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ABSTRACT 

 

Benefits of the AC motor over the DC motor and steady increase in industrial standards and 

automation where speed of rotation is of primary concern and its exercising control over its speed 

is the necessity has led to the development of various control strategies to efficiently control the 

speed of an AC motor. To implement the various control strategies, an efficient power modulator 

would be needed which could provide the necessary power to AC motor as desired by the control 

strategy.  

The power modulators are expected to ensure they provide the power to the motor as desired as 

well as improve the quality of the power it takes from the grid. An overview of AC-AC regulators 

is done with emphasis on Matrix converters. Matrix converters and their various topologies are 

studied and simulated with.  

For the induction motor controlling to achieve variable speed, Vector Control (VC) or Field 

Oriented Control (FOC) have become the industrial standard. The vector control technique 

decouples the two component of stator current: one is responsible for controlling torque and other 

is controlling flux independently as in the case of separately excited fully compensated DC motor.  

Artificial Neural Networks or ANNs have been of special interest in the recent times, with their 

ability to learn instead of being programmed coupled with inherent ability to carry out parallel 

processing of data. This means they can fit highly non-linear functions and do calculations fast 

making them ideal tool in the control of induction motor drive. A novel neural controller has been 

studied which able to do slip calculations and matrix rotations in the original field oriented control 

of motor. A through study of the steps involved in the process is done along with simulations.  

The analysis has been carried out on the basis of result obtained by numerical simulations. The 

simulation and evaluation of matrix converter and the neural network controller is performed using 

a fed three phase squirrel cage induction motor for a 2HP rating.  
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CHAPTER 1 

Introduction 

 

  1.1 General 

From times of 1856 when Werner Siemens invented T-armature winding generator to power 

telegraph machines to present 2016 when the roads are seeing a 259 HP electric car by Tesla 

Motors, electrical machines aka motors have come a long way.  

The versatility of their usage has risen exponentially, apart from generation of heat, light and 

sound, motion is an important component of modern world given that elevators, escalators etc. are 

now an inevitable part of modern lifestyle.  

Electric motors create motion using electrical power through the electromagnetism principle. They 

can be classified as DC motors or AC motors on the basis of the kind of electrical power used to 

power the motion. DC motors were invented before AC but AC motors due to ease in simple 

design, robustness, low losses have gained an upper hand. However their control is complicated 

due to their nonlinear torque-speed characteristics.  

To extract the maximum utility out of a motor, control over speed for different load conditions 

(torque) is of necessity. This can be attained by controlling the power input but since power source 

in India and abroad has a standard set of values such as 230V, 50 Hz, 1Φ supply, there is a need 

for efficient power converters or modulators.  

A power modulator is a non-linear resistive network which changes the available input power to 

the desired output, which in turn runs the load or in this case the motor. By controlling or changing 

the parameters of the network we can control the output power. The power converter or a 

modulator consists of an intrinsic network of semi-conductor switches which are controlled using 

digital, analog power circuits.  

Invention of power devices marked the beginning of power semi-conductors starting with 

thyristors in 1957, Bipolar(BJTs) in 1960, Junction Field effect transistors(JETs) in 1970s, Metal 

oxide semiconductor field effect transistors(MOSFETs) in 1976 and Insulated gate bipolar 

transistors(IGBTs) in 1982[1]. Rise in power rating has resulted in decreased costs, size with 

increase in switching frequency, higher reliability and robustness.  
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1.2.3 Review of Novel Neural Network Controller for Induction Motor Drive  

Induction motor owing to its rugged design, reliability and low cost has been the motor of choice 
for wide set of industrial and domestic applications. This has been the basis for the development 

of several control techniques for induction motor control which now includes the popular V/f 
control[36], field oriented control[37-39], direct torque control(DTC), speed sensor less control 

[40]. Recently there has been a spike in interest with regards to application of neural networks to 
various aspects of induction motor control such as adaptive control[41],sensor- less speed 
control[42]-[45],inverter current regulation[46]-[48],motor parameter identifica t ion 

purposes[49],[50].  

1.3 Objective of Thesis 

The objective of the thesis has been to study the matrix converter and its application in control of 
induction motor drive. Along with it a thorough study of Artificial Neural Networks and their 

applications in control of induction motor drive through indirect vector control is carried out.  

1. Study of matrix converters and their various topologies namely direct topology ie. Venturini 
Control method and their simulation in MATLAB Simulink. 

2. Study and understand the concept of indirect vector control of induction motor drive and 
simulate it using MATLAB Simulink.  

3. Study the concept of Artificial Neural Networks (ANN) and their applications in the in 
control of induction motor drive by modifying the indirect vector control scheme.  

4. Simulate modified indirect vector control scheme with neural network controller using 

MATLAB Simulink.  

1.3 Thesis Organization 

The thesis has been divided into 7 chapters with core content spread across 5 chapters from chapter 
2 to 6.  

Chapter 2 contains the theory behind AC-AC converters mainly matrix converter and their various 

topologies.  

Chapter 3 explores the theory behind vector control of induction motor with emphasis on indirect 
vector control 

Chapter 4 goes into the working of ANN, theory behind their working, how to train and some 

salient points when doing so.  

Chapter 5 has simulations related to matrix converter, it has matrix converter simulation with 
passive load and induction motor drive in an open loop.  

Chapter 6 has simulation of indirect vector control of an induction motor and modified vector 

control with neural controller.  
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CHAPTER 2 

AC-AC power converters and their topologies 

 

AC-AC power converters alter the output power parameters at a particular AC power input. Output 

voltage, frequency or both can be altered at a particular voltage and frequency. These power 

converters can be labelled into two categories depending on the whether the frequency can be 

modified or not. AC converters which allow modification of both frequency and amplitude are 

AC-AC converters while those which allow only amplitude change are called AC-regulators.  

2.1 AC voltage controllers 

AC voltage regulators provide a control over the output voltage where the frequency of the output 

voltage remains the same. The various applications are lighting control, speed control, started to 

induction motor, heat regulation etc. The topologies for single phase, three phase voltages and 

regulators for both delta and star connection is shown in figure 2.1  
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Figure 2.1 AC regulators topologies for three phase systems [1] 

The advantage is simpler design, less bulky, cheaper and less complex in terms of strategy, though 

voltage gain is limited to maximum 1 and no modification can be made to output frequency. 

Voltage harmonics injection is another issue.  

 

Figure 2.2 AC Regulator design for single phase AC system [2] 
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2.2 DC link AC-AC power converters 

DC Link AC-AC Converters firstly convert power in AC to form DC using rectifier and back to 

AC using inverter. This involves an energy storage element in form of a capacitor for voltage 

source inverters (VSI) and inductors in case of current source inverters (CSI).  

 

Figure 2.3 Diode bridge rectifier based DC link AC-AC Converter [3] 

A rectifier converts the AC voltage into DC, then a PWM inverter converts DC power to AC power 

of desired voltage and frequency at the output side. The design is simpler in the sense that the 

rectifier side involves no control. But this introduces new harmonics from the input side and also 

into the electrical supply. The other disadvantage is the lack of bi-directional power flow.  

 

Figure 2.4 Back to Back AC-AC converter [3] 

To deal with this issue, a new structure of back to back converters was proposed which involved 

PWM based rectifier as well as inverter. This allowed for regenerative operation but came at the 

cost of complexity, bulkiness and cost due to active devices.  
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Figure 2.5 Current source converter (CSC) based DC link AC-AC Converter 

The CSC based DC link AC-AC converters are used in high power applications. But as inductor 

is bulky and suffers from operational losses, CSC are less popular in comparison to VSI.  

