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ABSTRACT 
 

In this project the analysis of flux estimation algorithms is carried out and the concept of 

Model Predictive Current Control is implemented on Induction Motor. In any controlling 

scheme the estimation part is the most important as if the estimation is not correct no 

matter how good the controlling scheme the controlling cannot be better, in Induction 

Motor Vector Control the estimation of flux is done by integrating back emf, with pure 

integration there exist problems such as saturation and initial value problems which 

dominate the results when the machine is operating at low frequencies, to eliminate these 

problems various algorithms are implemented on the simulink MATLAB and their results 

are discussed. The estimated flux must follow the measured flux, the more the error 

between them the poor is the controlling. 

     Model Predictive Control is a controlling algorithm which was used for process 

control systems, but with time because of its constraint handling technique it is 

implemented on drives also. A simple Predictive Current Control algorithm is 

implemented on the Induction Motor Drive with Direct Vector Control. The hysteresis 

control is replaced by the model predictive algorithm. the results are obtained with 

different running conditions of Induction Motor. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1. INTRODUCTION 

Induction Motor drives are used in almost all the industrial applications because of their 

rugged and robust performance, also the performance of Induction Motor is very promising in 

high speed applications. If we compare Induction Motor and DC motor, then the main 

advantage that DC motor have over Induction Motor is its continuously controlling of speed. 

It can be clearly seen from these equations 1.1(a) and 1.1(b) that the torque and speed are 

decoupled from each other, in other words we can say that by effecting the torque, speed will 

not be get effected and vice versa. 

𝐸𝑏 =
𝑃.𝛹.𝑍.𝜔𝑚

2.𝜋.𝐴
                                             (1.1(a)) 

𝑇𝑑 =
𝑃.𝛹.𝑍.𝐼𝑎

2.𝜋.𝐴
                                    (1.1(b))  

where P is number of poles, Z is total number of conductors, Eb is the back emf of motor, Td 

is the developed torque, ωm is the angular mechanical speed, Ia is the armature current, A is 

the number of parallel paths and Ψ is the flux of motor. 

     In DC machines mmf axis is established at 90˚ electrical to the main field axis. The 

electromagnetic torque is proportional to the product of field flux and armature current. Field 

flux is proportional to the field current and is unaffected by the armature current because of 

orthogonal orientation between armature mmf and field mmf. Therefore in a separately 

excited DC machine, with a constant value of field flux the torque is directly proportional to 

the armature current. Hence direct control of armature current gives direct control of torque 
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and fast response. In Induction Motor the flux and torque components are mutually coupled, 

so the controlling of Induction Motor as compared to DC motor is not effective. But DC 

motor is not economical it has the additional cost of maintenance of brushes, brush holders, 

commutators etc, and the initial cost of DC motor is also more. So, a substitute is needed 

which is economical as well as have better controlling in transient and steady state. As 

discussed Induction Motor are robust and rugged and have almost no maintenance cost, so it 

can be used in place of the DC motor if we can decouple the flux and torque component of 

Induction Motor then the controlling similar to the DC motor controlling can be 

achieved[45]. 

Induction Motor controlling can be classified broadly into two parts: 

a) Scalar control of Induction Motor 

b) Vector control of Induction Motor 

    Above control schemes can be further divided, Figure 1 shows the various Vector Control 

Schemes for controlling Induction Motor. 

 

Speed control of Induction Motor

Scalar control of Induction 
Motor

Vector control of Induction 
Motor

Direct Torque 
Control (DTC)

Field Oriented 
Control(FOC)

Direct Self 
Control

Space Vector 
Modulation

Direct FOC

Indirect FOC
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Fig.1. Classification of vector control methods used for speed control of Induction Motor 

1.2. SCALAR CONTROL OF INDUCTION MOTOR 

Now, there are various methods for scalar control of Induction Motor[34]. 

1) Pole changing method 

2) Variable supply voltage control 

3) Rotor resistance control 

4) V/f control etc 

 

1.2.1 Pole changing method 

Speed control of cage type Induction Motors can be done by this method, because in cage 

type IM the number of poles is equal to the stator winding poles, so by this concept we can 

change the number of poles which in turn can control the speed of Induction Motor. 

 

1.2.2. Variable supply voltage control 

By varying the voltage the speed can be controlled. We know that the torque of IM is directly 

proportional to square of the voltage, so until the required torque is not achieved the voltage 

is varied. This method is used where the load torque reduce with speed for example in fan 

loads. This method can be used for speed control only for below synchronous speeds, because 

if the voltage is increased then the insulation may breakdown. 

