NP  are the motor speed in electrical rad/s, inertia, and number of pole   

pairs  

eT  and lT  are the electromagnetic torque and the load torque. 

p  is the derivative operator 

 

Generally, the above equations are written in a form that only has one derivative symbol in 

each equation. To achieve this, the matrix notation is used, and the four electrical equations 

become: 

 r[ v ] { p[ L ] [ R ] w [ G ]} [ i ]= + +    (15) 

Where: 
T

D Q d q[ v ] [V ,V ,V ,V ]=  

T

D Q d q[ i ] [ i ,i ,i ,i ]=  

      

s m s

s m s

m r m rr

m r m rr

L 0 L 0 0 0 0 0R 0 0 0

0 L 0 L 0 0 0 00 R 0 0
[ L] [ R ] [G ]

L 0 L 0 0 L 0 L0 0 R 0

0 L 0 L L 0 L 00 0 0 R

    
    
    = = =
    
    

− −    

              

Solving for equation [ v ]  and multiplying both sides with [ L ]−1
 and making p[ i ]  the subject 

of the formula we obtain: 

 rp[ i ] [ L ] [ v ] [ L ] {[ R ] w [G ]} [ i ]− −= − + 1 1   (16) 

Finally, the ordinary differential equations of the motor model used for simulation in MATLAB 

become: 
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2

D s r D r m Q r m d r m r q r D m d2

s r m

2

Q r m D s r Q r m r d r m q r Q m q2

s r m

d s m D r m s Q s r d r s r q m D s d2

s r m

q r m s D s m2

s r m

1
pi ( R L i w L i R L i w L L i L V L V )
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1
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1
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L L L

1
pi ( w L L i R L i

L L L

−
= − − − − +

−

−
= + + − − +

−

−
= − + + + + −

−

−
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−
Q r s r d s r q m Q s q

e l
r

e

w L L i L R i L V L V )

T T
pw NP

J
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−
=

  (17) 

Where: 

D a b cV (V V V )= − −
2 1 1

3 2 2
 

Q b cV (V V )= −
1

2
 

and a MV V cos( wt )= ; b MV V cos( wt )


= −
2

3
; c MV V cos( wt )


= +

2

3
 

3.3.1. Elastic Coupling between the Induction Motor and the Gas Turbine 

As mentioned earlier in the chapter, the high-power induction motor is used to drive a large 

gas turbine. For this purpose, the shaft of the motor and the turbine are elastically coupled 

together. Figure 3-7 represents this elastic coupling between the electric motor and the gas 

turbine. 

 

Figure 3-7: Elastically coupled electric motor and turbine 

𝐽𝑒 𝐽𝑡 

𝑇𝑒 

𝑇𝑗𝑜𝑖𝑛𝑡 

𝑇𝑗𝑜𝑖𝑛𝑡 
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 int
e

e jo e

dw
T T J

dt
− =   (18) 

 int
r

jo t

dw
T J

dt
=   (19) 

 int int int( ( ))jo jo e r o e rjT k ww= − + −     (20) 

Where: 
intjok  is the elastic constant and 

intjo  is the damping coefficient. 

With the inclusion of the elastic coupling between the electric motor and the turbine, the 

mathematical model of the system (motor + turbine) in terms of ordinary differential equations 

becomes: 

 

2

D s r D r m Q r m d r m r q r D m d2

s r m

2

Q r m D s r Q r m r d r m q r Q m q2
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1
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1
pi ( w L i R L i w L L i R L i L V L V )
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1
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1
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−
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  (21) 

3.4. Asynchronous PWM Generation Technique 

In order to obtain the gate signals for inverter switching, asynchronous modulation is one of 

the common modulation techniques utilised. In this PWM generation technique, the frequency 

of the carrier signal is constant throughout the operation. To obtain the states of the switches 

of the inverter this constant frequency carrier wave signal is compared with the frequency-

varying modulating signal (desired inverter frequency).  This results in non-integer values of 
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the frequency modulation ratio, 
fm , and introduces subharmonics into the system [65]. 

Subharmonics are the unwanted components of frequencies that are either lower than the 

frequency of the fundamental or are not its integer multiple [53]. The use of the asynchronous 

PWM generation technique for the control of varying speed induction motors needs to be 

avoided for high power applications with low switching frequency as the subharmonics 

introduced due to this, even if of low amplitude causes large currents which are highly 

undesirable [65]. 

Table 3-2 lists the motor parameters used for the simulations in MATLAB/Simulink for this 

case study.  

Table 3-2: Motor parameters 

Motor Parameter Parameter Value 

nV – Nominal Voltage 2800 V 

nI – Nominal Current 1700 A 

cos  – Power Factor  0.90 

mP – Nominal Power 7.0 MW 

ef – Nominal electrical frequency 38.6 Hz 

nT – Nominal Torque 30000 Nm 

eJ – Electric Motor Inertia  130 kgm2 

N – Number of Poles 2 

sR – Stator Resistance 4.0e-3 Ω 

rR – Rotor Resistance 4.3e-3 Ω 

lsL – Stator Leakage Inductance 4.6e-4 H 

lrL – Rotor Leakage Inductance 1.8e-4 H 

mL – Magnetizing Inductance 15e-3 H 
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In addition, the inertia of the gas turbine tJ  was 27000 
2kgm . For the elastic coupling, the 

damping coefficient 
intjo  was 1100 /Nms rad  and the elastic constant 

intjok  was 2.2e6

/Nm rad . 

Case 1: Inertial Load = 27000 
2kgm  

 Switching frequency = 610 Hz 

 Acceleration = 0.404 rad / s2
 (0 – 242.53 rad / s  (Rated Speed) in 600 s) 

 

Figure 3-8: Electromagnetic torque using asynchronous modulation technique - Case 1 

In Figure 3-8, the electromagnetic torque of the motor when accelerated to its rated speed is 

presented. From the graph it is evident that with the use of the asynchronous PWM generation 

technique, huge spikes have been generated in the torque. This is due to the introduction of 

subharmonics due to the asynchronous modulation technique. To confirm this, the spectral 

analysis of the electromagnetic torque was carried out which is presented in Figure 3-9. For 

this purpose, the spectrogram function of MATLAB is used.  

S spectrogram( x,window,noverlap,nfft , fs )=  

Where: x – the signal 

window - selected FFT window e.g., Blackman window 

noverlap – specifies the number of overlapping samples between segments 

nfft – number of frequency points used to calculate the Discrete Fourier transform 

fs – sampling frequency 
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Figure 3-9: Spectral Analysis of Electromagnetic Torque using asynchronous modulation technique - Case 1 
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From the graph it can be observed that due to the intersections of the fundamental signal with 

other lower frequency components, the subharmonics are introduced in the system, and it is 

understood that this is the reason for the huge spikes in the electromagnetic torque graph. Also, 

in Figure 3 9, a subharmonic at a steady state of frequency 31 Hz is reported.   

Case 2: Inertial Load = 27000 
2kgm  

 Switching frequency = 610 Hz 

 Acceleration = 0.349 rad / s2
 (0 – 376.99 rad / s  in 1080 s) 

 

Figure 3-10: Electromagnetic torque using asynchronous modulation technique - Case 2 

In Figure 3-10, the electromagnetic torque graph is presented for the case where the induction 

motor was operated at a speed (3600 rpm) greater than the rated speed (2300 rpm). From the 

figure it can be observed that even in this case of motor operation the spikes due to the 

asynchronous modulation technique are produced. It can also be observed that as the speed of 

the motor increases above the rated speed, a larger spike can be seen compared to the previous 

case. Analysing the spectral analysis of the torque (Figure 3-11) using the spectrogram function 

of MATLAB, it can again be seen that due to intersections of the fundamental frequency with 

other unwanted frequencies subharmonics are introduced as a result causing the large spikes in 

the electromagnetic torque. In addition, a spectral component of frequency 70 Hz generated by 

a subharmonic at steady state is also reported.  
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Figure 3-11: Spectral Analysis of Electromagnetic Torque using asynchronous modulation technique - Case 2
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3.5. Synchronous PWM Generation Technique 

In this technique, it is ensured that the carrier signals and the control signal are synchronised 

with each other. The modulating frequency in the synchronous modulation technique is 

required to be an integer as opposed to the asynchronous PWM technique where the modulating 

frequency is not an integer which results in the introduction of subharmonics (of the 

fundamental frequency) which are very undesirable in most applications. In an application such 

as varying speed control of induction machines, synchronous modulation is achieved by 

varying the carrier signal frequency with the desired inverter frequency [65]. In the 

synchronous PWM generation technique, the frequency of the carrier signal is calculated based 

on the modulating signal. Hence, instead of having a constant switching frequency throughout 

the simulation, the switching frequency is varied between certain frequency intervals of the 

modulating signal. Once the desired frequency of the modulating signal is reached, the 

frequency of the carrier signal is saturated to a constant value.   

 

Figure 3-12: Carrier frequency - Synchronous modulation 

Figure 3-12 represents the algorithm of the switching frequency utilized for the synchronous 

PWM method. The switching frequency is varied with the modulating signal to obtain a 

modulating frequency as an integer. The switching frequency is varied between a minimum 

switching frequency of 576 Hz and a maximum switching frequency of 850 Hz.   

 



36 

 

3.5.1. Sampling Technique for Digital Implementation 

For actual implementation on a digital control system, it becomes difficult to implement the 

natural sampling algorithm where the inverter switching signals are obtained at every 

intersection of the modulating signal with the carrier waves (Figure 3-13). Hence, the regular 

sampling (asymmetric sampling) method is utilised. In this technique, the reference sinusoidal 

modulating signal is sampled at every upper and lower boundary of the carrier signals i.e., the 

carrier period Tc is equal to twice the sampling period Ts. This asymmetrically sampled 

modulating signal is then compared with the carrier waves to obtain the inverter switching 

signals. The asymmetric sampling technique is reported in Figure 3-14. 

 

Figure 3-13: Natural Sampling 

 

Figure 3-14: Regular (Asymmetric) Sampling 

From Figure 3-14 it can be observed that the asymmetrically sampled modulating signal is 

phase delayed when compared to the reference sinusoidal modulating signal. At this stage, it 

should be important to note that at low switching frequencies, such a delay is non-negligible. 

In Figure 3-15, the phase delay caused by the asymmetric sampling is reported in detail. In this 

sampling technique the PWM signal to update is generated during the time interval between 
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two sampling points. To visualise this phase delay due to the PWM modulation in Figure 3-15 

an equivalent sine modulation wave (red) is used. From the figure it can be observed that the 

equivalent sine modulation wave is about half a sampling cycle (quarter carrier period) behind 

the reference sine modulation wave [69]. When considering a scenario where the switching 

frequency is 500 Hz, and the synchronous frequency is 100 Hz this phase delay can cause a 

delay of approximately 18 degrees in the electrical angle.  