In VSI, voltage is controlled and current depends on it and the load impedance while in case of 

current source converter, load is controlled and voltage is function of current and impedance.  

The major disadvantage with indirect AC-AC converter topology is the need for large energy 

storage element in the DC-link. Typical VSIs have an electrolytic capacitors in their DC-link with 

a shorter life compared to AC capacitor decreasing the overall life of the converter and involving 

large maintenance cost. The large size results in a bulky circuit which are unreliable at higher 

temperatures, thus making these topologies in-appropriate in sensitive applications.  

Thus the need for direct AC-AC converters without involving any DC links. 

  2.3 Matrix Converter and its topologies 

 Gyugi introduced matrix converters in the year 1970[5] as a complete silicon solution to the AC-
AC conversion. It gives ability to vary both frequency and magnitude of the output voltage. This 
gives it an ability to operate in AC-DC, DC-DC and DC-AC three phase converter forms. All this 

is achieved with minimal harmonic injection and bi-directional power flow. Certain control 
topologies enable control over the input displacement factor and since it has storage elements, it 

is not bulky.  
 
However, the output voltage is restricted to a maximum voltage gain. The direct conversion 

involves more switches than other structures. Also it is susceptible to disturbances in the input 
side.  
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2.3.1 Direct Matrix Converter 

 
A direct matrix converter between n input phases and m output phases is a 𝑚×𝑛 bi-directiona l 

switches such that each of the n input phases are connected to the m output phases through a bi-
directional switch.  

 

 
 

Figure 2.6 Basic structure of 3×3 matrix converter scheme 

 
A DMC generates m output voltages by extracting voltage intercepts from all of n input voltages 

in a certain sampling period. This leads to pulsed output voltage with no limitation on output 
frequency.  
 

For a 3×3 matrix, we have 9 bi-directional switches. This gives us 29 switching states. During the 
operation of a matrix converter, the following needs to be taken care of: no two input phases should 

be connected as this will lead to a high short circuit current, which might destroy the semi-
conductor devices. Also any of the output phases should not be left open as due to the presence of 

inductive load, a high change in current can lead to extreme 
𝑑𝑖

𝑑𝑡
 values. The two limitations result 

in only 27 feasible switches states.  
 

In-order to generate better input current and output voltage profiles, the switches are operated at a 
very high frequency. The switching period is the same one as the one where output voltage is 

average value obtained from available input voltages. The duty cycle for each switch is given as 
𝑚𝑘𝑗 = 𝑡𝑘𝑗/𝑡𝑠𝑤 , where 𝑡𝑠𝑤  is the switching period out of which switch is ON for 𝑡𝑘𝑗 period.  

 
These limitations of the open and short circuits lead to condition where in at any point of time one 

of the output should be connected to an input and each output can only be connected with one 
input.  
 

0 ≤ 𝑚𝑘𝑗 = 
𝑡𝑘𝑗

𝑡𝑠𝑤
 ≤ 1; k = A, B, C, j= a, b,c; 

 

M (t) =  

𝑚𝐴𝑎 (𝑡) 𝑚𝐵𝑎 (𝑡) 𝑚𝐶𝑎(𝑡)

𝑚𝐴𝑏(𝑡) 𝑚𝐵𝑏(𝑡) 𝑚𝐶𝑏(𝑡)

𝑚𝐴𝑐(𝑡) 𝑚𝐵𝑐(𝑡) 𝑚𝐶𝑐(𝑡)
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So the input currents and output voltages in every sample period become  
 

𝑉𝑜 =  𝑀 (𝑡) ∗ 𝑉𝑖; 

𝐼𝑖 =  𝑀 (𝑡) 𝑇 ∗ 𝐼𝑜; 
 

Vo, Ii are the output voltages and input current. Vi, Io are the input voltages and output current. M 
(t) is the modulating matrix and M (t) T  is the transpose of modulating matrix.  

 
2.3.2 Modulation Strategies for Direct Matrix Converter 

 

The matrix converter and the topology being discussed is given by the following figure. 

 

 

 
Figure 2.7 Three phase-three phase matrix converter topology [6] 

 

2.3.3 Alesina Venturini Basic Method (AV-method-1980) 

 

In 1980, detailed mathematical low frequency analysis of matrix converter resulted in Alesina 

and Venturini coming up with the first modulation strategy for matrix converter. This strategy 
determines the duty cycles for switches based on mathematical solutions. This direct transfer 

mechanism enables the converter to generate output voltages by sequentially applying input 
voltages to respective output terminals for certain period during the switching time. The voltage 
transfer ratio obtained is 0.5. This direct displacement factor doesn’t depend on the output 

displacement factor.  
 

Switching functions, Skj are used to determine the input currents and output voltages at any 
instant of time. They are either 1 or 0 indicating that the switch is OFF or ON respectively. The 
switching variables Skj determines the status of connection between input phase ‘k’ and output 

phase ‘j’ [49]  
 

The output voltages and input currents are given by matrix:  
 

𝑉𝑎(𝑡)

𝑉𝑏(𝑡)
𝑉𝑐(𝑡)

 =  

𝑆𝐴𝑎 (𝑡) 𝑆𝐵𝑎(𝑡) 𝑆𝐶𝑎(𝑡)

𝑆𝐴𝑏 (𝑡) 𝑆𝐵𝑏(𝑡) 𝑆𝐶𝑏(𝑡)
𝑆𝐴𝑐(𝑡) 𝑆𝐵𝑐(𝑡) 𝑆𝐶𝑐(𝑡)

  ×  

𝑉𝐴 (𝑡)

𝑉𝐵 (𝑡)
𝑉𝐶 (𝑡)
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𝐼𝐴(𝑡)
𝐼𝐵 (𝑡)

𝐼𝐶 (𝑡)
 =  

𝑆𝐴𝑎 (𝑡) 𝑆𝐵𝑎(𝑡) 𝑆𝐶𝑎(𝑡)
𝑆𝐴𝑏 (𝑡) 𝑆𝐵𝑏(𝑡) 𝑆𝐶𝑏(𝑡)

𝑆𝐴𝑐 (𝑡) 𝑆𝐵𝑐 (𝑡) 𝑆𝐶𝑐(𝑡)
  ×  

𝐼𝑎(𝑡)
𝐼𝑏(𝑡)

𝐼𝑐(𝑡)
 

 

 
The voltage and current stiff sides should not be shorted. The conditions imposed are:  

 
SAj + SBj + SCj = 1, j = a,b,c  

 

The switching pulse generation pattern is as shown in figure  
 

 
Figure 2.8 Switching pulse duration for matrix converter [7] 

 
The scheme involves using the input voltage and output currents which are obtained to generate 

output voltages and input currents.  
 