 

1.2.3. Rotor resistance control 

This method is used to control wound rotor type Induction Motor. A variable resistance can 

be connected through slip rings to the rotor circuit of Induction Motor. Now, we know that 

the maximum torque is independent of the rotor resistance, but the slip at which the 

maximum torque occurs depend upon the resistance. As the value of resistance increases, 
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larger will be the value of slip at which maximum torque occurs. Drawback of this method is 

due to the additional resistive losses. 

 

 1.2.4. V/f speed control 

As we know that the synchronous speed is directly proportional to supplied frequency and 

also induced emf is directly proportional to supplied frequency. So, if supply frequency is 

changed, induced emf is also changed to maintain the same air gap flux. This method is 

efficient, but has a limitation as for this control variable supply frequency is needed i.e. 

Voltage source Inverter, Current source Inverter, Cycloconverter. 

 

1.3. VECTOR CONTROL OF INDUCTION MOTOR 

The method vector control of Induction Motor was initially developed by Blaschke. In vector 

control two quadrature components of three phase currents are synthesized, one of which is 

responsible for flux component which in turn effect the speed and the second component is 

responsible for the torque[16,24]. 

 The methods from which the three phase quantities are transformed into two phase 

quadrature quantities are: 

 

1) Clarke Transform 

2) Park Transform 

 

1.3.1. Clarke Transform 

Clarke transformation is shown in Figure 2. It is used to transform the three phase quantities 

into stationary two phase quantities which are orthogonal to each other. Clarke 

transformation is given by following equation 1.2. 
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120° 

120° 

120° Ia

Ib

Ic

90° 

Iα 

Iβ  

 

Fig.2. Clarke Transformation 

 

𝐼𝛼𝛽𝛾 =
2

3
 

[
 
 
 
 1 −

1

2
−

1

2

0
√3

2
−

√3

2
1

2

1

2

1

2 ]
 
 
 
 

. 𝐼𝑎𝑏𝑐                              (1.2) 

 

where Ia Ib Ic  are three phase quantities and  Iα  Iβ  Iγ are transformed quantities and Iγ is zero 

as vector sum of three phase quantities displaced equally and of same magnitude is zero, so Iα 

and Iβ are given by equation 1.3 and 1.4. 

 

Iα=  
2

3
(𝐼𝑎 −

1

2
𝐼𝑏 −

1

2
𝐼𝑐)                                                         (1.3) 

Iβ=
1

√3
(𝐼𝑏−𝐼𝑐)                                                 (1.4) 

     Also inverse Clarke transformation is used to transform the stationary two phase 

orthogonal components to three phase balanced components which is given by equation 1.5 
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𝐼𝑎𝑏𝑐 = 

[
 
 
 

1 0 1

−
1

2

√3

2
1

−
1

2
−

√3

2
1]
 
 
 

. 𝐼𝛼𝛽𝛾 
                                  (1.5) 

 

1.3.2. Park Transform 

By Clarke transformation the 3 phase quantities are changed to stationary 2 phase quantities. 

Park transformation is used to transform the stationary frame reference to rotating frame 

reference and it is given by equation 1.6. 

 

𝐼𝑑𝑞 = [
cos𝜃 sin𝜃
−sin𝜃 cos𝜃

] . 𝐼𝛼𝛽                                      (1.6) 

 

where Idq is the rotating reference frame quantities, Iαβ are the stationary reference frame 

quantities and θ is the rotor angle that has to be known for calculating the park transformation 

matrix. Figure 3 shows the geometrical interpretation of park transformation. 

 

Fig.3. Park Transformation 
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The inverse park transformation is given by equation 1.7 

𝐼𝛼𝛽 = [
cos𝜃 −sin𝜃
sin 𝜃 cos𝜃

] . 𝐼𝑑𝑞                           (1.7) 

 

1.4. DIRECT TORQUE CONTROL SCHEME 

     In Direct Torque Control the flux and torque are estimated. The flux is estimated by 

integrating back emf, torque is then estimated by cross product of flux and stator quadrature 

currents. These estimated values are then compared to the preset reference values and if the 

deviation is high then the switching of power electronic device is done such that these values 

are brought back to their references. The reference values of torque and flux are obtained by 

reference speed. Reference speed and measured speed are compared and then with a PI 

regulator reference torque is obtained. Also the reference value of flux can be calculated 

through flux table. Figure 4 shows block diagram of Direct Torque Control scheme[17,47,9]. 