 

Figure 3-15: Phase Delay with Regular Sampling 

It should be noted that this phase delay can be compensated by phase advancing the reference 

sinusoidal modulating signal by half of the sampling period.  

In Figure 3-16 and Figure 3-17, a comparison of the results obtained without the phase delay 

compensation and with the phase delay compensation is presented when the induction motor 

is controlled with the synchronous PWM modulation technique. From the results obtained it 

can be observed that in the case where the phase delay introduced by the asymmetric sampling 

is not compensated (Figure 3-16) there are oscillations observed in the motor torque at the point 

of transition between two synchronous regions. This is because the phase delay causes a delay 

in the modulating signal hence the reference stator voltage supplied to the motor is not as 

expected causing instability. On the contrary, in the case where the phase delay has been 

compensated by phase advancing the reference modulating signal, it is seen that the oscillations 

which were observed at the time of transition between two synchronous regions in the case of 

non-compensation have been removed (Figure 3-17). Hence, with these important results it can 

therefore be concluded that it is very important to compensate for the phase delay in order to 

achieve stable operations especially in the cases of low switching frequencies.  
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Figure 3-16: Electromagnetic Torque without Phase Delay Compensation (synchronous 

modulation technique) 

 

Figure 3-17: Electromagnetic Torque with Phase Delay Compensation (synchronous 

modulation technique) 
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At this point it should be noted that the sample points in the simulation results presented 

henceforth are phase delay compensated. 

Case 1: Inertial Load = 27000 
2kgm  

 Switching frequency = Synchronous 

 Acceleration = 0.404 rad / s2
 (0 – 242.53 rad / s  (Rated Speed) in 600 s) 

 

Figure 3-18: Electromagnetic torque using synchronous modulation technique - Case 1  

In Figure 3-18, the electromagnetic torque is presented with the utilisation of the synchronous 

modulation technique. As shown in Figure 3-18, the large spikes which were present with the 

use of the asynchronous modulation technique have been eliminated. With the inspection of 

the respective spectral analysis of the motor torque (Figure 3-19) it can be observed that the 

subharmonics which were previously present which caused the spikes in the motor torque have 

been eliminated with the use of the synchronous modulation technique. 
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Figure 3-19: Spectral Analysis of Electromagnetic Torque using synchronous modulation technique - Case 1
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Case 2: Inertial Load = 27000 
2kgm  

 Switching frequency = Synchronous 

 Acceleration = 0.349 rad / s2
 (0 – 376.99 rad / s  in 1080 s) 

 

Figure 3-20: Electromagnetic torque using synchronous modulation technique - Case 2 

In Figure 3-20, the electromagnetic torque when the motor was accelerated to a maximum 

speed of 3600 rpm (greater than the rated) is presented. Meanwhile, in Figure 3-21 the spectral 

analysis of the electromagnetic torque is presented. It can be seen from the spectral analysis 

graph that the subharmonics which were present in the same test case with the asynchronous 

modulation technique are eliminated and this is also reflected in the electromagnetic torque 

graph where the spikes which were previously present have been removed. 
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Figure 3-21: Spectral Analysis of Electromagnetic Torque using synchronous modulation technique - Case 2
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Table 3-3: Summary of Asynchronous vs Synchronous Modulation Techniques 

 

Subharmonic 

Magnitude (% of Fundamental) 

Case 1 Case 2 

 Asynchronous Synchronous Asynchronous Synchronous 

31 Hz 1661.34% 3.27% - - 

70 Hz - - 2449.85% 42.89% 

 

3.6. Chapter Summary  

The goal of this chapter was to compare the performance of the asynchronous and synchronous 

modulation techniques in the application of controlling high-power varying speed induction 

motors. Firstly, the famous open loop V/Hz control strategy was presented which was the 

control strategy used for controlling the speed of the motor. Next, the 3-level NPC inverter 

used to obtain the pulsed width modulated output voltage of the inverter was discussed. The 

mathematical model of the induction motor with the inclusion of the mechanical system (motor 

+ turbine) was then presented. Next, the logic of the asynchronous modulation technique was 

explained, and the problem of subharmonics being introduced with the use of such a 

modulation technique was highlighted. Finally, the synchronous modulation technique was 

proposed in order to remove the subharmonics which were introduced by the asynchronous 

modulation technique. Simulation results using MATLAB/Simulink were presented to validate 

the problem of the asynchronous modulation technique and the benefits of using the 

synchronous modulation technique in applications such as varying speed control of induction 

motors.    
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Chapter 4  

Stability Analysis of Open-Loop V/Hz Controlled 

Asynchronous Machines and two Mitigation Strategies for 

Oscillations Suppression 

As discussed in chapter 1, the open loop V/Hz controlled strategy for speed control of 

asynchronous machines is one of the most common control strategies due to its simplicity and 

ease of control. Hence, it has become one of the most chosen controls for many industrial 

applications. However, a major drawback of such a control strategy is the oscillations in the 

current and torque while operating at speeds low to medium under light loads [70-72]. The 

cause of these unwanted oscillations is due to the nonlinear interactions of the electrical and 

mechanical subsystems that are coupled through the electromagnetic torque and the back-

electromotive force and are affected by changes in motor parameters [62]. 

 

Figure 4-1: System Architecture 

In this chapter, the stability analysis of induction motors controlled using the V/Hz control 

strategy will be presented and two mitigation strategies for suppressing the oscillations will be 

proposed. These mitigation strategies are then tested and validated through simulations using 

MATLAB/Simulink. 

4.1. Conventional V/Hz Control without Mitigation 

To demonstrate to the readers the problem of oscillations introduced in the motor torque and 

currents, the conventional V/Hz control without the implementation of the mitigation strategies 

was used to control a high-power induction motor (parameters in Table 3-2). For this test case, 

the motor was accelerated to its rated speed (242.53 /rad s ) in 10 seconds at no load. The 

mechanical torque, phase A stator current and the mechanical speed are shown in Figure 4-2, 

Figure 4-3 and Figure 4-4 respectively. From the figures, it is evident that with the use of the 
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conventional V/Hz control strategy large oscillations are introduced into the system and are 

very harmful to the electrical drive if not compensated. In addition, mechanical shaft damages 

can also occur due to these sustained large oscillations in high-power induction motors. 

Furthermore, it is important to note that since high-power induction motors experience more 

significant oscillations causing greater problems to the system components (electrical and 

mechanical), a high-power induction motor has been chosen for this study. 

 

Figure 4-2: Mechanical torque, conventional V/Hz control, [0-38.6 Hz] 

 

Figure 4-3: Phase A stator current, conventional V/Hz control, [0-38.6 Hz] 

 

Figure 4-4: Mechanical speed, conventional V/Hz control, [0-38.6 Hz] 
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4.2. Stability Analysis 

As presented in the previous section of the chapter, the conventional open loop V/Hz control 

strategy introduces large oscillations in the motor torque, currents, and speed. Hence, in this 

section, a methodology on how the instability region of an inverter-fed motor controlled with 

the V/Hz controlled technique can be predicted. It should be noted that if the instability region 

can be effectively predicted, then more importantly mitigation techniques can be implemented 

to counteract these unwanted oscillations in the motor torque, currents, and speed.   

4.2.1. Mathematical Modelling 

In order to study the instability region, the mathematical modelling of the induction motor in 

the synchronous d-q reference frame is made. Since the model implemented in 

MATLAB/Simulink involves an inverter-fed induction motor, it is also important to include 

the deadtime error voltages in the equations of the stator voltage. In addition, due to these 

equations being nonlinear in nature, the system is linearized around a steady operating point in 

order to obtain the small-signal model of the inverter-fed induction motor as presented in [73].  

The induction motor small signal model is represented as: 

 x A x B u =  +    (22) 

Where: 
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In the equation (23), the components of the stator current in the q and d axis are represented as 

qsi  and dsi  respectively. 
qsV  and 

dsV  represent the q axis and d axis components of the stator 

voltage. In addition, 
qri  and dri  are the q and d axis components of the rotor current referred to 

the stator. Finally, rw  represents the rotor electrical speed while the load torque is lT . 

To be able to carry out the instability analysis, the system matrix A is defined and is represented 

as follows: 
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The parameters s0w , r0w  and B in the system matrix A represent the stator synchronous speed, 

the mechanical speed, and the friction constant respectively. The parameters which represent a 

steady state value are represented with a subscript ‘0’. The following equations represent the 

terms that arise due to the deadtime of the inverter. 
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0 2 2

0 0

=
+

  (25) 

In the equation (25), 
eqR 0

 represents the equivalent resistance due to the deadtime effect. 

Moreover, the magnitude of the deadtime voltage s,err,fV  can be represented as: 

 s,err,f dc d swV V T f4=


  (26) 

For the calculation of the deadtime error voltage, the dc bus voltage dcV , the switching 

frequency of the inverter swf  and the inverter dead time dT  is used. The resistance components 

q,eqR 0
 and 

d,eqR 0
are both a result of the deadtime contribution. In addition, as a result of the 

deadtime, an additional cross-coupling reactance 
qd,eqX 0

 is introduced as reported in [73]. 
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A detailed theoretical description of the modelling of the deadtime is presented in Appendix A 

of [73]. 



48 

 

4.2.2. Prediction of the instability Region 

After obtaining the system matrix A, it is possible to carry out the stability analysis in order to 

predict the regions of instability in the operation of the high-power induction motor with the 

conventional V/Hz control strategy. Firstly, the root locus of the 7 MW induction motor drive 

with a frequency range of 0-38.6 Hz, with a DC bus voltage of 5000 V, a switching frequency 

of 610 Hz and a deadtime of 4 μs is plotted. A 1 p.u. V/Hz ratio was utilised for this simulation. 

As an induction machine model of order 5 is utilised, the five lines/curves depicted in Figure 

4-5 represent the system eigenvalues. With such a plot in hand, the speed range that falls in the 

instability region (eigenvalues on the right-hand side of the imaginary axis) can be easily 

identified.  

 

Figure 4-5: Eigenvalues of the 7 MW induction motor drive for a V/Hz ratio of 1 p.u. with a 

frequency range of 0-38.6 Hz, DC bus voltage of 5000 V, switching frequency of 610 Hz and a 

deadtime of 4μs.  

Analyzing the root locus plot of Figure 4-5, it can be observed that there are two intersections 

of the imaginary axes. Hence, it can be concluded that between these two speed points lies the 

region of instability which has been labeled in the inset of the plot in Figure 4-5. Hence, for the 

induction motor operated at no load, the region of instability lies between the speed ranges 16-

106 rad / s . 
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To achieve a better understanding of the instabilities, the region of instability was plotted in 

the V-f plane. The main aim of this was to obtain the minimum V/Hz ratio where no instabilities 

in the operation of the induction motor could be found. In order to do this, the initial V/Hz ratio 

which was 1 p.u. was gradually reduced until an inferior limit ratio was achieved. From Figure 

4-6 it can be observed that the region of instability of the induction motor lies between the 

maximum V/Hz ratio of 1 p.u. and a minimum ratio of 0.058 p.u. In Figure 4-6, the instability 

region at a V/Hz ratio of 1 p.u. is represented by the two blue circles indicating a speed range 

of 16-106 rad / s  as previously shown in Figure 4-5. 