𝑉𝑖(𝑡) = 

𝑉𝑖cos (𝑤𝑖  𝑡)

𝑉𝑖cos (𝑤𝑖𝑡 −
2𝜋

3
)

𝑉𝑖cos (𝑤𝑖𝑡 +
2𝜋

3
)

 

 

𝑖𝑜(𝑡) = 

𝐼𝑜 cos (𝑤𝑜  𝑡 + 𝛷𝑜 )

 𝐼𝑜cos (𝑤𝑜  𝑡 −
2𝜋

3
+ 𝛷𝑜 )

𝐼𝑜 cos (𝑤𝑜  𝑡 +
2𝜋

3
+ 𝛷𝑜)
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These are used to synthesize the output voltages and input currents 

𝑉𝑜(𝑡) = 

𝑞𝑉𝑖cos (𝑤𝑖  𝑡)

 𝑞𝑉𝑖cos (𝑤𝑖𝑡 −
2𝜋

3
)

𝑞𝑉𝑖cos (𝑤𝑖𝑡 +
2𝜋

3
)

 

 

𝑖𝑖(𝑡) = 

𝐼𝑖cos (𝑤𝑖  𝑡 + 𝛷𝑖)

 𝐼𝑖cos (𝑤𝑖  𝑡 −
2𝜋

3
+ 𝛷𝑖)

𝐼𝑖cos (𝑤𝑖  𝑡 +
2𝜋

3
+ 𝛷𝑖)

 

 

 
On doing active power balancing on both sides we get,  
 

𝑃 = 3*𝑉𝑖𝐼𝑖𝑐𝑜𝑠(𝛷𝑖)/2 = 3*𝑉𝑜𝐼𝑜𝑐𝑜𝑠(𝛷𝑜)/2  

 
𝐼𝑖  = 𝑞 ∗ 𝐼𝑜 ∗ 𝑐𝑜𝑠(𝛷𝑜)/𝑐𝑜𝑠(𝛷𝑖)  

 
 

And solving the equations   
 

𝑉𝑜 =  𝑀(𝑡) ∗ 𝑉𝑖 ; 

𝐼𝑖    =  𝑀(𝑡)𝑇 ∗ 𝐼𝑜; 
 
For unity power factor, the modulation index for each switch can be computed using the equation 

below  
 

 

𝑚𝑘𝑗  = 
𝑡𝑘𝑗

𝑇𝑠𝑒𝑞
 = 

1

3
[1 + 

2∗𝑉𝑘 ∗𝑉𝑖

𝑉𝑚
2

 ] for K = A, B,C and j = a,b,c  

 

Based on the above analysis, the average output is equal to the target output voltage in any of the 
switching periods. At any instant the output voltage is equal to input side peak value and hence 

must fit within the upper and lower envelopes formed by three phase voltages. Thus a limitation 
of 50 % of input voltage is obtained.  
 

 
Figure 2.9 Output voltages fitting in input voltage waveform [8] 
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2.3.4 Alesina Venturini Basic Method (AV-method-1989) 

 
In 1989, the original method was revised to increase the voltage transfer limit to 86.66% by 

optimizing the modulation strategy. This was done by adding third harmonics of the supply 
frequency and the output frequency to the reference output voltage [51]. This way the third 
harmonic components would be cancelled in a 3 phase system. This added transfer limit comes at 

the cost of increased circuitry and control.  
 

The reference output voltage now becomes  

 
Figure 2.10 Third harmonic additions to attain 0.8666 voltage gain [8] 

 

The reference output voltage now becomes  
 

𝑉𝑜(𝑡) = q𝑉𝑚 × 

cos(𝑤𝑜  𝑡) −
1

6
cos(3𝑤𝑜 𝑡) +

1

2√3
cos (3𝑤𝑖𝑡)

cos (𝑤𝑜𝑡 −
2𝜋

3
) −

1

6
cos(3𝑤𝑜 𝑡) +

1

2√3
cos (3𝑤𝑖𝑡)

cos (𝑤𝑜𝑡 +
2𝜋

3
) −

1

6
cos(3𝑤𝑜 𝑡) +

1

2√3
cos (3𝑤𝑖𝑡)

 

 

And thereby modulation index changes to  
 

𝑚𝐾𝑗 = 
1

3
[1 + 

2𝑉𝐾𝑉𝑗

𝑉𝑚
2  +

4𝑞

3√3
sin(𝑤𝑖𝑡 +  𝛽𝐾 ) sin (3𝑤𝑖𝑡)] for K = A, B, C and j = a, b,c and  

 
βK = 0, 2π/3,4π/3 for  K = A,B,C respectively  
 

2.3.5 Scalar Modulation Strategy  

 

In 1975, scalar modulation strategy was proposed, it produces results similar to the Venturini 
algorithm. This strategy can produce any displacement factor in the input side independent of the 
output power factor [60]. It can be increased upto 0.866 using reference output voltage as in AV 

method, 1989.   
 

 
𝑉𝑜 =  (𝑡𝑘𝑉𝑘 +  𝑡𝐿𝑉𝐿 + 𝑡𝑀𝑉𝑀) / 𝑇𝑠 
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𝑡𝑘 + 𝑡𝐿 + 𝑡𝑀 =  𝑇𝑠  

 

The modulation index is calculated as  

 

𝑚𝐿𝑗  = 
(𝑉𝑗−𝑉𝑀 )𝑉𝐿

1.5𝑉𝑚
2  , 𝑚𝐾𝑗 = 

(𝑉𝑗 −𝑉𝑀
)𝑉𝐾

1.5𝑉𝑚
2  , 𝑚𝑀𝑗 = 1-(𝑚𝐿𝑗 + 𝑚𝐾𝑗) for j = a,  

 

𝑉𝑚 is the input voltage which has a different polarity from the other two and VKZ, VL has a value 

of smaller and larger magnitude among the two input voltages.  
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CHAPTER 3 

Induction Motor Drive and Speed Control  

 

3.1 Concept of Vector Control for an Induction Motor  
 

Vector control is a means to control an AC Drive but involves added complexity over scalar 
control. The modelling of the motor in a d-q form is the fundamental basis of the vector control 

model. The vector control is a powerful and often used control technique that permits the use of 
induction and synchronous motor for high performance scenarios. This high performance control 

allows for smooth rotation over the entire speed of the motor, torque control at zero speed, fast 
acceleration and de-acceleration. Vector control in an AC model takes the rotor flux as reference 
while the stator current is decomposed into two orthogonal components. The d-component or the 

magnetic excitation component and a q-component which is orthogonal to the d-component.  
Vector control is fundamentally the independent control of magnitude and phase of the stator 

current vectors so as to meet the torque and speed requirements of the motor. Thus enabling control 
over parameters over which a direct control is not possible with other schemes. The currents 𝑖𝑑 

and 𝑖𝑞 of stator current in a synchronous rotating frame are analogous to the field current If and 

armature current 𝐼𝑎 of the DC machine, the torque can be expressed as  
 

𝑇 =  𝐾𝑓 ∗ 𝐼𝑓 ∗ 𝐼𝑎 =  𝐾𝑓 ∗ 𝐼𝑑 ∗ 𝐼𝑞 

 

The dynamic modelling of the IM is needed to get a better understanding of the vector control 
model. The first step is the conversion of the 3-phase quantities into 2-axes system called d-axis 

and q-axis. This d-q frame can be both rotating as well as stationary. The most popular frame being 
the synchronous frame where the d-axis is aligned with rotor flux from analysis point of view. All 
this works only when the three phase system is balanced.  

 
Dynamic performance of motor undergoes severe performance degradation when the flux 

magnitude and phase angle undergo deviation from their set values. The stator schemes only 
account for the magnitude changes ignoring the phase angle, thus bringing in oscillations in torque 
and speed. Large scale flux changes also involve large stator currents whose burden falls upon the 

converter switches which is not economical.  
 

Field and armature windings in a DC machine make it easier to control the two components 
independently. The vector control strategy for AC machine are inspired from this phenomenon. It 
involves decoupling of stator currents into two components.  

 
The modelling of vector control involves converting the 3-phase system into the two phase systems 

of either d-q or α-β quantities. This conversion involves knowing an accurate value of the speed 
and angle measurements, making this a dynamic process. Vector control algorithms require 
position and magnitude of rotor flux linkages phasor ‘λr’. θf  is the field angle made by the rotating 

λr with respect to a stationary/stator reference frame.  
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Since the two phase frame of reference, d axis represents the rotating flux while the q-axis 
represents the torque, by independently controlling the two components, we can control torque and 

speed.  
 