 

+-

T* 

ᴪ* 

ᴪ 

+

- Selection
of

switching Inverter

Induction 
Motor 

Estimation 
Of

Flux and torque 

Flux 
control

Torque 
control

T

+

-

Sa

Sb

Sc

 

Fig.4. Block diagram for Direct Torque Control scheme 
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     In Figure 4 Sa, Sb and Sc are showing the switching instants. As we know that a 3 phase 

inverter has three arms and six switches. Now for controlling the speed of Induction Motors 

different switching patterns are obtained. Three switches from different arms get ON and the 

remaining three gets OFF, and according to switching a voltage vector appears on the 

terminals of the 3 phase Induction Motor, which effects the performance of Induction Motor. 

Figure 5 shows the different switching states. Here the vectors showing 0 and 1 show the 

states of switching state Sa, Sb and Sc, which is explained by equation 1.8(a), 1.8(b) and 

1.8(c). 

𝑆𝑎 = {
1 𝑖𝑓 𝑆1 𝑖𝑠 𝑂𝑁 𝑎𝑛𝑑 𝑆4 𝑖𝑠 𝑂𝐹𝐹

0 𝑖𝑓 𝑆1 𝑖𝑠 𝑂𝐹𝐹 𝑎𝑛𝑑 𝑆4 𝑖𝑠 𝑂𝑁
}                    (1.8(a)) 

𝑆𝑏 = {
1 𝑖𝑓 𝑆2 𝑖𝑠 𝑂𝑁 𝑎𝑛𝑑 𝑆5 𝑖𝑠 𝑂𝐹𝐹

0 𝑖𝑓 𝑆2 𝑖𝑠 𝑂𝐹𝐹 𝑎𝑛𝑑 𝑆5 𝑖𝑠 𝑂𝑁
}                    (1.8(b)) 

𝑆𝑐 = {
1 𝑖𝑓 𝑆3 𝑖𝑠 𝑂𝑁 𝑎𝑛𝑑 𝑆6 𝑖𝑠 𝑂𝐹𝐹

0 𝑖𝑓 𝑆3 𝑖𝑠 𝑂𝐹𝐹 𝑎𝑛𝑑 𝑆6 𝑖𝑠 𝑂𝑁
}                    (1.8(c)) 

 

 

 

 

Fig.5. Different switching states for an inverter 
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     In above equations the S1, S2, S3, S4, S5, S6 represents the six switches in the arms of the 

inverter as shown in Figure 6. 

 

Fig.6. Simple circuit diagram of a 3 phase inverter 

 

1.5. FIELD ORIENTED CONTROL SCHEME 

In field oriented control the basic principle is same that is the 3 phase current and voltage are 

measured and then transformed into 2 phase voltage and current by Clarke and Park 

transformation. The reference value of Id is calculated by applying a PI control which is fed 

with the error in speed[13,17,47,9]. The output of PI controller gives the torque and from this 

value Iq is calculated by the relation given in equation 1.9. 

 

 𝐼𝑞 =
2

3
.
2

𝑝
.
𝐿𝑟

𝐿𝑚

𝑇𝑒

𝛹
                                                                                        (1.9) 

 

     In above equation Lr is the rotor inductance, Lm is the mutual inductance, Te is the 

electrical torque and Ψ represents the calculated flux. 
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From reference flux Id is calculated which is given in equation 1.10 

𝐼𝑑 =
𝛹

𝐿𝑚
                                                                (1.10) 

     Now these two phase values are converted into 3 phase currents and then a hysteresis 

current controller is fed with the error between the reference and measured values of three 

phase currents. Output of hysteresis current controller provides the switching for inverter 

from which the Induction Motor is controlled. Figure 7 shows the block diagram of Field 

Oriented Control (FOC). 

InverterIabc-Idq

+

Induction 
Motor 

-

S
a

S
bS
c

N* 

N

PI
T* Equation 9

Iq* 

Id* Equation 10
ᴪ* 

Idq-Iabc
Iabc* 

Iabc 

Hysteresis 
control

Flux and 
theta 

calculation

ᴪ
Ө 

 

Fig.7. Block diagram for Direct Field Oriented Control 

     From classification we know that the Field Oriented Control (FOC) is further subdivided 

into two methods i.e Direct FOC and Indirect FOC. Figure 7 is showing the Direct FOC as 

the measured speed is directly sensed through the tacho-generator and then compared to the 

reference. Due to the need of the tacho-generator for Direct FOC, this approach becomes 

bulkier and costly. To remove tacho-generator, Indirect FOC is implemented in which the 

speed is also estimated from terminal voltage and currents and the only component which 

have to be measured from the motor terminals are only 3 phase voltages and currents. 
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1.6. ESTIMATION OF FLUX IN VECTOR CONTROL OF INDUCTION 

MOTOR 

As discussed above in two schemes of Vector Control i.e Direct Torque Control and Indirect 