 

Figure 4-6: Region of instability in the V-f plane, [1 p.u. - 0.058 p.u. V/Hz ratio] 

In addition, the instability region for the 7 MW induction motor was also carried out for two 

other cases with an inclusion of inertial loads. Firstly, the instability region with an additional 

inertial load of 638.25 kgm2
 was carried out. From the stability analysis, it was found out that 

for this test case the instabilities lie between a maximum V/Hz ratio of 1 p.u. and a minimum 

V/Hz ratio of 0.143 p.u. Similarly, the stability analysis was carried out when the induction 

motor was operated with an inertial load of 1400 kgm2
. For this test case, the maximum V/Hz 

ratio was 1 p.u. and the minimum was 0.204 p.u. where instabilities were found. In Figure 4-7, 

the instability regions of the three test cases (at no load, at 638.25 kgm2
 inertial load and at 

1400 kgm2
 inertial load) are plotted. 
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Figure 4-7: Region of instability in the V-f plane, blue - no load; red - inertial load = 638.25 

kgm2
; Orange - inertial load = 1400 kgm2

. 

In Table 4-1, a summary of the speed ranges which fall in the region of instability for the 3 test 

cases are presented. 

Table 4-1: Unstable speed ranges 

 Inertia  Start of Instability End of Instability 

Case 1 J = 130 Kgm2
  16 rad / s   106 rad / s  

Case 2 J = (130 + 638.25) Kgm2
 6 rad / s  43 rad / s  

Case 3 J = (130 + 1400) Kgm2
 4 rad / s  31 rad / s  

 

4.3. Mitigation Techniques for Suppressing Currents and Torque 

Oscillations 

As seen in the previous sections of the chapter, the problem of current and torque oscillations 

in the conventional open loop V/Hz control is of great concern. However, since a methodology 

of predicting such instability regions has been presented in the previous section of the chapter, 

it now enables one to develop effective mitigation techniques in order to suppress these 

oscillations to avoid damage to the electrical drive of the system. In this section of the chapter, 

two mitigation techniques for oscillation suppression are presented. In the first mitigation 
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technique proposed, a varying V/Hz slope is utilized in order to avoid the instability regions. 

In the second mitigation technique, a variation of the active damping method presented in [74] 

is proposed. 

4.3.1. Ad-Hoc Slope Ramping Algorithm (AHSRA) 

In this method of currents and torque oscillations mitigation, the aim is to avoid the operation 

of the machine in the regions of instability as predicted in section 4.2.2. Named the Ad-Hoc 

Slope Ramping Algorithm, in this method, instead of using a constant V/Hz ratio in the control 

of the induction motor, the use of a varying V/Hz ratio in the different speed regions of the 

induction motor is proposed. The varying V/Hz ratio for the different speed regions are 

determined based on the plot of the region of instability in the V-f plane in Figure 4-6.  

4.3.1.1. Case 1: No Load 

The varying V/Hz ratio used for the purpose of the first test case at no load is shown in Figure 

4-8. The red arrows in the figure represent the V/Hz ratio in the different speed ranges in order 

to avoid the plotted region of instability.  

 

Figure 4-8: Customized V/Hz ratio to avoid region of instability 

It should be noted that the varying V/Hz ratio as shown in Figure 4-8 can be achieved by 

selecting the voltage and speed reference in such a way that tends to avoid operation in the 

instability region. In Figure 4-9, the new voltage reference and speed reference of the 

mitigation technique AHSRA are represented. 
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Figure 4-9: Customized voltage and speed reference 

With the application of the proposed mitigation technique with the conventional V/Hz control, 

it was observed that the large oscillations present in the currents and torque of the motor have 

been significantly reduced. This is proved in Figure 4-10, Figure 4-11 and Figure 4-12 which 

represent a comparison of the motor torque, currents and mechanical speed between the 

conventional V/Hz control strategy and the proposed control strategy for oscillations 

suppression. 

 

Figure 4-10: Mechanical torque - AHSRA (red) vs. conventional V/Hz (blue) 

 

Figure 4-11: Phase A stator current isA - AHSRA (red) vs. conventional V/Hz (blue) 
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Figure 4-12: Mechanical speed - AHSRA (red) vs. conventional V/Hz (blue) 

4.3.1.2. Case 2: Inertial Load = 638.25 kgm
2
 

In the second test case an inertial load of 638.25 kgm2
 is considered. The region of stability 

for this test case is presented in Table 4-1. Figure 4-13 shows the varying V/Hz ratio chosen to 

avoid the region of instability during motor operation.  

 

Figure 4-13:Customised V/Hz ratio avoiding region of instability - Case 2 

Figure 4-14 represents the corresponding voltage and speed reference values based on the 

choice of the varying V/Hz ratio. 
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Figure 4-14: Customized voltage and speed reference - Case 2 

Figure 4-15, Figure 4-16 and Figure 4-17 present a comparison of the motor torque, phase A 

stator current and mechanical speed with the conventional V/Hz control (blue) and the 

proposed AHSRA strategy (red) respectively. From the figures it is quite evident that using the 

varying V/Hz ratio method the large oscillations previously present with using the conventional 

control strategy have been almost completely removed. 

 

Figure 4-15: Mechanical torque - AHSRA (red) vs. conventional V/Hz (blue) - Case 2 

 

Figure 4-16: Phase A stator current isA - AHSRA (red) vs. conventional V/Hz (blue) - Case 2 
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Figure 4-17: Mechanical speed - AHSRA (red) vs. conventional V/Hz (blue) - Case 2 

4.3.1.3. Case 3: Inertial Load = 1400 kgm
2   

In the final test case, the induction motor is considered with an inertial load of 1400 kgm2
. In 

this test case, the instability region found as reported in Table 4-1 is between a speed range of 

4 – 31 rad / s . Similar to the previous two test cases, the first step is to choose the appropriate 

varying V/Hz ratio that would avoid motor operation in the instability region hence avoiding 

the large oscillations present in the conventional V/Hz control strategy. Hence, in Figure 4-18 

is presented the varying V/Hz ratio chosen for test case 3. 

 

Figure 4-18: Customized V/Hz ratio avoiding region of instability - Case 3 

The voltage reference and speed reference are reported in Figure 4-19. This is obtained from 

the corresponding V/Hz ratio chosen. 
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Figure 4-19: Customized voltage and speed reference - Case 3 

A comparison of the motor torque, phase A stator current and mechanical speed between the 

conventional control strategy (blue), and the proposed mitigation technique AHSRA (red) is 

presented in Figure 4-20, Figure 4-21 and Figure 4-22 respectively. As already seen in test 

cases 1 and 2, the present oscillations with the conventional control strategy have been 

significantly reduced allowing for a safe operation of the induction motor without risk to the 

electrical drive of the system. 

 

Figure 4-20: Mechanical torque - AHSRA (red) vs. conventional V/Hz (blue) - Case 3 

 

Figure 4-21: Phase A stator current isA - AHSRA (red) vs. conventional V/Hz (blue) - Case 3 
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Figure 4-22: Mechanical speed - AHSRA (red) vs. conventional V/Hz (blue) - Case 3 

4.3.2. Active Damping Mitigation Technique 

The second oscillations mitigation technique proposed is the active damping technique. The 

logic of this mitigation technique is to shift all the poles of the system to the left half of the 

complex plane. In order to achieve this, a current feedback loop is utilized to correct the speed 

reference value by subtracting the obtained speed reference correction factor from the imposed 

speed reference. In order to obtain the speed reference correction factor, two damping functions 

are utilized with the d and q axis components of the stator current. After the speed reference is 

corrected, the correct speed reference is then used to calculate the corrected voltage reference. 

The implementation of this mitigation logic is represented in Figure 4-23.  

 

Figure 4-23: Active damping mitigation logic 

The following transfer function is used to realize the damping function: 

 
i

f

s
Out K * *In

t s1
=

+
  (28) 

The transfer function consists of a derivative part and a first order low pass filter where ft  is 

the time constant and iK  are the damper function gains. The purpose of the derivative part of 
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the damper function is to eliminate the signal’s continuous components whereas the low pass 

filter is used to isolate the low frequency components of the signal. The inputs of the two 

damping functions are the d and q axis components of the stator current. The outputs of the two 

damper functions are summed and they together form the speed reference correction factor 

which is used to correct the speed reference of the control strategy. This is done by subtracting 

the speed reference correction factor from the imposed speed reference. With this corrected 

speed reference value, the voltage reference is then calculated. For calculating the values of the 

damper function gains K1  and K2 , the two damper functions are included in the system matrix 

A defined in equation (24). Due to this, two additional poles are added to the system and the 

eigenvalues of the system are plotted by selecting the values of K1  and K2  such that it shifts 

all the poles to the left half of the complex plane. The purpose of the parameter ft  is to 

attenuate the high frequencies that would excite the oscillations in the system, and it is chosen 

through a heuristic approach.  

4.3.2.1. Case 1: No Load 

In order to evaluate the effectiveness of the proposed mitigation strategy, the results are 

compared with that of the conventional V/Hz control strategy. In Figure 4-24, Figure 4-25 and 

Figure 4-26 show the comparison of the mechanical torque, stator phase A current and 

mechanical speed between the proposed control strategy and the conventional control strategy 

respectively. From the results obtained it is evident that the proposed control strategy of the 

active damping has a far superior performance when compared to that of the conventional V/Hz 

control. It can be observed that the oscillations present in the mechanical torque, stator phase 

A current and mechanical speed with the conventional control strategy have been significantly 

reduced with the implementation of the proposed active damping mitigation technique. The 

design parameters of the active damping mitigation technique are listed in Table 4-2. 

Table 4-2: Active damping design parameters - Case 1 

Parameter Value 

K1 6.2e-4 

K2 1.9e-3 

ft  1.59 
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Figure 4-24: Mechanical torque - Active damping (red) vs. conventional V/Hz (blue) 

 

Figure 4-25: Phase A stator current isA - Active damping (red) vs. conventional V/Hz (blue) 

 

Figure 4-26: Mechanical speed - Active damping (red) vs. conventional V/Hz (blue) 

4.3.2.2. Case 2: Inertial load = 638.25 2
kgm   

In the second test case, an inertial load of 638.25 kgm2
 is taken into consideration. To evaluate 

the performance of the proposed oscillations mitigation technique with an inclusion of an 

inertial load, a comparison of the motor torque, phase A stator current and mechanical speed 

between the conventional V/Hz control strategy and the proposed active damping mitigation 

technique was carried out. This is represented by Figure 4-27, Figure 4-28 and Figure 4-29 



60 

 

respectively. Based on the results obtained from the comparisons it can be said that the 

proposed active damping mitigation technique has a far superior performance when compared 

to the conventional control strategy. This is because the oscillations in the motor torque and 

current which were present in the conventional V/Hz control strategy have been almost 

completely removed with the use of the proposed mitigation technique. The design parameters 

of the active damping mitigation technique are listed in Table 4-3. 