3.1.1 Vector Control Modelling of an Induction Motor  

 
The vector term in the vector control methodology originates from independent control of both 

magnitude as well as phase angle (stator 𝑚𝑚𝑓). Vector control, which is also known as Field 

Oriented Control (FOC) involves aligning of the stator flux or rotor flux or mutual (air gap) flux 
with synchronously rotating reference frame (d-q frame). 
 

A space phasor of induction motor has been shown in fig.3.1. Here, reference frame (d-q) is chosen 
in such a way that, it is aligned along the flux vector and is rotating with the synchronous speed 

(rotor flux also rotates with synchronous speed). The alignment can be done along stator flux 
vector or air gap flux vector but they intensify the complexity of algorithm as this alignment 
doesn’t decouple flux and torque []. A decoupling block is needed to decouple both the flux and 

torque or their components. 
 

Let us first take rotor flux attached to the ds
e-axis, 

 Ѱdr
∗ = Ѱr = Constant                                                                                                             (3.1) 

Or,  Ѱqr
∗  = 0                                                                                                                               (3.2) 

 

For further analysis, some mathematical equations of induction motor drive with respect to 
synchronously rotating d-q axis (ds

∗ − qs
∗ axis), 

 
d∗ Rotor axis 

Vdr
∗ = 0 = rr idr

∗ + p Ѱdr
∗ −  ⍵sl  Ѱqr

∗                                                         (3.3) 

From equation (3.1) – (3.3)  
 0 =  rr idr

∗   
Or,  idr

∗  = 0                                                                                                 (3.4) 

 
q∗ Rotor axis 

 Vqr
∗ = 0 = rr iqr

∗ + p Ѱqr
∗ +  ⍵sl  Ѱdr

∗  

Or,  0 = rr iqr
∗ + ⍵sl  Ѱr 

Or,  ⍵sl = −
rr  iqr

∗

Ѱdr
e                                                                                        (3.5) 

 
Though rotor parameter are not easily available, thus above equation has to be broken into 
different stator parameters  

Ѱqr
∗ =  0 =  Lr iqr

∗ +  Lm iqs
∗   

Or,  iqr
∗ =  −

Lm

Lr
 iqs

∗   
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ar

as

bs

cs

br

cr

Rotor axis

Stator axis

d*-axis

ωr

q*-axis

ωe

ωe

qs*

ds*

qr*
dr*

Rotor Flux axis

Ψr

as, bs, cs ……. Stator axis

ar, br, cr ……. Rotor axis

q*, d* …….Synchronously rotating reference frame axis

Өe

Өr

 
Fig.3.1 Space Phasor diagram of three phase Induction motor (synchronously rotating d-q 
reference frame attached with rotor flux vector). 

 
Put the above relation in the equation (3.5) and we’ll get, 

⍵sl =
Lm

Lr
rr

⁄

 iqs
∗

Ѱdr
∗   

Or,  

⍵sl =
Lm

τr

 iqs
∗

Ѱdr
∗                                                                                           (3.6) 

The above equation of slip speed is in the term of rotor flux and quadrature component of stator 
current. 

As, Ѱdr
∗ =  Lr idr

∗ +  Lm ids
∗  

From the equation (3.4) 
Ѱdr

∗ =  Lm ids
∗                                                                                       (3.7) 

Put this relation in equation (3.6), we’ll get the slip equation in term of d and q axis 
(synchronously rotating) component of stator current. 

⍵sl =
1

τr

 iqs
∗

ids
∗                                                                                             (3.8) 

 

Electromagnetic torque 
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The electromagnetic torque of induction motor in terms of d∗ −  q∗ reference frame components 

is shown in equation (3.9), 

Tem =  
3

2
 

P

2
 Lm (iqs

∗  idr
∗ −  ids

∗  iqr
∗  )                                                   3.9) 

 

From the above equation containing the rotor current components, all quantities have to be 
written in terms of stator components.  

idr
∗ =  

Ѱdr
∗ − Lm  ids

∗

Lr
                                                                             (3.10) 

 iqr
∗ =  

Ѱqr
∗ − Lm iqs

∗

Lr
                                                                             (3.11)  

 By using equation (3.2), (3.9), (3.10) and (3.11), now the electromagnetic torque will be, 

Tem =  
3

2
 

P

2
 

Lm

Lr
 iqs

∗  Ѱdr
∗                                                                     (3.12) 

Ѱdr
∗ =  Lm ids

∗                                                                                   (3.13) 

 

From the equation (3.12) and (3.13), we can say that the torque can be controlled by quadrature 
component of stator current (iqs

e ) while keeping the rotor flux (Ѱdr
e ) constant or keeping the direct 

axis component of the stator current (ids
e ) constant. Here, we can say that direct axis component 

and the quadrature axis component of the stator current are flux and torque controlling components 
respectively. 

 

 Tem =  
3

2
 

P

2
 

Lm

Lr
 iqs

∗  ids
∗                                                                       (3.14) 

In dc motor the electromagnetic torque equation can be written as, 
Tem =  Km ia if  

 
From the above equation and equation (3.14) we can conclude that the vector controlled induction 

motor are an analogue to DC motor. However, these reference axis components (ids
∗  and ids

∗ ) are 

not actual but only some mathematical entities. So, need to convert those components into real a, 
b and c phase currents (ias  , ibs  and ics). For this conversion we have transform synchronous ly 

rotating d-q frame quantity into the stationary abc quantity, this transformation need the position 

angle of d∗or q∗ axis in the space (sayѲe). 
 

Transformation of iqs
e and ids

e  into  ias  , ibs and ics 



















i
i
i

cs

bs

as

*

*

*

=  






















)120sin()120cos(

)120sin()120cos(

sincos

ee

ee

ee





















i
i

qs

ds
*

*

                                       (3.15) 

The evaluation of Ѳe will lead us to go for direct evaluation and indirect evaluation knows Direct 
Vector Control and Indirect Vector Control respectively.in this report we will concentrate only 

Indirect Vector control because of its simplicity in algorithm of finding the position and less 
sensitive to the parameter variation. 
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3.1.2 Indirect Vector Control of an Induction Motor 

 

The following method can be used to get the position of rotor flux or d axis of synchronous ly 
rotating frame with respect to stator a-phase (from Fig.3.1) by integrating the synchronous speed 

which can be obtained by adding rotor and slip speed (⍵sl) . 
 

Ѳe =  ∫ ⍵e  dt =  ∫(⍵r + ⍵sl) dt                                                                (3.16) 

 

The block diagram of indirect vector control can be made by using the equations (3.8), (3.14), 
(3.15), (3.16) and it shown below in the Fig.3.2. 