Field Oriented Control, the part from where the controlling action starts is the estimation of 

flux and rotor angle θ. Estimation part of any controlling scheme is very important. In these 

two schemes also the estimation of rotor flux is done. The two methods for estimating the 

rotor flux are: 

1) Current model based estimation of rotor flux 

2) Voltage model based estimation of rotor flux 

 

     In current model the estimation is done by using the rotor parameters i.e rotor resistance, 

rotor inductance, and mutual inductance along with the terminal voltages and currents, 

because of this the current model is not reliable because the rotor parameters change with the 

performing conditions of the Induction Motor. On the other hand the voltage model 

estimation for flux is done by using only one parameter of Induction Motor i.e stator 

resistance along with the terminal voltages and currents. The stator resistance remains almost 

constant during transient and steady state operation of Induction Motor with very wide range 

of speed. The main problem associated with the current model based estimation of rotor flux 

is that of the parameters used in the model. These models are mostly the rotor parameters 

which are likely to change with the change in running conditions of the motor. So, the 

estimation will not be accurate. If the flux estimation is not accurate this may lead to the 

wrong switching state of the inverter which will effect the performance of Induction Motor. 

Voltage model on the other hand uses only one parameter of induction model i.e the stator 

resistance which does not change and remains almost constant in all driving conditions of the 

motor. 
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In voltage model the flux is basically estimated by integrating the back emf of the motor. The 

back emf of the motor is calculated by equation 1.11 and the estimated rotor flux can be 

obtained from equation 1.12.   

𝑒𝑚𝑓 = 𝑉 − 𝐼. 𝑅𝑠                                    (1.11) 

𝛹 = ∫𝑒𝑚𝑓 = ∫(𝑉 − 𝐼. 𝑅𝑠)                           (1.12) 

where V,I represents terminal voltage and current respectively and RS represents the stator 

resistance. 

 

1.7. PREDICTIVE CONTROL 

Model Predictive Control (MPC) is an advanced method of process control that has been in 

use in the process industries in chemical plants and oil refineries since the 1980s. In recent 

years it has also been used in power system balancing models Model predictive controllers 

rely on dynamic models of the process, most often linear empirical models obtained 

by system identification. The main advantage of MPC is the fact that it allows the current 

timeslot to be optimized, while keeping future timeslots in account. This is achieved by 

optimizing a finite time horizon, but only implementing the current timeslot. MPC has the 

ability to anticipate future events and can take control actions.PID and LQR controllers do 

not have this predictive ability[10,12].  

     MPC is nearly universally implemented as a digital control. Model predictive control uses 

a mathematical model to simulate a process. This model then fits the inputs to predict the 

system behavior. In this way, MPC is a type of feed forward control. It uses system inputs as 

a basis of control. MPC is more complex than most other feed forward control types because 

of the way these predictions are used to optimize a process over a defined amount of time. 

Most feed forward control types do not take into account the process outputs much past a 

https://en.wikipedia.org/wiki/Process_control
https://en.wikipedia.org/wiki/Industrial_process
https://en.wikipedia.org/wiki/Chemical_plant
https://en.wikipedia.org/wiki/Oil_refineries
https://en.wikipedia.org/wiki/Power_system
https://en.wikipedia.org/wiki/Empirical
https://en.wikipedia.org/wiki/System_identification
https://en.wikipedia.org/wiki/PID_controller
https://en.wikipedia.org/wiki/Linear-quadratic_regulator
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residence time. The MPC algorithm will compare predicted outputs to desired outputs and 

select signals that will minimize this difference over the time selected. The main algorithm 

used for applying Predictive control in Induction Motor controlling is discussed in chapter 4. 

 

1.8. MOTIVATION 

The problem associated with this estimation is related to the pure integrator. In pure 

integration if a sinusoidal wave is given in the input the output must be a cosine with same 

frequency and if the frequency of input is given 1 rad/sec, then the output cosine must be of 

the same magnitude as the sinusoidal input. In pure integration this is true only if the 

sinusoidal input is given at the instants where it achieve its positive or negative peaks, 

otherwise a dc offset appears at the output of the integrator, this problem is called the initial 

value problem. Another major problem associated with the pure integrator is that if dc offset 

is present along with the sinusoidal input then the output of the integrator will keep 

increasing and finally drive the integrator into saturation. The main aim this thesis is to 

discuss various algorithms to remove these problems associated with pure integration and to 

discuss the working, advantages and disadvantages of the algorithms. 