Table 4-3: Active damping design parameters - Case 2 

Parameter Value 

K1 1.0e-3 

K2 1.2e-3 

ft  1.69 

 

 

Figure 4-27: Mechanical torque - Active damping (red) vs. conventional V/Hz (blue) - Case 2 

 

Figure 4-28: Phase A stator current isA - Active damping (red) vs. conventional V/Hz (blue) - 

Case 2 
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Figure 4-29: Mechanical speed - Active damping (red) vs. conventional V/Hz (blue) - Case 2 

4.3.2.3. Case 3: Inertial load = 1400 
2

kgm   

In this test case an inertial load of 1400 kgm2
 is added to the system. As done in test cases 1 

and 2, to verify the performance of the proposed mitigation technique, a comparison of the 

performance of the conventional control strategy and the proposed active damping method was 

carried out. A comparison of the two methods between the motor torque, phase A stator current 

and mechanical speed was performed. As expected, the results presented in Figure 4-30, Figure 

4-31 and Figure 4-32 clearly show that the proposed active damping oscillations mitigation 

technique outperforms the conventional V/Hz control strategy as the large oscillations 

introduced by the conventional control strategy are not present with the proposed mitigation 

technique. The design parameters of the active damping mitigation technique are listed in Table 

4-4. 

Table 4-4: Active damping design parameters - Case 3 

Parameter Value 

K1 1.4e-3 

K2 6e-4 

ft  1.59 
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Figure 4-30: Mechanical torque - Active damping (red) vs. conventional V/Hz (blue) - Case 3 

 

Figure 4-31: Phase A stator current isA - Active damping (red) vs. conventional V/Hz (blue) - 

Case 3 

 

Figure 4-32: Mechanical speed - Active damping (red) vs. conventional V/Hz (blue) - Case 3 

4.4. Chapter Summary 

In this chapter, the problem of sustained oscillations in the motor torque and currents with the 

conventional V/Hz control strategy was firstly identified. After the identification of the 

problem and realizing the need for eliminating these oscillations for a safe motor operation it 

was important to identify a method to predict the instability regions of the inverter-fed 

induction motor. Hence, a methodology was then presented which was able to effectively 
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identify the speed regions in which the instabilities occur. This was done by modelling the 

induction motor in the d-q synchronous reference frame with the inclusion of the inverter 

deadtime considerations due to the presence of an inverter. The unstable speed regions were 

then determined by plotting the eigenvalues of the system. Two mitigation techniques were 

then proposed in this chapter. The first mitigation technique was the use of a varying V/Hz 

ratio to avoid the region of instability during motor operation. Comparing the results with the 

conventional control strategy it was seen that the proposed mitigation technique was successful 

in mitigating the large oscillations present. The second mitigation technique was the active 

damping mitigation technique. In this mitigation strategy two damper functions were utilized 

to correct the value of the speed reference based on the calculations on the d and q axis 

components of the stator current. Upon comparison with the conventional control strategy, it 

was seen that the performance of the proposed mitigation technique was far superior as the 

oscillations present were almost completely removed. 
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Chapter 5  

Stability Analysis of Induction Machines with Magnetic 

Saturation in the Open Loop V/Hz Control 

In the last decades, significant research has been focussed on the control of induction machines. 

This is due to the wide use of it in industrial applications. For simplicity, constant parameter 

models are mostly utilised for the simulation of these machines where a linear relationship is 

used to describe the magnetic characteristic [75, 76]. For low flux levels, this can be said to be 

a good approximation, however the model leads to inaccuracies as the flux levels increase. 

Another disadvantage of such a method is that it does not allow for the optimal operation of 

the induction machines especially under high loads [77]. It should be noted that in reality, 

saturation and temperature affect the machine parameters and hence these parameters are not 

constant [75, 76, 78]. If a machine is to be operated at a flux level higher than the rated, it is 

important to include the magnetic saturation effects. The operation of an induction machine in 

the magnetic saturation region allows for the production of higher torque which is not possible 

at lower flux levels. Therefore, in applications where high power or high torque is required 

from low-power induction machines, the consideration of saturation becomes very important. 

Moreover, even in rated flux conditions where a very accurate model of the induction machine 

is required it is also beneficial to consider the effects of magnetic saturation. In this chapter, 

the operation of a 10-kW asynchronous motor will be studied both in simulation and 

experimentally. Firstly, the induction motor will be modelled with the consideration of the 

magnetic saturation and the results will be compared to that where saturation is not considered 

i.e., the relationship between the stator current and the stator voltage is linear. With this, the 

superiority of the induction machine model with the consideration of the magnetic saturation 

will be demonstrated in terms of the stability of the system. Furthermore, in this chapter it will 

be shown that when considering the induction machine model with the effects of saturation 

using a higher value of the flux helps to obtain a more stable operation of the system as opposed 

to the case where lower levels of flux are used which introduces oscillations in the motor 

currents and torque. On the contrary, when considering a linear model of the induction machine 

(without saturation effects), as the flux levels are increased so does the system instabilities with 

the introduction of large oscillations in the motor currents and torque whereas as the flux levels 

are decreased these oscillations begin to diminish but at a cost of low torque levels and 
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inefficient motor operation at high loads. Finally, the simulation results will be verified through 

hardware tests of the 10-kW induction motor in the university laboratory. 

5.1. Motor simulations with a linear relationship between the stator 

current and stator voltage (without magnetic saturation) 

In this section of the chapter, the simulation results of the induction machine with a linear 

relation of the magnetic saturation will be presented i.e., the flux linkage dependence on the 

magnetizing current is linear represented by equation (29). 

 s sk( i ) =   (29) 

The induction machine will be operated at the rated flux level and its performance will be 

evaluated. The parameters of the 10-kW induction machine are reported in Table 5-1. 

Table 5-1: Motor Parameters 

Parameter Value  

nV  - Nominal Voltage 380 V 

nP  - Nominal Power 10 kW 

sR - Stator Resistance 0.8 Ω 

rR - Rotor Resistance 2.91 Ω 

lsL - Stator Leakage Inductance 3.3e-3 H 

lrL - Rotor Leakage Inductance 3.3e-3 H 

mL - Magnetizing Inductance 0.203 H 

J - Inertia 0.1 kgm2 

p - Number of Poles 4 

nf - Nominal Frequency 50 Hz 

 

Figure 5-1, Figure 5-2 and Figure 5-3 present the electromagnetic torque, stator phase A current 

and the mechanical speed of the 10-kW induction motor simulated without magnetic saturation 

modelling at the rated flux level. As expected, large oscillations can be observed in all three 

graphs presented which are due to the inaccuracies of the linear model at high flux levels.  
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Figure 5-1: Electromagnetic torque (without magnetic saturation) 

 

Figure 5-2: Phase A stator current (without magnetic saturation) 

 

Figure 5-3: Mechanical speed (without magnetic saturation) 
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5.2. Motor simulations with magnetic saturation consideration 

When the effects of saturation are considered in the induction machine modelling, it is 

necessary to consider the time variation of the inductance value represented by equation (30). 

 ( ) s
s

s

L f t
i


= =  (30) 

This variation of the inductance can be implemented in MATLAB/Simulink by introducing the 

nonlinear part of the dependence of the line voltage on the magnetisation current in the motor 

model which is reported in Figure 5-4. 

 

Figure 5-4: Simulink implemented magnetic saturation curve 

To obtain the magnetic saturation curve experimentally, the motor was operated at no load and 

in steady state condition. Table 5-2 reports the values of the saturation measurements obtained 

by running the motor at different points on the saturated motor. The measurements were taken 

with an inverter switching frequency of 10 kHz.  
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Table 5-2: Magnetic saturation curve points 

Flux  

(Wb) 

Peak Current - Phase A 

(Amps) 

0.2 2.2 

0.3 2.8 

0.4 3.5 

0.5 4.5 

0.6 5.4 

0.7 6.5 

0.8 7.8 

0.9 9.3 

0.987 11.2 

1.05 13.2 

1.15 17 

 

 

Figure 5-5: Magnetic saturation curve 

In Figure 5-6, Figure 5-7 and Figure 5-8, a comparison of the electromagnetic torque, phase A 

stator current and the mechanical speed in the case of simulation without magnetic saturation 

modelling (blue) and with magnetic saturation modelling (red) is presented. 
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Figure 5-6: Electromagnetic torque without saturation (blue) vs. Electromagnetic torque 

with saturation (red) 

 

Figure 5-7: Phase A stator current without saturation (blue) vs. Phase A stator current with 

saturation (red) 
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Figure 5-8: Mechanical speed without saturation (blue) vs. Mechanical speed with saturation 

(red). 

From the simulation results reported above, it is evident that modelling the magnetic saturation 

provides better operating performance when compared to the system without the consideration 

of the magnetic saturation. In addition, the following simulation results (Figure 5-9) provide 

proof that with the consideration of the magnetic saturation, a higher flux can be used which in 

turn provides more torque to the motor. Also, Figure 5-9 presents that with the use of the model 

with magnetic saturation, as the flux of the motor is increased so is the stability of the system. 

As can be observed from Figure 5-9 that with the use of a V/Hz ratio of 1.15 p.u., a more stable 

torque response is obtained when compared to the case where a V/Hz ratio of 0.6 p.u., is utilized 

where small oscillations in the motor torque can be observed.  

On the contrary, Figure 5-10 represents the motor torque obtained with the motor model 

without the magnetic saturation considerations. From the figure it can be observed that as the 

flux is increased, the oscillations in the motor torque also drastically increase. Due to this, it is 

not possible to have a higher flux when operating the machine with the linear model and hence 

a lower motor torque will be available as a result of using a smaller V/Hz ratio. 
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Figure 5-9: Electromagnetic torque with different V/Hz ratio (with saturation) 

 

Figure 5-10: Electromagnetic torque with different V/Hz ratio (without saturation) 
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5.3. Experimental Tests (with magnetic saturation consideration) 

Rated Voltage, 380ratedV V=  

Rated frequency, 50ratedf Hz=  

Switching frequency, 5swF kHz=  

Dead time, 3dt s=  

It should be noted that for the results of the experimental tests presented below the values of 

the flux are hypothesized and not measured. 