PI controller 

+ Limiter

Iqs* estimation

(Equation 3.12)
Coordinate 

transformation

(sync dq to 

stationary abc)

{Equation 

3.15}

Current 

Regulator
Field 

weakening 

block

Ids* estimation

(Equation 3.13)
INVERTER

+ VDC  -

Slip speed 

Estimation

(Equation 3.8)

Induction 

Motor

 ʃ
Current Sensor

ωr*

ωr

ωr

ωr

ωsl

Speed sensor/

Techo-generator

θe

+
+

iqs*

ids*

Tem*

imr*

iqs*

ids*

ias*

ibs*

ics*

ias ibs ics

S1 to S6

Fig.3.2 Block diagram of Indirect Vector Control of Induction Motor Drive 

 The description of each block above block diagram will be explain in simulation part of the 
indirect vector control later chapter. 
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CHAPTER 5 

Matrix Converter Simulations 

 

5.1 Simulink Model of Matrix Converter  
 

The matrix converter is modelled using the power system block set library of SIMULINK, a 

feature within MATLAB made available by matrix labs. The Alesina-Venturini 1981 (AV 
method) is adopted to carry out the simulation. The basic structure is given below  
 

The entire simulation has been run on a discrete frame with the sampling time well below the 
solver time period. The sampling time for the simulation is 1e-5s.  The supply parameters are 

given below  

 

Figure 5.1 Simulink structure of matrix converter with Venturini Topology  

Number of phases Three phase 3 Φ 

Line – Line Voltage 230 V 

Frequency  50 Hz 

Table 5.1 Supply Parameters for matrix converter 

To measure the various parameters phase/line voltage, phase/line currents etc., three phase 
measurement block is provided by the SIMULINK is used. The control block consists of the entire 

control logic including the reference voltages etc. The matrix converter subsystem contains the 9 
bi-directional switches. Each bi-directional switch has been implemented using two IGBTs placed 
in an anti-parallel fashion.  
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The internal structure of the block is given below, each pair of IGBTs here represent one bi-
directional switch.  

  

Figure 5.2 Simulink structure of matrix converter (3 × 3)  
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The structure of a single bi-directional switch. 

 

Figure 5.3 Simulink structure of bi-directional switch 

The switching pulse for the control logic has the following structure. A saw tooth generator with 
a switching frequency of 1K Hz is used.  

 

Figure 5.4 Simulink structure of pulse generator in control block 

The structure has the logic for switches connecting the supply from 3 phases to one of the load 
phases. The modulation value m is calculated within the function block. V supply is the three 

phase supply, V reference has the reference value for one of the three phase, Vrms is the rms 
value of the supply line to ground voltage.  

The function implemented within the function block is  

1

3
(1 +

𝑢(1) ∗ 𝑢(2)

𝑢(3)2
) 
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The internal control logic flows as in the diagram below 

 

Figure 5.5 Simulink model of gate pulse generator for matrix converter switches 

The output from the three phase’s then pass through a combinatorial logic to give the final gate 
pulses for the three switches. The logic ensures that at any point of time no two input switch to 

same output and at every point of time one of the input is connected to an output.  

5.2 Simulation Results with Passive Load (R/RL) 
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The simulations are carried out for 50 Hz frequency. The load is 10 Ω resistance, with amplitude 
gain kept at 0.3 below the plausible 0.5 for simple Venturini Model.  

 
 

 
Figure 5.6 Voltage and Current profiles at supply and load side at 50 Hz  
 
Plot 1: Supply Voltage (V), Plot 2: Supply Current (I), Plot 3: Load Voltage (V) Plot 4: Load 

Current (I)  
 

The matrix converter is operable and is able to generate output voltage and input current 
waveforms.  
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5.3 Simulation Results with Induction Motor in Open Loop 

 
 

Figure 5.7 Simulink Structure for matrix converter with induction motor in open loop fashion 
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The above figure has the Simulink structure used for the open loop simulation. It has been 
carried out for two different input voltages and keeping frequency fixed at rated value and at two 

different frequencies with voltage kept at rated value.  

Machine Ratings 

Nominal Power 2 HP 

Voltage(Line-Line) 415 V 

Frequency  50 Hz 

Stator Resistance 5.4 Ω 

Stator Inductance  0.02840 

Rotor resistance referred to stator side 3.1093 

Rotor inductance referred to stator side 0.02840 

Mutual Inductance 0.58372 

Inertia 0.00436 

Friction Factor 0 

Pole Pairs 2 

Table 5.2 Machine Parameters for open loop matrix converter fed induction motor simulation 

The simulation of matrix converter fed induction motor drive is carried out at two different stator 
voltages and frequency while keeping one of them at rated value. 

Open loop simulation at input voltage 415 line to line and frequency 50 Hz 

 

Figure 5.8 Induction Motor response to 415V line to line voltage at 50 Hz 

Plot 1: Stator current (I), Plot 2: Rotor Speed (rad/s), Plot 3 Applied and Developed Torque (Nm) 
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Figure 5.9 Power parameters at 415V line to line voltage and 50 Hz supply to IM 

Plot 1: IM input Instantaneous Active Power (W), Plot 2: IM input Instantaneous Reactive Power 
(VAr), Plot 3: IM output Instantaneous Active Power (W), Plot 4: IM output Instantaneous 
Reactive Power 

Open loop simulation at input voltage 415V and frequency 25 Hz  

 

Figure 5.10 Induction Motor response to 415 V line to line voltage at 25 Hz 

Plot 1: Stator current (I), Plot 2: Rotor Speed (rad/s), Plot 3 Applied and Developed Torque (Nm) 
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Figure 5.11 Power parameters at 415V line to line voltage and 25 Hz supply to IM 

Plot 1: IM input Instantaneous Active Power (W), Plot 2: IM input Instantaneous Reactive Power 
(VAr), Plot 3: IM output Instantaneous Active Power (W), Plot 4: IM output Instantaneous 

Reactive Power 

Open loop simulation at input voltage 207.5V and frequency 50 Hz  

 

Figure 5.12 Induction Motor response to 207.5 V line to line voltage at 50 Hz 

Plot 1: Stator current (I), Plot 2: Rotor Speed (rad/s), Plot 3 Applied and Developed Torque (Nm) 
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Figure 5.13 Power parameters at 207.5V line to line voltage and 50 Hz supply to IM 

Plot 1: IM input Instantaneous Active Power (W), Plot 2: IM input Instantaneous Reactive Power 
(VAr), Plot 3: IM output Instantaneous Active Power (W), Plot 4: IM output Instantaneous 

Reactive Power 

Condition A: 415V and 50 Hz; Condition B: 415V and 25 Hz; Condition C: 207.5 V and 50 Hz 

An analysis of graphs and performance reveals the following 

The rotor speed gets halved in condition B in comparison to condition A because the synchronous 
speed depends linearly on the frequency and induction motor runs at synchronous speed. As the 

reactive power is proportional to square of stator voltage and inversely proportional to frequency, 
the reactive power is supposed to double on halving the frequency thus reactive power intake 
doubles in condition B in comparison to A.  

Condition A and C demonstrate the speed control of induction motor by stator voltage control. 

Speed reduced but by a smaller amount in this case. Speed thereby is less sensitive in this case. 
Active power consumption remains the same though reactive power goes down by a factor of 

square of 0.5. 

The most important aspect of matrix converter is that input side reactive power is very less in 
comparison to output side reactive power thus making matrix converter very popular with 
induction motor as it is able to maintain power factor along with providing variable frequency and 

magnitude without any DC link.  
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CHAPTER 6 

Artificial Neural Networks Based Induction Motor Drive 

Simulations 

 

The proposed controller is an ANN which emulates the in-direct field oriented control as a 

function. The training is a one-step process and is trained using experimental data or an existing 
FOC system. An induction motor is a non-linear time varying system which is difficult to control 
due to fast changing state variables. Further the changes in rotor resistance and induction motor 

saturation during operation make the control difficult. A speed control system which can process 
large number of state variable calculations in short period besides handling the non-linear nature 

well is capable of showing high performance.  

An artificial neural network has been trained and used where in it emulates indirect field control 
for an induction motor drive by generating direct and quadrature current commands in stationary 

reference frame. The neural network performs the functions of slip calculation and matrix rotation 
internally.  

There are five input signals to the neural network which include the motor speed, quadrature 
current signals; present and delayed in synchronous frame, besides the two delayed output signals 

as input. The output signals are the currents in stationary frame (α-β frame).  