     In the vector control of Induction Motor the error between the reference current and the 

terminal currents are fed to the hysteresis controller. In place of hysteresis control a Model 

Predictive Controller is implemented and the results are obtained for Direct Vector Control of 

Induction Motor model. 
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1.9. ORGANIZATION OF THESIS 

     Chapter 2 describes the modeling of Induction Motor along with the DTC and FOC. In 

chapter 3 various filters to compensate the problems associated with the pure integration are 

discussed along with their working. In chapter 4 the implementation of these algorithms on 

the DTC drive is done on the simulink MATLAB. In chapter 5 Model Predictive Control 

based simulation is done on the Direct Vector Control of Induction Motor. In chapter 6 the 

results and discussion is done and in chapter 7 conclusion and future scope is drawn. 
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CHAPTER 2 

 

MODELLING OF INDUCTION MOTOR 

 

2.1. INDUCTION MOTOR MODELLING FOR VECTOR CONTROL 

Vector control of Induction Motor is used for high performance Induction Motors. As we 

know that vector control is used for Induction Motor to obtain the performance equivalent to 

DC motor. Now for obtaining this we have to find two current components, in which one is 

responsible for flux and other is responsible for torque. 

     So, we have to find the current which is proportional to Torque, and the flux Ψ which is 

orthogonal to torque producing component. Now the Ψ generated by current I, but for 

Induction Motor current is vector sum of Ψ producing component and torque producing 

component are shown in Figure 8[20.46,47]. 

 

Fig.8. Diagram showing the direct field oriented control 

     In Figure 8, Ψ represents the total flux component and I0 represents the rotor flux 

producing component and I2 represents the torque producing component. Figure 9 represents 
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the phasor diagram representing the total flux component Is, magnetic current Im, and torque 

producing component Ir. The reference for phasor diagram in Figure 9 is taken as Ψm, IΨ is 

the component in the direction of pure inductance and Ir is in the direction of resistance and 

inductance. 

 

ᴪm

Iᴪ»ᴪm

Ir»(ᴪr)

Ө 

Is»(ᴪs)

 

Fig.9. Phasor diagram for Induction Motor 

 

     Now as we now that emf induced is the n times the rate of change of flux, so voltage 

across Rr/s is given by equation 2.1. 

𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑎𝑐𝑟𝑜𝑠𝑠 
𝑅𝑟

𝑠
=

𝑑𝛹𝑟

𝑑𝑡
= 𝑗. 𝜔.𝛹𝑟. cos𝜔𝑡                      (2.1)  

     Now we have to divide this total component Is into two components, and according to this 

dynamic model must be developed, under dynamic conditions current values can change. 

Now if we want to resolve the current ‘Is’ along Ψr and perpendicular to it, we need to know 

the position of Ψr under all dynamic condition. This is the basic concept of Vector Control of 

Induction Motor. 

    Now by Clarke transformation three phase quantities (abc) are changed to αβ component 

which is the stationary frame of reference given by equation 2.2(a) and 2.2(b) . 
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𝐼𝑠 = 𝐼𝛼 + 𝑗. 𝐼𝛽                                          2.2(a) 

𝑉𝑠 = 𝑉𝛼 + 𝑗. 𝑉𝛽                                         2.2(b) 

α-axis is always placed at the a phase axis. Equation 2.2(a) and 2.2(b) can be represented by 

2.3(a) and 2.3(b). Now in steady state these phases rotate that is ϕ rotate and angles are fixed 

between voltage and currents and in dynamic model ϕ and magnitude both varies. 

𝐼𝑠 = |𝐼𝑠|. 𝑒
𝑗.𝜔.𝑡                                              2.3(a)  

𝑉𝑠 = |𝑉𝑠|. 𝑒
𝑗.𝜔.𝑡                                             2.3(b) 

     Figure 10 shows phasor for stationary frame of reference. The stator and rotor equations 

are given by equation 2.4and 2.5. 

 

Fig.10. Phasor diagram for αβ frame of reference 

For stator 

 𝑉𝑠 = 𝑅𝑠. 𝐼𝑠 + 𝐿𝑠𝑠.
𝑑𝐼𝑠 

𝑑𝑡
+ 𝑀.

𝑑𝐼𝑟

𝑑𝑡
                           (2.4)              

For rotor (rotor is shorted in IM so net voltage sum across the mesh is equal to zero)                    

0 = 𝑅𝑟 . 𝐼𝑟 + 𝐿𝑟𝑟 .
𝑑𝐼𝑟 

𝑑𝑡
+ 𝑀.

𝑑𝐼𝑠

𝑑𝑡
                           (2.5) 
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     Now we want to find instantaneous position of rotor flux for converting αβ into dq 

reference frame i.e synchronous frame of reference. So, if we know the instantaneous position 

of ϕR i.e the rotor flux , then we can position dq along ϕr. 