Test Case 1 

In the first test case the induction motor was operated at a flux 0.3Wb = . The results of this 

are reported in Figure 5-11. From the Figure 5-11 it can be observed that when operating the 

induction motor at a lower value of flux (0.3Wb) oscillations are introduced in the stator 

current.  

 

Figure 5-11: Stator current and mechanical speed at Fsw = 5kHz, td = 3us and flux = 0.3Wb 
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Test Case 2 

In the second test case the induction motor was operated at a flux 0.7Wb = . The results of 

this are reported in Figure 5-12. From the Figure 5-12 it can be observed that oscillations are 

introduced in the stator current and the mechanical speed of the motor. 

 

Figure 5-12: Stator current and mechanical speed at Fsw = 5kHz, td = 3us and flux = 0.7Wb 

In Figure 5-13, a zoomed-in plot of the oscillations in the second test case is presented. 

 

Figure 5-13: Zoomed in plot of test case 2 
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Test Case 3 

In the third test case the induction motor was operated at a flux 0.97Wb = . The results of this 

are reported in Figure 5-14. From the Figure 5-14 it can be observed that as the value of the 

flux has increased the oscillations present in the previous test cases have been significantly 

reduced. 

 

Figure 5-14: Stator current and mechanical speed at Fsw = 5kHz, td = 3us and flux = 

0.97Wb 

In Figure 5-15, a zoomed-in plot of the small oscillations in the third case is presented. 

 

Figure 5-15: Zoomed in plot of test case 3 
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Test Case 4 

In the fourth test case the induction motor was operated at a flux 1.2Wb = . The results of this 

are reported in Figure 5-16. From the Figure 5-16 it can be observed the fourth test case gave 

the best results in comparison to the previous three test cases as the oscillations have been 

completely removed. 

 

Figure 5-16: Stator current and mechanical speed at Fsw = 5kHz, td = 3us and flux = 1.2Wb 

Therefore, these important experimental results provide proof that with the consideration of the 

magnetic saturation, a more stable operation of the induction machine can be achieved with the 

use of a higher flux which in turn provides more torque to the motor. 

5.4. Chapter Summary 

In this chapter a comparison of the performance of the induction machine in terms of stability 

is carried out. Firstly, simulation results in MATLAB/Simulink for the case where a linear 

relationship between the stator current and stator voltage is considered ignoring the magnetic 

saturation. From the simulation results, it was seen that as the value of the flux was increased, 

near the rated value, larger oscillations in the motor current and torque were introduced. In 

addition, it was also seen that in the linear case using a lower value of flux introduced lower 

oscillations. However, using a lower value of flux would mean lower motor torque which is 

not ideal. In the second case, simulations of the induction machine were carried out with the 

consideration of the magnetic saturation. From the simulation results it was seen that when 

considering the magnetic saturation, it allowed the use of higher flux values providing more 

stable machine operations while at the same time allowing for a larger torque. The second case 
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was tested on a real induction motor and the results obtained proved the results seen in 

simulations where more stable operations were seen as the value of the flux was increased.  
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Chapter 6  

Modelling and Control of a Multilevel Active Frond End 

for an Open Loop Variable Frequency Drive of a High-

Power Medium-Voltage Induction Motor 

In the Active Front End (AFE) rectifier the diodes used in the conventional AC to DC 

conversion are replaced by IGBTs which can be electronically controlled [79]. While the use 

of diodes in the rectification process provides the advantages of simplicity and cost 

effectiveness, they produce harmonics which are transferred back to the power system. In 

addition to this, they also have resultant voltage distortion and poor power factor at the input 

ac mains [80]. Meanwhile, in the AFE, the waveform of the input current is monitored and is 

shaped to be sinusoidal as a result decreasing the total harmonic distortion (THD). Another 

significant advantage of the AFE rectifier is its capability to handle regenerative power [79, 

81-83]. This means that this configuration of the rectifier allows for a four-quadrant operation 

where the motor rotating in either the forward or reverse direction can produce either a positive 

or a negative torque [83]. When the motor operates in the generator mode, the power it produces 

can be fed back into the electrical supply without the need of having to dissipate this 

regenerated power with the use of large resistor banks [83]. Moreover, with the use of the AFE 

rectifier, better power factor correction can be achieved as well as the DC bus voltage can also 

be regulated by applying one of the several control techniques for the AFE rectifier [80, 81]. 

In this research, the famous vector control method is used to control the AFE rectifier. In this 

technique, the three phase currents and voltages are transformed from the abc reference frame 

to the synchronously rotating d-q reference frame with respect to the frequency of the grid. In 

the synchronous reference frame, the current components di  and qi correspond to the active 

and reactive power respectively and are controlled independently [84]. In the vector control of 

the AFE rectifier, the outer loop controls the DC bus voltage whereas the inner loop controls 

the line current. 

In this thesis, two configurations of the AFE rectifier with a multilevel inverter are studied. 

These two configurations include firstly the development of the AFE rectifier using a two-level 

three phase inverter and secondly the development of the AFE rectifier with single phase H-

bridge cells. The performance of each of these architectures will be studied and comparisons 

will be drawn based on the result obtained in terms of the THD in the primary and secondary 

currents, load currents and the percentage of the dc link voltage ripple. 
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6.1. Control of AFE Rectifier Realized using a Three Phase Two Level 

Inverter 

Va Vb Vc

Rg Rg Rg

Lg Lg Lg

Vdc

a

a 

b

b 

c

c 

 

Figure 6-1: Three phase two level AFE rectifier 

For simplicity in deriving the control of the AFE rectifier, a single-phase system is utilised. 

 

Figure 6-2: Scheme of single-phase system. Switch a closed (left); switch a’ closed (right) 

When switch a is turned on and switch a’ is turned off applying Kirchhoff’s voltage law we 

obtain: 

 0
2

− + + + =dc
g

Vdi
V Ri L

dt
 (31) 

Similarly, when switch a is turned off and switch a’ is turned on we obtain: 

 0
2

dc
g

Vdi
V Ri L

dt
− + + − =  (32) 

Rearranging equations (31) and (32) making 
di

dt
 the subject of the formula: 

 
2

gdc
VVdi Ri

dt L L L
= − − +  (33) 
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2

gdc
VVdi Ri

dt L L L
= − +  (34) 

The average model of the AFE rectifier can be expressed as follows: 

 x Ax Bu= +  (35) 

Where: 

1 1 2 1A A A (1 )=  + −  

1 1 2 1B B B (1 )=  + −  

Therefore: 

 

1 1

1 1

(1 )
R R

A
L L

R R R
A

L L L

R
A

L

 

 

= − − −

= − − +

= −

 (36) 

 

1 1

1 1

1

1 1
(1 )

2 2

1 1 1

2 2 2

1
(2 1)

2

B
L L

B
L L L

B
L

 

 



= − + −

= − + −

= − −

 (37) 

Finally: 

 dc g

di
Ai BV V

dt
= + +  (38) 

 
2

gdc
VVdi Ri

dt L L L


= − − +  (39) 

To obtain the control for the AFE rectifier using the vector control method, it is important to 

transform the equations into the synchronous reference frame. 

2

dc
g

Vdi
L Ri V

dt
= − − +  

 ,( )
2

dc
dq dq dq dq g dq

Vdi
L swi i Ri V

dt
+ = − − +  (40) 
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Where 
0 1

1 0
s

− 
=  
 

 

Substituting s in equation (40) the following equations in the d and q reference frame is 

obtained: 

 
,

,

2

2

d dc
q d d g d

q dc
d q q g d

di V
Lwi L Ri V

dt

di V
Lwi L Ri V

dt





− + = − − +

+ = − − +

 (41) 

Rearranging equation (41) we have:  

 
, ,

, ,

2

2

d dc
d d g d q d PI

q dc
q q g q d q PI

di V
L Ri V Lwi U

dt

di V
L Ri V Lwi U

dt

+ = − + + =

+ = − + − =





 (42) 

Where: ,d PIU  and ,q PIU  are the output of the PI controllers of the current control loop. 

The output of the AFE controller is the d and q axis voltage represented as 
2

dc
d

V
  and 

2

dc
q

V
  

respectively. Finally, the control for the AFE rectifier developed using a three phase two-level 

inverter is obtained as follows:  

 
, ,

, ,

2

2

dc
d d PI g d q

dc
q q PI g q d

V
U V Lwi

V
U V Lwi





= − + +

= − + −

 (43) 
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6.2. Control of AFE Rectifier Realized using H-Bridge Cells 

Vg

R L

Vdc

a

b

c

d

 

Figure 6-3: AFE rectifier realized with H-Bridge cells 

In the above scheme, if switches a and d are closed and switches b and c are open then we will 

have a positive voltage dcV in the output. However, if switches a and d are open and switches 

b and c are closed then we will have a negative voltage dcV−  in the output. In addition, if 

switches a and c are closed and switches b and d are open or vice-versa then 0 V will be 

obtained at the output. 

When switches a and d are closed, and switches b and c are opened applying Kirchhoff’s 

voltage law we obtain: 

Vg

R L

Vdc

a

b

c

d

 

Figure 6-4: Positive output voltage configuration 

 0g dc

di
V Ri L V

dt
− + + + =  (44) 

Likewise, when switches a and d are open and switches b and c are closed, we obtain: 
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Figure 6-5: Negative output voltage configuration 

 0g dc

di
V Ri L V

dt
− + + − =  (45) 

When switches a and c are closed, and switches b and d are opened applying Kirchhoff’s 

voltage law we obtain: 

Vg

R L

Vdc

a

b

c

d

 

Figure 6-6: Zero output voltage configuration 1 

 0g

di
V Ri L

dt
− + + =  (46) 

Finally, when switches a and c are open and switches b and d are closed applying Kirchhoff’s 

voltage law we obtain: 

Vg

R L

Vdc

a

b

c

d

 

Figure 6-7: Zero output voltage configuration 2 

 0g

di
V Ri L

dt
− + + =  (47) 
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Rearranging equations (44)-(47) and making 
di

dt
 the subject of the formula: 

 gdc
VVdi Ri

dt L L L
= − − +  (48) 

 gdc
VVdi Ri

dt L L L
= − +  (49) 

 gVdi Ri

dt L L
= − +  (50) 

 gVdi Ri

dt L L
= − +  (51) 

The average model of the AFE rectifier can now be derived as follows: 

 x Ax Bu= +  (52) 

Where: 

1 1 2 2 3 3 4 1 2 3A A A A A (1 ( ))=  +  +  + −  +  +   

1 1 2 2 3 3 4 1 2 3B B B B B (1 ( ))=  +  +  + −  +  +   

Hence: 

 

1 2 3 1 2 3

1 2 3 1 2 3

(1 ( ))
R R R R

A
L L L L

R R R R R R R
A

L L L L L L L

R
A

L

     

     

= − − − − − + +

= − − − − + + +

= −

 (53) 

 

1 1

1 1

1

1 1
(1 )

1 1 1

1
(2 1)

B
L L

B
L L L

B
L

 

 



= − + −

= − + −

= − −

 (54) 

From this, the average model can be represented as: 

 dc g

di
Ai BV V

dt
= + +  (55) 
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 gdc
VVdi Ri

dt L L L


= − − +  (56) 

As done in the case of the three phase two-level AFE, the equations in the H-Bridge AFE are 

also transformed into the synchronously rotating d-q reference frame with respect to the grid 

frequency. 

dc g

di
L Ri V V

dt
= − − +  

 ,( )dq dq dq dc dq g dq

di
L swi i Ri V V

dt
+ = − − +  (57) 

Substituting s in equation (57) the following equations in the d and q reference frame are: 

 
, ,

, ,

d
d dc d g d q d PI

q

q dc q g q d q PI

di
L Ri V V Lwi U

dt

di
L Ri V V Lwi U

dt

+ = − + + =

+ = − + − =





 (58) 

Where: ,d PIU  and ,q PIU  are the output of the PI controllers of the current control loop. 