The proposed network has a three layer structure with 15 neurons in the hidden layer. ANN used 
is a back-propagation neural network trained using Levenberg-Marquardt method.  

Thus neural networks due to their inherent parallel nature and ability to model non-linearity well 

are suited for this particular task. The objective here is to emulate an in-direct FOC performance 
at lower computational cost. Cost savings from this non-recurrent engineering effort makes this 
valuable in high volume industries such as home appliance industries.  

6.1 System Description & Design  

Primary equations describing the behaviour of IFOC are  

𝑇 = 𝐾𝑡   𝑖𝑞𝑠
𝑒  𝜆𝑑𝑟

′𝑒                                                     (1) 

𝑤𝑒  = 
𝑀

Г𝑟

𝑖𝑞𝑠
𝑒

𝜆𝑑𝑟
′𝑒  + 𝑤𝑟                                                   (2) 

Here, the primed notation stands for stator referred. Equations transforming synchronous frame 
quantities (subscript e) to stationary reference frame(s subscript) are  
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𝑖𝑞𝑠
𝑠  = 𝑖𝑞𝑠

𝑒 cos (θe) + 𝑖𝑑𝑠
𝑒 sin (θe)                              (3)  

𝑖𝑑𝑠
𝑠  = -𝑖𝑞𝑠

𝑒 sin (θe) + 𝑖𝑑𝑠
𝑒 cos (θe)                             (4) 

The four equations follow the following notations  

𝑇 Electromagnetic torque 

𝐾𝑡 Motor torque proportionality constant 

𝑖𝑞𝑠
𝑒  Synchronous frame q-axis stator current 

𝑖𝑑𝑠
𝑒  Synchronous frame d-axis stator current 

𝑤𝑒  Rotor flux angular velocity 

θe  Rotor flux angular position 

𝜆𝑑𝑟
′𝑒  Stator referred direct axis flux linkage 

𝑖𝑞𝑠
𝑠  Stationary frame q-axis stator current 

𝑖𝑑𝑠
𝑠  Stationary frame d-axis stator current 

Г𝑟 Rotor time constant 

M 3/2 × (stator referred stator/motor mutual inductance) 

Now the equation (2) can further be rewritten as  

𝑑𝜃𝑒

𝑑𝑡
 = 

1

Г𝑟
 

𝑖𝑞𝑠
𝑒

𝑖𝑑𝑠
𝑒  + 𝑤𝑟 

Now assuming a constant rotor flux magnitude, using discrete-time approximation, we can 
transform the equation into following difference equation:  

(
1−𝑧−1

𝑇𝑠
) 𝜃𝑒 (k) = 

1

Г𝑟

𝑖𝑞𝑠
𝑒 (𝑘)

𝑖𝑑𝑠
𝑒 (𝑘)

 + 𝑤𝑟 (k) 

Ts represents the sampling time, Z-1 is the delay operator, k refers to the sampling interval. Rotor 

flux in each sampling period is given as  

𝜃𝑒(k) = 𝑇𝑠(
1

Г𝑟

𝑖𝑞𝑠
𝑒 (𝑘)

𝑖𝑑𝑠
𝑒 (𝑘)

 + 𝑤𝑟(k)) + 𝜃𝑒(k-1) 
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Now to obtain 𝜃𝑒(k) at t = kTs, the above variables need to be known. All except 𝜃𝑒(k-1) are 

known. This can be obtained using the following equation  

𝜃𝑒(k-1) = tan-1(
𝑖𝑑𝑠

𝑒 (𝑘−1)𝑖𝑞𝑠
𝑠 (𝑘−1)−𝑖𝑞𝑠

𝑒 (𝑘−1)𝑖𝑑𝑠
𝑠 (𝑘−1)

𝑖𝑞𝑠
𝑒 (𝑘−1)𝑖𝑞𝑠

𝑠 (𝑘−1)−𝑖𝑑𝑠
𝑒 (𝑘−1)𝑖𝑑𝑠

𝑠 (𝑘−1)
) 

Here, the terms inside the inverse tan function can be calculated using the (3) and (4) set of 

equations.  

The neural network controller is based on the above set of equations, with inputs and outputs 
defined on the basis of above equations. The flux command to the controller is assumed to be 

constant. The neural network has three layers: one input, one hidden and one output layer. The 
output layer has two neurons corresponding to the outputs 𝑖𝑑𝑠

𝑠  and 𝑖𝑞𝑠
𝑠  command values. It has five 

input neurons corresponding to 𝑤𝑟(k), 𝑖𝑞𝑠
𝑒 (k), 𝑖𝑞𝑠

𝑒 (k-1), 𝑖𝑑𝑠
𝑠 (k-1) and 𝑖𝑞𝑠

𝑠 (k-1).  

The network is fully connected with a feedforward layer through weights, a bias signal through 
weight is also present. All neurons in the layer have a hyper tangent sigmoid function. To ensure 

normalization, for proper training of the network, normalization units are also present. Since we 
used a 15 layer hidden layer obtained using trial and error, the complete network has 22 neuron 

structure.  

The new structure of the structure of the vector control with the neural network controller is 

Speed Controller

Neural Network 

Blockset

Alpha-beta to abc 

conversion
VSI 

Hysteresis 

Controller 
Motor

Wref

Wmotor

Wmotor

Beta 

current

Alpha 

current

Ia,Ib,Ic
Gate Pulse

Iqs

Iqs’

 

Figure 6.1 The System Design which is to be implemented 
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6.2 Implementation Methodology  

The implementation of the entire system has the following steps,  

1. First step is the collection of data for training the neural network  

2. Second step is to train the neural network 
3. Third step is to run the neural network with the structure as shown above 

6.2.1. Simulation of Indirect Vector Control Model  

A 2 HP machines was simulated under indirect vector control strategy of MATLAB platform using 

SPS toolbox in the Discrete Time Frame (DTF). The Simulink model is shown in Fig. 6.2. 

 

Fig. 6.2 Basic simualtion model of indirect vector control of IM drive 

 

Speed Controller 

The work of speed controller is to generate suitable reference torque signal from the speed error 

(difference between actual speed and the reference speed). There are many speed controller 
techniques are available like PI controller, Fuzzy Logic base controller, Intelligent Speed 
controller (Fuzzy + PI) etc. from all of the above, I have used PI controller to compelete this 

simulation. 
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PI controller 

In the continuous time frame, the proportional integral controller can be represent as, 

Tem =  Kp(⍵r
∗ − ⍵r) +  KI  ∫(⍵r

∗ −  ⍵r) dt                                                                                  (6.1) 

But we simulate the model in the discreet time frame, so the above equation can be converted in 

DTF as below, 

For the Nth sample equation can be written as 

Tem (N) = Kp ⍵er(N) + KI ∑ {N
N=1  ⍵er(N)}                                                                                                  (6.2) 

For (N-1)th sample  

Tem (N-1) = Kp ⍵er(N-1) + KI ∑ {N−1
N=1  ⍵er(N-1)}                                                                                          (6.3)  

If the (N-1)th sample pass through limiter, it would become the reference of (N-1)th sample, 

Tem
∗

(N-1) = Kp ⍵er(N-1) + KI ∑ {N−1
N=1  ⍵er(N-1)}                                                                                         (6.4) 

By subtracting the equation (5.2) from equation (5.4) we’ll get, 

Tem (N) = Tem
∗

(N-1) + Kp {⍵er(N) - ⍵e(N-1)} + KI ⍵er(N)                                                                 (6.5) 

The equation (5.5) shows the basic PI controller in DTF, can be modelled as shown in Fig.6.3. 