    Figure 11 shows the shifting of αβ reference frame to dq reference frame, here θ shows the 

rotor angle and ϕ1 and ϕ2 shows angle with Is and Vs with respect to stationary reference 

frame axis α. 

q

α 

β 

d

Ir

Is

Vs

Ө 
Ø1

Ø2

 

Fig.11. Phasor diagram for dq frame of reference 

 

Now for transforming voltages and currents from stationary frame of reference to 

synchronous frame of reference equation 2.6(a), 2.6(b), 2.7(a) and 2.7(b) are used[37]. 

𝑉𝑠𝑑 = |𝑉𝑠|. cos(𝜙1 − 𝜃)                                         (2.6(a))  

𝑉𝑠𝑞 = |𝑉𝑠|. sin(𝜙1 − 𝜃)                                     (2.6(b))  

𝐼𝑠𝑑 = |𝐼𝑠|. cos(𝜙2 − 𝜃)                                        (2.7(a))  

𝐼𝑠𝑞 = |𝐼𝑠|. sin  (𝜙2 − 𝜃)                                        (2.7(b))  
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     Now the final dynamic equations for stator and rotor with dq frame of reference are given 

in equation 2.8(a), 2.8(b), 2.9(a) and 2.9(b). 

 

For stator d axis voltage equation  

 

𝑉𝑠𝑑 = 𝑅𝑠 . 𝐼𝑠𝑑 + 𝐿𝑠𝑠 .
𝑑𝐼𝑠𝑑

𝑑𝑡
− 𝐿𝑠𝑠 . 𝜔𝜃. 𝐼𝑠𝑞 + 𝑀.

𝑑𝐼𝑟𝑑

𝑑𝑡
− 𝑀.𝜔𝜃. 𝐼𝑟𝑞        (2.8(a)) 

 

For stator Q axis voltage equation 

 

𝑉𝑠𝑞 = 𝑅𝑠. 𝐼𝑠𝑞 + 𝐿𝑠𝑠.
𝑑𝐼𝑠𝑞

𝑑𝑡
− 𝐿𝑠𝑠 . 𝜔𝜃. 𝐼𝑠𝑑 + 𝑀.

𝑑𝐼𝑟𝑞

𝑑𝑡
− 𝑀.𝜔𝜃 . 𝐼𝑟𝑑        (2.8(b)) 

 

For rotor d axis voltage equation 

 

0 = 𝑅𝑟 . 𝐼𝑟𝑑 + 𝐿𝑟𝑟 .
𝑑𝐼𝑟𝑑
𝑑𝑡

− 𝐿𝑟𝑟 . (𝜔𝜃 − 𝜔𝑟). 𝐼𝑟𝑞 + 𝑀.
𝑑𝐼𝑠𝑑
𝑑𝑡

 

−𝑀. (𝜔𝜃 − 𝜔𝑟). 𝐼𝑠𝑞       (2.9(a)) 

 

For rotor q axis voltage equation 

 

0 = 𝑅𝑟 . 𝐼𝑟𝑞 + 𝐿𝑟𝑟 .
𝑑𝐼𝑟𝑞

𝑑𝑡
− 𝐿𝑟𝑟 . (𝜔𝜃 − 𝜔𝑟). 𝐼𝑟𝑑 + 𝑀.

𝑑𝐼𝑠𝑞

𝑑𝑡
 

−𝑀. (𝜔𝜃 − 𝜔𝑟). 𝐼𝑠𝑑       (2.9(b)) 
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In above equations  

 

Stator inductance=Lss= M+Ls, where M is mutual inductance and Ls is stator self inductance 

Rotor inductance=Lrr= M+Lr, where M is mutual inductance and Lr is rotor self inductance 

ωθ  = Angular frequency with which dq axis is rotating 

 ωr = Angular frequency of rotor 

Vsd and Vsq = Stator voltages correspond to d and q axis 

Isd and Isq= Stator currents correspond to d and q axis 

Ird and Irq= Rotor currents correspond to d and q axis 

Rr and Rs are rotor and stator resistance 

 

     Now based on the above equations the equivalent dynamic model is shown in Figure 12 

and Figure 13. 