The output of the AFE controller is the d and q axis voltage represented as dc dV   and dc qV   

respectively. Finally, the overall control system for the AFE rectifier realised with H-Bridge 

cells is obtained. 

 
, ,

, ,

dc d d PI g d q

dc q q PI g q d

V U V Lwi

V U V Lwi





= − + +

= − + −
 (59) 

 

Figure 6-8: Block diagram of the overall control system 
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6.3. Multilevel Cascaded H-bridge Inverter 

Multilevel inverters are widely used in high-power applications due to their advantages of 

reducing the harmonic distortion and electromagnetic interference problems as well as reduced 

voltage and current transients [85]. In addition, the use of multilevel inverters allows to reduce 

the size of passive filters since the harmonic distortion in the output voltage waveform 

decreases due to the increase in the number of steps in the output voltage waveform [86]. Other 

advantages include lower switching losses and increased voltage capacity. 

In this thesis, a H-bridge circuit is considered for the realisation of a multilevel inverter. A 

typical use of H-bridge circuits is to convert DC to AC in power supply applications. As already 

discussed above the architecture of a H-bridge circuit consists of two parallel legs with two 

switches each which is opened and closed to obtain the desired output voltage. Varying the 

duty cycle of the switches allows to obtain a three-level output voltage waveform dcV+ , 0 and 

dcV− . It should be important to note that switches on the same leg should not be turned off or 

on at the same time to avoid a short circuit (shoot-through) of the input. The advantages of 

using the H-bridge structure include its simple layout and reduced number of components 

eliminating the use of clamping diodes and voltage-balancing capacitors [87]. 

6.3.1. Phase Shifted Pulse Width Modulation 

The H-Bridge dc link voltages can be controlled through one of the several control and 

modulation techniques. In this thesis the Phase Shifted Pulse Width Modulation (PSPWM) 

technique is utilised. The advantage of using the PSPWM modulation technique is that it 

provides a switching frequency which is uniform as well as uniform power sharing among the 

switching devices [85]. In this modulation technique there is a significant reduction in the 

switching losses where regardless of having a low switching frequency for an individual 

module, the equivalent switching frequency of the system is the product of the frequency of 

every switch and the number of cells in a leg. Considering a cascaded h-bridge of n levels, the 

number of series cells required is given by the formula: 

 
1

2

n
Cells

−
=  (60) 

The number of carrier signals required is determined by: 

 1Carriers n= −  (61) 
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Each of these carriers is phase shifted with an angle   calculated as follows: 

 
360

1n
 =

−
 (62) 

Therefore, for a nine-level system, the total number of series-connected cells required is 4. The 

number of carrier signals utilised for the modulation would be 8 and each of these 8 carrier 

signals will be phase shifted from each other by an angle 45 =  . 

 

Figure 6-9: PSPWM technique 
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Figure 6-10: 9-level cascaded H-bridge inverter 
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In Figure 6-10, the architecture of the cascaded 9-level H-bridge inverter is presented. A total 

of 4 series-connected H-bridge cells is used in each phase to obtain the desired 9-levels of 

voltage at the output. The PSPWM technique illustrated in Figure 6-9 is used to control the 

switches of the H-bridge cells. 

6.3.2. Equivalent RL Load Calculation 

Since the simulation model is very heavy, to find the optimal AFE configuration for this 

application (operation of a high-power induction motor) an equivalent RL load is utilised in 

place of the actual induction motor. Once the optimal AFE configuration is obtained, the results 

will be verified with the actual high-power induction motor model replacing the RL load. The 

calculation of the RL load equivalent of the induction motor operating at the rated condition 

with the following parameters is presented as follows: 

 10 k

15

81.5

cos 0.8

−=

=

=

=

rated rms L L

rated

rated

V V

P MW

f Hz



 

In the first step the rated current is calculated: 

 

cos

.

.

=

=   

=

rated ratedP 3V I

15MW 3 10000 0 8 I

I 1082 53A



 (63) 

With the knowledge of the rated current, the impedance can be found as follows: 

 .
.

= = = 

10000
V 3

Z 5 33
I 1082 53

 (64) 

The apparent power and the reactive power can be calculated as: 

 
.  

cos .

  ( cos ) .    . .  

= = =

=  − =  =

ratedP 15e6
S 18 75 MVA

0 8

Q S 1 18 75 MVA 0 2 3 75 MVAR





 (65) 

Using the reactive power, the reactance can be calculated: 

 
.

. Ω
.

= = =L 2 2

Q 3 75MVAR
X 3 2

I 1082 53
 (66) 
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Finally, the inductance and the resistance values for the equivalent RL load can be obtained: 

 

.
.

.

. . .

= = =
 

= − = − = 

L
L

2 2 2 2

L L

X 3 2
L 6 25mH

2 f 2 81 5

R Z X 5 33 3 2 4 27

   (67) 

6.4. Case 1: AFE Realization with Three Phase Two Level Inverter 

In Figure 6-11, the architecture of the entire system is presented. The three phase AC supply is 

fed into the multi-secondary transformer. The primary side of the transformer is delta 

connected and the secondary of the transformer is star connected. The input for each of the 

cells is the three-phase output of the multi-secondary transformer. Since the MV motor in 

consideration for this thesis has a rated line voltage of 10 kVrms and the reference DC link 

voltage used is 1800V, it is calculated that 4 series connected cells per phase are required to 

power the motor at its rated voltage. 

The required phase voltage of the load is: 

  phase

2
V 10 kV 8164.97 V

3
=  =  

Therefore, the voltage per cell is: 

 
= 2041.24 cell

8164.97 V
V V

4
=  

Third harmonic injection is utilized in the modulation of the output voltage as it provides the 

advantage of being able to use approximately 15% more voltage. Hence, a voltage of 

magnitude 2041.24 V can be used in the modulation of the output without causing over-

modulation. 

As can be seen from the exploded view in Figure 6-11, the output of the transformer is fed as 

input to the AFE rectifier realised through a three phase two-level inverter topology. With the 

control of the AFE rectifier derived in the previous section, the desired DC link voltage can be 

regulated. Once this is achieved, the 9-level cascaded H-Bridge inverter is used to obtain the 

required number of stepped voltages in the output which is used to drive an AC load such as 

an asynchronous motor. In this case, the asynchronous motor is modelled as an RL load when 

operating at its rated condition. 
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Figure 6-11: Block diagram of complete system - Case 1 

6.4.1. Transformer Parameters Calculation 

The parameters of the multi-secondary transformer can be calculated as follows: 

Primary Voltage = 11kVrms L-L  

Secondary Voltage = 1120Vrms L-L 

Power = 20 MVA  

Vcc = 18 % 

The transformation constant is calculated as: 

 
sec

.= = =
priV 11000

K 17 01
1120V

3

 (68) 

In the next step the transformer secondary current is calculated. 
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Firstly, the power at the secondary side is obtained. Since the transformer secondary has 12 

windings and there are a total of 3 transformer modules utilised, in order to utilize the Simulink 

blocks model of PowerSimScape, to realise the multi-secondary transformer, the number of 

windings is multiplied by the number of transformer modules (12 x 3 = 36). 

 sec .= = =
Power 20MVA

P 555 56kVA
36 36

 (69) 

Then, the transformer secondary current is calculated as follows: 

 

sec sec sec

sec

sec

.

.

=

=

=

P V I

1120
555 56kVA I

3

I 859 15A

 (70) 

Assuming an efficiency 98.5%=  the power loss can be calculated: 

 
( )

.

= − 

=  =

loss

loss

P 1 η Power

P 0 015 20e6 300kW
 (71) 

It should be noted here that since three transformer modules are used to construct the complete 

transformer model the power loss calculated in equation (71) is divided by three. 

= =loss

300kW
P 100kW

3
 

The primary resistance and the primary inductance can be reported to the secondary as follows: 

 ' '         = =
pri pri

pri pri2 2

R L
R L

K K
 (72) 

It is assumed that the losses in the primary and the losses in the secondary are equal. From this 

the following relationship can be obtained noting that in each transformer module, there is one 

primary winding and twelve secondary windings.  

 
' 'sec sec         = =pri pri

R L
R L

12 12
 (73) 

Knowing the lossP , the secondary resistance of the transformer can be calculated: 

 ' '

sec sec=  + 2 2

loss pri priP I R I R  (74) 
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As we take the connection of the secondary windings to be in parallel, the equivalent resistance 

of the secondary winding is sec

1

12
R  and the current flowing through this equivalent resistance 

is twelve times the secondary current. In addition, since the primary resistance referred to the 

secondary is equal to the equivalent secondary resistance hence the current flowing through it 

is also the same. Therefore, the secondary resistance can be calculated as follows: 

 

sec sec sec sec sec sec

sec

sec

( ) ( )

( . )

.

=  +  =   

=  

=

2 2 2

loss

2

1 1
P 12I R 12I R 2 12 I R

12 12

100kW R 2 12 859 15

R 5 64mΩ

 (75) 

The transformer primary resistance is obtained by utilising the relationships in equations (72) 

and (73). 

 sec   .    . .  =  =  =2 2

pri

R
R K 5 64 mΩ 17 01 135 99 mΩ

12
 (76) 

To calculate the transformer inductance values, the total impedance is calculated using the 

value of the short circuit voltage as reported in equation (77). 

 

.

.
.



= = =
 

cc
tot

n

1120
0 18

V 3
Z 11 29mΩ

12 I 12 859 15
 (77) 

Using the equivalent model, the impedance of the secondary side can be calculated. 

 sec sec

sec .  

= +

=

tot

1 1
Z Z Z

12 12

Z 67 74 mΩ

 (78) 

With the values of the secondary impedance and secondary resistance, the secondary reactance 

can be calculated and from the reactance value the transformer primary and secondary 

inductances are calculated. 