The electromagnetic torque of Nth sample will be pass through the Limiter, so that the reference 
value of torque will in certain liming band.  
 

Field Weakening Block 

Field weakening (FW) operation is considered when reference speed (⍵r
∗) is more than the base 

speed (⍵base). After all the vector control technique make induction motor operation as dc motor 
and in dc motor we use Field weakening method to operate it for greater than base speed. 
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Fig.6.3 Speed controller using PI control logic in MATLAB 

Here also the same method has been consider to reduce the flux in proportional to the speed when 

speed is greater than base speed []. 

imr
∗ =  im  ;        When   ⍵r < ⍵base 

imr
∗ =  Kf  

im

⍵r
      When   ⍵r ≥ ⍵base 

Where 𝑖𝑚𝑟 refers to rms value of magnetizing current, and Kf refers to flux constant. 

iqs* AND ids* ESTIMATION, SLIP SPEED ESTIMATION AND COORDINATE 

TRANSFORMATION BLOCK: 

Some other blocks in the simulation part like Direct and Quadrature axis (synchronously rotating 
ref. frame) component of stator current Calculation, Slip speed calculation, Transformation from 
d*-q* current to stationary axis abc-frame component etc. can be easy modelled by equations 

(3.8), (3.13), (3.14), (3.15) and (3.16), as shown below Fig.6.4. 
                               (b) 

                                                                           

                            (a)                                                                                  (c) 
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(d) 

Fig.6.4 (a) Estimation of iqs* and ids*. (b) Estimation of slip speed. (c) Estimation of Ѳe and (d) 

Coordinate Transformation. 

Speed Sensors 

It sense the speed of rotating machine it can either be a speed encoder or Tacho-generator with 

Voltage sensor.  
 

Current Regulators 

Diverse current regulating techniques like, Sinusoidal PWM, synchronous dq frame PI regulator, 
stationary frame PR, stationary frame PI and hysteresis current regulator etc. In all of those 

regulators Hysteresis Current control method of VSI offers an matchless transient response in 
contrast with other analog and digital method, which makes it suitable to accept this method in all 
cases where high accuracy, wide bandwidth, and robustness are essential.    

 
Sinusoidal PWM  

Here, depending upon the frequency of carrier, the switching device will operated by comparing 
the reference current and actual current, the error signal will generate then it will pass through PI 
controller to give the Modulation Index (MI). MI signal will pass through Limiter then multiply 

with sine wave having unity peak value, after that it compare with carrier wave to generate Gate 
Pulse signal. Modelling of this technique is shown in Fig 6.5. 
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Fig.6.5 Sinusoidal PWM method to generate gate pulse for two level Inverter 

Hysteresis Current Regulator 

Hysteresis control technique is fundamentally an analogic technique. In spite of the merits given 
by digital controllers, in term of flexibility, maintenance integration interfacing, their correctness 

and response speed are often insufficient for current control in highly challenging applications, 
such as active filters and high- precision drives. In these applications, reference current waveform 

categorised by high harmonic content and fast transient must followed by good accuracy. In these 
belongings, the hysteresis technique can be a fine solution, provided some improvement are 
introduced to overcome its main limitations, which are sensitivity to phase commutat ion 

interference and switching frequency. The modelling of this technique is shown in Fig. 6.6. 
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Fig. 6.6 Hysteresis current regulator to generate gate pule for inverter 

6.2.2 Data Collection Methodology 

The data for training the neural network was obtained from the Simulink model of vector control. 
The motor being simulated has the following set of parameters, the same motor was used with 
vector control model as well.  

Machine Ratings 

Nominal Power 2 HP 

Voltage(Line-Line) 564 V 

Frequency  50 Hz 

Stator Resistance 5.4 Ω 

Stator Inductance  0.02840 

Rotor resistance referred to stator side 3.1093 

Rotor inductance referred to stator side 0.02840 

Mutual Inductance 0.58372 

Inertia 0.00436 

Friction Factor 0 

Pole Pairs 2 

 

Table 6.1(a) Motor/Machine Parameters of 2 HP 

The model was run for 20 sec. The four values, 𝑤𝑟(k), 𝑖𝑞𝑠
𝑒 (k), 𝑖𝑑𝑠

𝑠 (k) and 𝑖𝑞𝑠
𝑠 (k) were logged at a 

sampling rate of 100e-6. Thus a total of 2, 000, 00 data points were collected in total for these four 
values.  

 
To capture as much behaviour as possible, the motor speed and torque was continuously varied 

over the period of 20 sec. To ensure and give the motor time to settle, torque and speed weren’t 
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varied at the same time. Also to ensure proper training of the model, it is important to generate 
speed and torque commands randomly so that there is no inherent pattern to these reference values. 

Speed commands were 20 in total with speed varying from -30/30 to -300/300 with changes in 
steps of 30. Torque was given 20 commands with it being varied from 0 to 7.6 in steps of 0.4.  

The code used to randomize the speed and torque commands is given below 
 

 
 

Code Block 6.1(b) Script to randomize torque and speed references 

6.2.3 Neural Network Training Methodology  

Once the data has been collected, it can be used to train the neural network. To ensure proper 
training, the data was initially pre-processed to remove extreme spikes, this is necessary because 

the neural network would use MSE (mean squared error) to fit the function. Presence of spikes 
would make fitting difficult and we would not be able to get a well-trained network. To limit the 

range of values, alpha(𝑖𝑞𝑠
𝑠 ), beta (𝑖𝑑𝑠

𝑠 ) and 𝑖𝑞𝑠
𝑒  values can be limited by their 2nd and 98th percentile 

of values. Also each value is replaced by median of nearest 20 data points, this removes any spikes 

in the data. The same is carried out for beta current, 𝑖𝑞𝑠
𝑒  as well.  

  

Code Block 6.2 Script to pre-process alpha current values. 

 

 
 
% the 20 speed commands 

speed_ref = [-30, 30,-60, 60,-90, 90,-120, 120,-150, 

150,-180, 180,-210, 210,-240, 240,-270, 270,-300,300]; 

y = randperm (20); 

% jumbling up the commands 

speed_ref = speed_ref(y); 

speed_ref 

  

% the 20 torque commands 

torque_ref = 0.0:0.4:7.6; 

y = randperm(20); 

% jumbling up the commands 

torque_ref = torque_ref(y); 

torque_ref 
 

 

 

 
alpha(alpha<prctile(alpha,2))= prctile(alpha,2); 

alpha(alpha>prctile(alpha,98))= prctile(alpha,98); 

alpha = medfilt1(alpha,20); 
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The processed data is then saved as .csv files. The data is used to create two sets of files Input and 
Output. Input consists of the five inputs to the neural network. The five inputs are 𝑤𝑟(k), 𝑖𝑞𝑠

𝑒 (k), 

𝑖𝑞𝑠
𝑒 (k-1), 𝑖𝑑𝑠

𝑠 (k-1) and 𝑖𝑞𝑠
𝑠 (k-1). Now k stands for latest value and k-1 for previous values. The 

output file consists of 𝑖𝑑𝑠
𝑠 (k) and 𝑖𝑞𝑠

𝑠 (k), which are the latest values. Code to carry out the above is 

given below 

 

Code Block 6.3 Script to prepare data for writing to folder 

After generating the data, a script containing the neural network code is run. The training algorithm 

is Levenberg-Marquardt one. The code run till we have either 1000 iterations or 6 failed validat ion 
checks in the test set.  