D circuit equivalent model 

Vsd

isd

Rr

ird
RS

LS

M

Lr

Øsd
Ørd

ωӨ(Lss.Isq + M.Irq)= ωӨ.Øsq (ωӨ-ωr).(Lrr.Irq + M. Isq)=(ωӨ-ωr).Ørq 

 

 

Fig.12. Equivalent dynamic model representing equation 20(a) 
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 Q circuit equivalent model 

Vsq

isq

Rr

irq
RS

LS

M

Lr

Øsq
Ørq

ωӨ(Lss.Isd + M.Ird)= ωӨ.Øsd (ωӨ-ωr).(Lrr.Ird + M. Isd)=(ωӨ-ωr).Ørd

 

 
 

Fig.13. Equivalent dynamic model representing equation 20(b) 

 

In above Figures ϕsq , ϕrq , ϕsd , ϕrd are given below: 

𝜙𝑠𝑞 = 𝜔𝜃(𝐿𝑠𝑠𝐼𝑠𝑞 + 𝑀. 𝐼𝑟𝑞)                            (2.10(a)) 

𝜙𝑟𝑞 = (𝜔𝜃 − 𝜔𝑟). (𝐿𝑟𝑟𝐼𝑟𝑞 + 𝑀. 𝐼𝑠𝑞)                            (2.10(b)) 

 𝜙𝑠𝑞 = 𝜔𝜃(𝐿𝑠𝑠𝐼𝑠𝑑 + 𝑀. 𝐼𝑟𝑑)                            (2.10(c)) 

𝜙𝑟𝑑 = (𝜔𝜃 − 𝜔𝑟). (𝐿𝑟𝑟𝐼𝑟𝑑 + 𝑀. 𝐼𝑠𝑑)                            (2.10(b)) 

 

     Here dq axis is rotating with speed ωθ, so when ωθ is zero then it represents the stationary 

reference frame and when ωθ is equal to synchronous speed then it represents the 

synchronous reference frame. 

So all the above equations can be represented in matrix form and given by equation 2.11. 

 

[

𝑉𝑑𝑠

𝑉𝑞𝑠

0
0

] =

[
 
 
 

𝑅𝑠𝑠 + 𝐿𝑠𝑠. 𝐷 −𝜔𝑠  
. 𝐿𝑠𝑠 𝑀.𝐷 −𝑀.𝜔𝑠

𝐿𝑠𝑠 . 𝜔𝑠 𝑅𝑠𝑠 + 𝐿𝑠𝑠. 𝐷 𝑀.𝜔𝑠 𝑀.𝐷

𝑀. 𝐷 −(𝜔𝑠 − 𝜔𝑟). 𝑀 𝑅𝑟 + 𝐿𝑟𝑟 . 𝐷 −𝐿𝑟𝑟 . (𝜔𝑠−𝜔𝑟)

−𝑀. (𝜔𝑠−𝜔𝑟) 𝑀. 𝐷 𝐿𝑟𝑟 . (𝜔𝑠−𝜔𝑟) 𝑅𝑟𝑟 + 𝐿𝑟𝑟 . 𝐷 ]
 
 
 

.

[
 
 
 
𝐼𝑑𝑠

𝐼𝑞𝑠

𝐼𝑑𝑟

𝐼𝑞𝑟]
 
 
 
     (2.11) 
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     Now power equation is given by equation 2.12. As we know that if we transform into any   

reference frame then in any reference frame power balance should be met, so for this a factor 

of 2/3 is multiplied to power equation. 

𝑃𝑜𝑤𝑒𝑟(𝑃) =
2

3
.
𝑀𝜔𝑠

𝐿𝑟𝑟
(𝜙𝑟𝑑 . 𝐼𝑠𝑞 − 𝜙𝑟𝑞 . 𝐼𝑠𝑑)                         (2.12) 

      Now as we know that torque is power divided by angular speed so torque equation is 

given by equation 2.13. 

𝑇𝑜𝑟𝑞𝑢𝑒(𝑇) =
2

3
.
𝑃

2
.

𝑀

𝐿𝑟𝑟
(𝜙𝑟𝑑𝐼𝑠𝑞 − 𝜙𝑟𝑞 . 𝐼𝑠𝑑)                   (2.13) 

For Field Oriented Control, we want that ϕr i.e the resultant flux should always align along d 

axis. So, for this ϕrq must be equal to zero, now by putting ϕrq equal to zero in above torque 

equation we get equation 2.14, so from equation 2.14 we can see that torque is directly 

proportional to Isq as given in equation 2.15. So the total flux ϕR is equal to ϕsd which can be 

controlled by the current component Isd and the component perpendicular to it is Isq, and by 

varying it Torque can be controlled as torque is directly proportional to ϕsq, and finally a 

decoupled action is obtained. 

𝑇𝑜𝑟𝑞𝑢𝑒(𝑇) =
2

3
.
𝑃

2
.

𝑀

𝐿𝑟𝑟
. (𝜙𝑟𝑑𝐼𝑠𝑞)                         (2.14) 

𝑇𝑜𝑟𝑞𝑢𝑒(𝑇) ∝ 𝐼𝑠𝑞                                              (2.15) 

     So, it can be established that by varying the orthogonal component i.e perpendicular 

component Isq the developed torque control is possible. 