 

sec sec sec

sec

sec
sec

sec

.  

.  

.  

= −

=

= =
 

=  =

2 2

2

pri

X Z R

X 67 50 mΩ

X
L 0 215 mH

2 π f

L
L K 5 18 mH

12

 (79) 
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6.5. Case 2: AFE Realization with H-Bridges – Scheme 1 

In Figure 6-12, the architecture of the entire system is presented where the AFE rectifier is 

realised with H-Bridges. Conditions for operation remain the same as in case 1. The input to 

the AFE rectifier is the single-phase output of the multi-secondary transformer. The output 

voltages with 0° phase are all connected to the first leg forming the U phase for the load. 

Likewise, voltages with phases 120° and 240° are all connected to the second and third legs 

and make up the phase V and Phase W of the load respectively. 
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Figure 6-12: Block diagram of complete system - Case 2 

6.5.1. Transformer Parameters Calculation 

The parameters of the multi-secondary transformer were calculated as follows: 

Primary Voltage = 11kVrms L-L  

Secondary Voltage = 1120V 

Power = 20 MVA  

Vcc = 18 % 
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The transformation constant is calculated as: 

 
sec

.= = =
priV 11000

K 9 82
V 1120

 (80) 

The following steps are carried out to calculate the transformer secondary current. Firstly, the 

power at the secondary side is obtained. Since the secondary has 4 windings and there are a 

total of 3 transformer modules utilised to realise the multi-secondary transformer, we multiply 

the number of windings by the number of transformer modules (4 x 3 = 12). 

 sec .= = =
Power 20MVA

P 1666 67kVA
12 12

 (81) 

 

sec sec sec

sec

sec

.

.

=

=

=

P V I

1666 67kVA 1120I

I 1488 1A

 (82) 

Assuming an efficiency 98.5%=  we can calculate the power loss: 

 
( )

.

= − 

=  =

loss

loss

P 1 η Power

P 0 015 20e6 300kW
 (83) 

It should be noted here that since three transformer modules are used to construct the complete 

transformer model the power loss calculated in equation (83) needs to be divided by three. 

= =loss

300kW
P 100kW

3
 

We can report the primary resistance and the primary inductance to the secondary as follows: 

 ' '         = =
pri pri

pri pri2 2

R L
R L

K K
 (84) 

Noting that in each transformer module, there is one primary winding and four secondary 

windings, the following relationship between the secondary resistance and inductance and the 

primary resistance and inductance referred to the secondary can be assumed: 

 
' 'sec sec         = =pri pri

R L
R L

4 4
 (85) 

Knowing the lossP  we can now calculate the secondary resistance of the transformer: 
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 2 ' 2 '

sec sec=  + loss pri priP I R I R  (86) 

As we take the connection of the secondary windings to be in parallel, the equivalent resistance 

of the secondary winding is sec

1

4
R  and the current flowing through this equivalent resistance 

is four times the secondary current. In addition, since the primary resistance referred to the 

secondary is equal to the equivalent secondary resistance hence the current flowing through it 

is also the same. Therefore, the secondary resistance can be calculated as follows: 

 

sec sec sec sec sec sec

sec

sec

( ) ( )

( . )

.

=  +  =   

=  

=

2 2 2

loss

2

1 1
P 4I R 4I R 2 4 I R

4 4

100kW R 2 4 1488 10

R 5 64m

 (87) 

The transformer primary resistance is obtained by utilising the relationships in equations (84) 

and (85). 

 sec .    . .  =  =  =2 2

pri

R
R K 5 64 mΩ 9 82 136 08 mΩ

4
 (88) 

To calculate the transformer inductance values, the total impedance is calculated using the 

value of the short circuit voltage as reported in equation (89). 

 
  .

.  
  .


= = =

 

cc
tot

n

V 1120 0 18
Z 33 87 mΩ

4 I 4 1488 10
 (89) 

Using the equivalent model, the impedance of the secondary side can be calculated. 

 
sec sec

sec .  

= +

=

tot

1 1
Z Z Z

4 4

Z 67 74 mΩ

 (90) 

With the values of the secondary impedance and secondary resistance, the secondary reactance 

can be calculated and from the reactance value the transformer primary and secondary 

inductances are calculated. 

 

sec sec sec

sec

sec
sec

sec

.  

.  

.  

= −

=

= =
 

=  =

2 2

2

pri

X Z R

X 67 50 mΩ

X
L 0 215 mH

2 π f

L
L K 5 18 mH

4

 (91) 
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6.6. Case 3: AFE Realization with H-Bridges – Phase Shifted Secondary 

In Figure 6-13, the second configuration of the AFE rectifier realised with H-Bridges is 

presented. In this scheme, the secondary voltage of the transformer is multiple single-phase 

voltages that are phase shifted with an angle of 45  from each other. Since there are four cells 

that make up a single leg of the output there are four different phases 0 , 45 , 90  and 135  

named phases Q, R, S and T respectively. In this configuration, phases U, V and W are made 

up of ¼ of the secondary phase Q, ¼ of the secondary phase R, ¼ of the secondary phase S and 

¼ of the secondary phase T. Conditions for operation remain the same as in cases 1 and 2.  
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Figure 6-13: Block diagram of complete system - Case 3 
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6.6.1. Construction of the Secondary Phase Shifted Transformer 

In this configuration, three-phase delta-delta transformers are used. In the secondary side of the 

transformer, the three-phase delta output is split/broken to obtain 3 single phase output voltages 

phase shifted 120 degrees between each other. In Figure 6-14, the conventional delta-delta 

transformer is reported whereas in Figure 6-15 the secondary modified delta-delta transformer 

is presented.  

 

Figure 6-14: Delta-Delta transformer configuration 

 

Figure 6-15: Delta-Delta transformer with modified secondary side 
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• Construction of the 0° phase 

 

Figure 6-16: Representation of the 0° degrees phase shifted voltage - vector diagram 

 

Figure 6-17: Representation of the 0° degrees phase shifted voltage - transformer connection 

The three single phase output of an individual delta-delta transformer phase shifted 120° of 

each other is taken as the 0° reference. This becomes the input of the AFE of the first cell of 

each of the three output phases. The three other voltage phases for this application are 45°, 90° 

and 135° shifted with respect to the reference 0° voltage phase. 
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• Construction of the 90° phase shift 

 

Figure 6-18: Construction of the secondary voltage with a phase shift of 90° - vector diagram 

 

Figure 6-19: Construction of the secondary voltage with a phase shift of 90° - transformer 

connection 

Firstly, by switching the positive and negative terminals of the transformer, the output phase 

of the voltage would be 180° shifted from the reference 0° phase. This is presented in red in 

Figure 6-18. As can be observed from the Figure 6-18, a voltage with a phase shift of 90° 

(green) can be obtained by adding the phase voltages 2 with 3’, 3 with 1’ and 1 with 2’. The 

connection of the transformer to obtain this phase shift in voltage is reported in Figure 6-19. 
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• Construction of the 45° phase shift 

 

Figure 6-20: Construction of the secondary voltage with a phase shift of 45° - vector diagram 

 

Figure 6-21: Construction of the secondary voltage with a phase shift of 45° - transformer 

connection 

After constructing the voltage with a phase shift of 90°, the 45° phase shifted voltage (purple) 

can be obtained. This can be achieved by the technique presented in Figure 6-20. By adding 

the phase voltages 1 with 4, 2 with 5 and 3 with 6 the output voltage with a phase shift of 45° 

can be obtained. In Figure 6-21 the connection of the transformer to obtain a phase shift of 45° 

is presented. 
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• Construction of the 135° phase shift 

 

Figure 6-22: Construction of the secondary voltage with a phase shift of 135° - vector 

diagram 

 

Figure 6-23: Construction of the secondary voltage with a phase shift of 135° - transformer 

connection 

By adding the phase voltages 1’ with 4, 2’ with 5 and 3’ with 6 the output voltage with a phase 

shift of 135° (brown) can be obtained. This is presented in Figure 6-22. The connection of the 

transformer is reported in Figure 6-23. 
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6.7. Simulation Results 

6.7.1. AFE Rectifier Realized with 2-Level 3-Phase Inverter 

Simulation parameters: 

• Switching frequency = 976 Hz 

• DC link capacitance = 20 mF 

• Reference DC link voltage = 1800 V 

• Grid frequency = 50 Hz 

The simulation results for this test case are presented below. In Figure 6-24, the phase A 

primary current is reported. The percentage THD for the primary current was 0.96%. In Figure 

6-25, the secondary current which is the input current of the AFE rectifier is presented. The 

secondary current reports a percentage THD of 39.8%. Figure 6-26 reports the load current 

with a THD of 0.16%. The load voltage is presented in Figure 6-27. From the graph it can be 

observed that the desired 9-level output voltage is obtained. The DC link voltages of the four 

cells making up phase A of the load is reported in Figure 6-28. It can be noted that the reference 

DC link voltage of 1800 V has been achieved. In addition, the DC link voltages have a peak-

to-peak ripple of 106 V. 

 

Figure 6-24: Primary current phase A 
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Figure 6-25: Secondary current phase A 

 

Figure 6-26: Load current 
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Figure 6-27: Load voltage 

 

Figure 6-28: DC link voltage 
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6.7.2. AFE Rectifier Realized with H Bridges – Case 1 

Simulation parameters: 

• Switching frequency = 976 Hz 

• DC link capacitance = 40 mF 

• Reference DC link voltage = 1800 V 

• Grid frequency = 50 Hz 

The simulation results for this test case are presented below. In Figure 6-29, the phase A 

primary current is reported. The percentage THD for the primary current was 2.26%. In Figure 

6-30, the AFE rectifier input current is presented with a THD of 20.36%. The load current with 

a THD of 0.154% is reported in Figure 6-31. The 9-level load voltage is presented in Figure 

6-32. The DC link voltages of the four cells making up phase A of the load are reported in 

Figure 6-33. The DC link voltages have a peak-to-peak ripple of 93 V. 

 

 

Figure 6-29: Primary current phase A 
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Figure 6-30: Secondary current 

 

Figure 6-31: Load current 
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Figure 6-32: Load voltage 

 

Figure 6-33: DC link voltage 
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Figure 6-34: Secondary current spectrum: Case 1 vs Case 2 

Figure 6-34 reports the comparison of the spectrum of the secondary current between the case 

where the AFE rectifier is realized with a 2 level 3 phase inverter (blue) and where the AFE 

rectifier is realized with H Bridges (red). From the zoomed-in part in the figure it can be noted 

that the magnitude of the harmonic current at 213 Hz in case 1 has been significantly reduced 

in case 2. Note that the additional 13 Hz that makes up the 213 Hz harmonic content is due to 

the beating effect. Since the grid frequency is 50 Hz and the load frequency is 81.5 Hz, the 

difference between the two frequencies is 31.5 Hz. Moreover, the difference between the 100 

Hz harmonic content due to rectification and the 81.5 Hz load frequency is 18.5 Hz. Finally, 

taking the difference between the 31.5 Hz frequency and the 18.5 Hz frequency, the above 

stated 13 Hz frequency is obtained. 