 

 

 

 

 

 

 

 

 
 
% Obtain number of rows in data set 

L = Length (speed); 

% Input file is created: latest values go from 2 to end, 

previous values 

% from 1 to L-1 

Input = horzcat(speed(2:(L)),Iqs(2:(L)),Iqs(1:(L-

1)),alpha(1:(L-1)),beta(1:(L-1))); 

Output = horzcat(alpha(2:(L)),beta(2:(L))); 

% Data is written to the folder 

dlmwrite('Input.csv',Input,'precision',5) ; 

dlmwrite('Output.csv',Output,'precision',5) ; 
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The data is initially normalized to so that all values lie between -1 to 1 and finally de-normalized 
when giving the output. Also the data set is randomly divided into three parts: Training containing 

70% of data, 15 % for validation and 15 % for testing purposes. The script runs the code and finally 
generates a Simulink block-set.  

The code to train the neural network is given in the Code Block 6.4 as given in next page.  

 

   

Code Block 6.4.1 Neural network training code up to normalization 

 
 

%   Input - input data. 

%   Output - target data. 

  

x = Input'; 

t = Output'; 

 

% Training Algorithm 

 

trainFcn = 'trainbr';  % Levenberg-Marquardt 

  

% Create a Fitting Network 

hiddenLayerSize = 15; 

net = fitnet(hiddenLayerSize,trainFcn); 

  

% Input and Output Pre/Post-Processing Functions 

(Normalization) 

 

net.input.processFcns = {'mapminmax'}; 

net.output.processFcns = {'mapminmax'}; 

  

% Setup Division of Data for Training, Validation, 

Testing 

% For a list of all data division functions type: help 

nndivide 

net.divideFcn = 'dividerand'; % Divide data randomly 

net.divideMode = 'sample'; % Divide up every sample 

net.divideParam.trainRatio = 70/100; 

net.divideParam.valRatio = 15/100; 

net.divideParam.testRatio = 15/100; 
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Code Block 6.4.2 Neural network training code up-to Simulink block generation 

 

 
% Setup Division of Data for Training, Validation, 

Testing 

% For a list of all data division functions type: help 

nndivide 

net.divideFcn = 'dividerand'; % Divide data randomly 

net.divideMode = 'sample'; % Divide up every sample 

net.divideParam.trainRatio = 70/100; 

net.divideParam.valRatio = 15/100; 

net.divideParam.testRatio = 15/100; 

  

% Choose a Performance Function 

% For a list of all performance functions type: help 

nnperformance 

net.performFcn = 'mse'; % Mean squared error 

  

% Choose Plot Functions 

% For a list of all plot functions type: help nnplot 

net.plotFcns = 

{'plotperform','plottrainstate','ploterrhist', ... 

  'plotregression', 'plotfit'}; 

  

% Train the Network 

net.trainParam.epochs = 1000; 

net.trainParam.max_fail = 6; 

[net,tr] = train (net,x,t); 

  

% Test the Network 

y = net(x); 

e = gsubtract(t,y); 

performance = perform (net,t,y) 

  

% Recalculate Training, Validation and Test Performance 

trainTargets = t .* tr.trainMask{1}; 

valTargets = t  .* tr.valMask{1}; 

testTargets = t  .* tr.testMask{1}; 

trainPerformance = perform(net,trainTargets,y) 

valPerformance = perform(net,valTargets,y) 

testPerformance = perform(net,testTargets,y) 

  

% View the Network 

view (net) 

genism (net); 

 

  

% Plots 

% Uncomment these lines to enable various plots. 

%figure, plotperform(tr) 

%figure, plottrainstate(tr) 

%figure, plotfit(net,x,t) 

%figure, plotregression(t,y) 

%figure, ploterrhist(e) 
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6.3 Simulation of Neural Network Controller based IFOC of an Induction Motor  

Now the trained neural network Simulink block is simulated with the modified architecture as 

shown below  

 

Figure 6.7 Simulink diagram of neural network based field oriented control of induction motor 
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The unit delay value is the same as the one used while collecting data, it has a delay value of 100e-
6. The PI values need to be tuned afresh while simulating the new model. The motor parameters 

are the same as before.  

6.2.3.1 Performance of new architecture for Reference Torque = 5 N.m, Reference Speed = 

200 rad/s  

Initially the reference speed is 100 at time t = 0s. Reference speed is increased to 200 at 1 sec 
and then torque is changed from 0 to 5 N.m at t = 2s. The simulation is run for 3 sec.  

 

Figure 6.8 Simulation with load being 5 Nm and speed reference being 200 rad/s 

Plot 1 : Reference and motor speed(rad/s), Plot 2 : Actual Current(I), Plot 3 : Reference 
Current(I), Plot 4 : Reference and actual motor torque(Nm)  

Eventually the torque and speed reach their steady state values. Torque sees significant amount 

of fluctuations during initial transition time before eventually steadying.  
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6.2.3.1 Performance of new architecture for Reference Torque = 3 N.m, Reference Speed = 

- 150 rad/s 

Initially the reference speed is 100 at time t = 0s. Reference speed is increased to -200 at 1 sec 
and then torque is changed from 0 to 3 N.m at t = 2s. The simulation is run for 3 sec.  

 

Figure 6.9 Simulation with load being 3 Nm and speed reference being -200 rad/s 

Plot 1 : Reference and motor speed(rad/s), Plot 2 : Actual Current(I), Plot 3 : Reference 
Current(I), Plot 4 : Reference and actual motor torque(Nm) 

Here the motor has been given reverse speed command, which it is able to reach towards the end 

of the steady state along with the torque reference of 3 N.m.  

The performance of neural controller is good in the sense that the motor is eventually able to reach 
it steady state values but there is presence of significant torque fluctuations under transient state.  
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CHAPTER 7 

Conclusion 

 

An overview of AC-AC conversion systems was done with emphasis on Matrix Converters. The 
various direct control techniques including starting from Venturini to modified Venturini were 

studied and implemented in Simulink (MATLAB 2014a). Matrix converters owing to their 
inherent nature of no-dc link provide dynamic power transfer with ability to control both voltage 
and frequency and a low IDF at the input side makes them ideal for induction motor applications. 

Vector control owing to the decoupling property gives a fast and independent control over both 
torque and speed of an induction motor. Using some mathematical transformations, the control of 
two dependent quantities is made de-coupled and independent. However the mathematics behind 

the control is highly complicated and difficult to implement as a control logic. The control thereby 
is computationally heavy and its engineering is difficult owing to the complexity of it.  

Artificial Neural Networks as a phenomenon have been a rage in the scientific community with 

them being the brain behind several modern day marvels such as Google Deep mind, autonomous 
cars etc. Their ability to fit complex non-linear functions and also act as black box means of 
computations makes them a perfect complement for the vector control. Their inherent parallel 

nature makes computations fast it can process data fast and once a network has been trained, it can 
carry out the computations at a very high speed. 

To reduce the recurrent computing involving in a vector control and to also simplify the vector 

control loop from an engineering point of view, a neural controller was trained and implemented 
as a part of field oriented control. However, the dynamic nature of the induction motor drive with 
high fluctuations in values during transients made the training of the neural network block set 

challenging and difficult. The realization is that the data used for training and its quality are of 
most importance here.  

The ANN simulation was done with two-level VSI instead of matrix converter due to time 

constraints. Also it was believed that the first step in implementing the entire structure would 
involve perfecting the training and implementation of ANN before venturing out further.  

The performance of ANN in this particular structure can improved many folds by experimenting 

and working around with type of data used to train, the training algorithm etc. With advent of 
hardware specifically designed for running ANNs, their application in this particular can be 
expected to rise.  
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