6.7.3. AFE Rectifier Realized with H Bridges – Phase Shifted Secondary 

Simulation parameters: 

• Switching frequency = 976 Hz 

• DC link capacitance = 40 mF 

• Reference DC link voltage = 1800 V 

• Grid frequency = 50 Hz 
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The simulation results for the AFE rectifier with the phase shifted secondary case are presented 

below. In Figure 6-35, the phase A primary current is reported. The percentage THD for the 

primary current was 0.72%. The secondary current (AFE rectifier input current) is presented in 

Figure 6-36. The secondary current reports a percentage THD of 16.7%. Figure 6-37 reports 

the load current with a THD of 0.167%. The desired load voltage (9-level) is presented in 

Figure 6-38 with a maximum voltage level of 7200V. The DC link voltages of the four cells 

making up phase A of the load are reported in Figure 6-39. In addition, the DC link voltages 

have a peak-to-peak ripple of 98 V. 

 

Figure 6-35: Primary current phase A 

 

Figure 6-36: Secondary current 
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Figure 6-37: Load current 

 

 

Figure 6-38: Load voltage 
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Figure 6-39: DC link voltage 

Table 6-1: Summary of results 

 Case 1 Case 2 Case 3 

Primary Current THD% 0.96% 2.26% 0.72% 

Secondary Current THD% 39.8% 20.36% 16.7% 

Load Current THD% 0.16% 0.154% 0.167% 

DC Link Voltage Ripple 106 V 93 V 98 V 

DC Link Voltage Sum Ripple 404.55 V 373.01 V 183.59 V 

 

In Table 6-1 the summary of the simulation results obtained is presented. It can be observed 

from the results that case 3 where the AFE rectifier was realized with H Bridges with phase 

shifted secondary has the best results in terms of the percentage THD in the primary and 

secondary currents. Comparing the 3 cases, it is noted that in case 1 the highest percentage 

THD is obtained for the secondary current as well as the ripple in the DC link voltage. Another 

important observation is the voltage ripple of the sum of the DC link voltage for phase A. In 

this regard, case 3 is seen to have the least ripple compared to the other 2 test cases.  
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6.8. Open Loop V/Hz Control with Active Damping of a High-Power 

Medium-Voltage Induction Motor 

From the results obtained in the previous section of this chapter it was seen that case 3 where 

the AFE was realized with H-Bridge circuits with phase shifted secondary had the best 

performance in terms of the percentage THD and DC link voltage ripple. Hence this 

configuration is chosen for the simulation of an actual high-power induction motor replacing 

the RL load used in the previous sections of the chapter.  

 

Figure 6-40: Overall architecture of the induction motor control 

The parameters of the induction motor used for the simulations are reported in Table 6-2. 

Table 6-2: Motor Parameters 

Parameter Value  

nV  - Nominal Voltage 10000 V 

nP  - Nominal Power 15 MW 

J - Inertia 190 kgm2 

p - Number of Poles 2 

nf - Nominal Frequency 81.5 Hz 

 

The open loop V/Hz control strategy is used for the speed control of the motor with the 

implementation of the active damping strategy for mitigating the current and torque oscillations 

as proposed in chapter 4 of the thesis. The results obtained are reported in Figure 6-41, Figure 

6-42 and Figure 6-43. 
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Figure 6-41: Mechanical speed and motor torque 

 

Figure 6-42: Load voltage 



113 

 

 

Figure 6-43: Phase A stator current 

In Figure 6-41 the mechanical speed and the mechanical torque of the motor are presented 

whereas in Figure 6-42 and Figure 6-43 the load voltage and the phase A stator current is 

reported respectively. The induction motor was accelerated from 0 to the rated speed in 5 

seconds with an acceleration of 102.42 rad / s2
. From the results obtained it can be observed 

that the open loop V/Hz control was able to successfully control the speed of the machine with 

the chosen configuration described in Figure 6-40 while the developed active damping method 

was able to mitigate the current and torque oscillations.  

6.9. Chapter Summary 

In this chapter the modelling and implementation of an Active Front End Rectifier was 

presented. Two architectures of the AFE rectifier were reported in this chapter. Firstly, the 

control of the AFE rectifier realized with 2-level 3 phase inverters and secondly with H Bridge 

circuits was derived. Next, the complete implementation of the system for the desired 

application was presented consisting of the transformer (multi-winding secondary), AFE 

rectifier for ac-dc conversion and multilevel cascaded H Bridge inverters for dc-ac conversion 

connected to a 3-phase ac load. In this application, the ac load was a 15 MW induction motor 

realized as an equivalent RL load. Next, the calculations for the parameters of the transformer 

were reported for the two AFE rectifier architectures. An additional third case of the AFE 
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rectifier configuration was then proposed. In this third case the AFE rectifier was also realized 

with H Bridge circuits however with phase shifted secondary i.e., the AFE rectifier input 

voltages of the four cells in the first column (phase A of the load) were phase shifted by 45° 

from each other. Furthermore, the simulation results were presented and the performance of 

the three test cases in terms of current harmonics and dc link voltage ripple was reported. From 

this it could be noted that the performance of the AFE rectifier with the H Bridge configuration 

and phase shifted secondary was the best. Finally, the third case where the AFE rectifier was 

developed using 12 H-Bridge circuits (4 per phase) with phase shifted secondary was chosen 

for the operation of a real high-power induction motor with the open loop V/Hz control 

strategy. To mitigate the current and torque oscillation the active damping technique was 

implemented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



115 

 

Conclusion 

In this thesis, the improvement of the variable frequency drive of induction machines has been 

studied in-depth. Firstly, for the purpose of efficient simulation of the induction machine 

control strategies, the ordinary differential equation solvers of MATLAB had been studied. 

The focus was on the fixed step and variable step solvers. The fixed step solvers used were 

ode1, ode2 and ode4. The variable step solvers used were ode45, ode113 and ode23. A 

comparison of these numerical integration methods of MATLAB in terms of the total 

computational time and their relative tolerances for the simulation of induction motors 

equipped with the V/Hz control strategy was made. The analysis revealed that the highest level 

of inaccuracy was from the ode1 solver. On the other hand, it was noted that the ode1 solver 

was the fastest in terms of simulation speed. The ode4 solver had the highest accuracy however 

took the longest time to complete the simulations. The comparison of the variable step ODE 

solvers showed that the ode113 solver had the best performance in terms of simulation speed 

and accuracy whereas the ode23 solver was the slowest of the three solvers. However, when 

the performance of the fixed step and variable step solvers were compared together it was 

clearly evident that the variable step solvers outperformed the fixed step solvers in terms of 

both simulation accuracy and speed.  

Secondly, the asynchronous modulation technique and the synchronous modulation technique 

with the open loop V/Hz control of a 7 MW induction motor were analysed. A major problem 

observed with the use of the asynchronous modulation technique was the huge spikes in the 

motor torque due to the introduction of subharmonics. From the simulation results accelerating 

the motor to its rated speed (2300 rpm) a subharmonic of 31 Hz was generated. Moreover, 

when the machine was accelerated to a speed of 3600 rpm, a subharmonic of 70 Hz was 

introduced. To avoid the generation of these subharmonics, the synchronous modulation 

technique was developed where the switching frequency was calculated based on the 

fundamental frequency (inverter desired frequency) ensuring the modulating frequency was 

always an integer. The same simulation conditions were followed, and it was observed that the 

subharmonics at 31 Hz and 70 Hz were removed with the use of the synchronous modulation 

technique.  

Thirdly, the problem of oscillations in the current and torque of the motor at low to medium 

speeds with the open loop V/Hz control was presented. These oscillations were due to the 

nonlinear interactions between the electrical and mechanical subsystems. To demonstrate this 
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problem the induction motor was accelerated to its rated speed and the presence of these 

oscillations in the motor torque and current was observed. To mitigate these oscillations the 

study of the instability region of the induction motor was carried out. The system matrix A was 

used in the study of the instability region. The root locus was analysed and the eigen values on 

the right side of the imaginary axis represented the region of instability of the induction motor. 

After the region of instability was obtained, two mitigation techniques were proposed. The first 

technique was the varying slope V/Hz control. In this technique, the V/Hz ratio was imposed 

in a way that avoided the operation of the induction motor in the unstable speed region. The 

second mitigation technique was the active damping method. In this technique two damping 

functions were utilised to calculate the reference speed correction factor using the id and iq 

stator current components. The corrected speed reference was then utilised in the V/Hz control 

strategy. The two mitigation techniques proposed were validated through simulation tests and 

it was observed that both techniques were able to successfully suppress the oscillations.  

Fourthly, the operation of the induction motor with the open loop V/Hz control when a linear 

relationship between the stator current and stator voltage is considered and when the magnetic 

saturation is considered was analyzed. In the linear case, from the simulation results, it was 

seen that as the value of the flux was increased, larger oscillations in the motor current and 

torque were introduced. In addition, it was also seen that in the linear case using a lower value 

of flux introduced lower oscillations. However, using a lower value of flux would mean lower 

motor torque which is not ideal. In the second case, from the simulation results it was observed 

that when considering the magnetic saturation, it allowed the use of higher flux values 

providing more stable machine operations while at the same time allowed for a larger torque. 

The second case was tested on a real induction motor (10 kW) and the results obtained proved 

the results reported in simulations where more stable operations were seen as the value of the 

flux was increased.  

Lastly, the modelling of an Active Front End Rectifier for the ac-dc conversion stage was 

presented. The AFE rectifier was modelled to overcome the shortcomings of the conventional 

diode-based ac-dc conversion. In this thesis, two configurations of the AFE rectifier were 

studied. These two configurations included firstly the development of the AFE rectifier using 

a two-level three phase inverter and secondly the development of the AFE rectifier with single 

phase H-bridge cells. On the inverter side, a cascaded multilevel H Bridge inverter was used, 

and the induction motor was modelled as an RL load operating at the rated condition. From the 

comparison of the performance of the two configurations of the AFE it was seen that the AFE 
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realised with the H Bridge cells and phase shifted secondary was the best in terms of the total 

harmonic distortion and the dc link voltage ripple. This configuration was then chosen for the 

operation of a real high-power (15 MW) induction motor. The open loop V/Hz control strategy 

was used for the speed control of the induction motor. To mitigate the current and torque 

oscillations the active damping method was implemented. From the results obtained it was 

observed that the open loop V/Hz control was able to successfully control the speed of the 

machine while the developed active damping method was able to mitigate the current and 

torque oscillations.  
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