As we have established above that ϕqr should be equal to zero in Vector Control,we can write 

ϕqr= 0 

𝑑𝜙𝑞𝑟

𝑑𝑡
= 0 

So from equivalent Q circuit model, and taking ωθ=ωs we can write 
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                                  (𝜔𝑠 − 𝜔𝑟). 𝜙𝑟𝑑 + 𝑅𝑟𝐼𝑟𝑞 =
𝑑𝜙𝑞𝑟

𝑑𝑡
= 0                             (2.16) 

and                                          𝑀. 𝐼𝑠𝑞 + 𝐿𝑟𝑟𝐼𝑟𝑞 = 𝜙𝑞𝑟 = 0                                      (2.17) 

From equation 2.16 and 2.17 we can establish a relation with ωslip and Isq which is given by 

equation 2.18. 

(𝜔𝑠 − 𝜔𝑟). 𝜙𝑟𝑑 = 𝑅𝑟𝐼𝑞𝑠.
𝑀

𝐿𝑟𝑟
 

𝜔𝑠𝑙𝑖𝑝𝜙𝑟𝑑 =
𝑀

𝐿𝑟𝑟
. 𝐼𝑠𝑞. 𝑅𝑟                               (2.18) 

      So now from above equation we can say that 𝜔𝑠𝑙𝑖𝑝 is directly proportional to Isq. 

Now from equivalent d axis model the term (𝜔𝑠 − 𝜔𝑟). 𝜙𝑟𝑑 will be equal to zero. 

By keeping constant Isd we are keeping ϕrd constant. 

Now again as we established earlier that ϕqr=0 for vector control so total flux ϕr is equal to 

ϕdr. 

𝜙𝑟 = 𝜙𝑑𝑟 = 𝑀. 𝐼𝑑𝑠 + 𝐿𝑟𝑟 . 𝐼𝑑𝑟 

Here we define, 𝜎𝑟 =
𝐿𝑟𝑟−𝑀

𝑀
, so we can write the above equation as 

𝜙𝑑𝑟 = 𝑀. 𝐼𝑑𝑠 + 𝑀. (1 + 𝜎𝑟). 𝐼𝑑𝑟                                 (2.19) 

Again ϕdr= M.Idr 

so from equation 2.19 we can have Idr as  

𝐼𝑑𝑟 =
(𝐼𝑚𝑟−𝐼𝑑𝑠)

1+𝜎𝑟
                                  (2.20) 

Now from rotor side 

𝑑𝜙𝑑𝑟

𝑑𝑡
 + 𝑅𝑟𝐼𝑑𝑟 

𝑀(1 + 𝜎𝑟)

𝑅𝑟
.
𝑑𝐼𝑚𝑟

𝑑𝑡
+ 𝑅𝑟

(𝐼𝑚𝑟 − 𝐼𝑑𝑠)

1 + 𝜎𝑟
= 0 
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𝑀(1 + 𝜎𝑟)

𝑅𝑟
.
𝑑𝐼𝑚𝑟

𝑑𝑡
+ 𝐼𝑚𝑟 = 𝐼𝑑𝑠 

Now as we established Imr is constant as we want to have a constant flux, so that makes  

𝐼𝑚𝑟 = 𝐼𝑑𝑠                                               (2.21)  

So from equation 2.18 we can write  

𝐼𝑚𝑟 = 𝐼𝑑𝑠 =
𝑀

𝜔𝑠𝑙𝑖𝑝.𝐿𝑟𝑟
. 𝐼𝑠𝑞 . 𝑅𝑟                               (2.22) 

Rr/Lrr can be written as time constant τr , so we can finally write  

𝜔𝑠𝑙𝑖𝑝 =
𝐼𝑠𝑞

𝜏𝑟.𝐼𝑠𝑑  
                                       (2.23) 

      As we know in Induction Motor we can write a mechanical equation as in equation 2.24 

where Td represents developed torque, Tl represents load torque, J represents moment of 

inertia and ω represents angular speed of Induction Motor.  

𝑇𝑑 − 𝑇𝑙 = 𝐽.
𝑑𝜔

𝑑𝑡
                                      (2.24) 

     Now from all the discussion and modeling equations of Induction Motor for vector control 

a final block diagram showing the Field Oriented Control scheme of Induction Motor is 

shown in Figure 14 and 15. 
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Iabc to Iαβ

Transformation
(equation 5)

Ia

Ib

Ic

Iα 
Ia

Iβ 

Iαβ to Idq

Transformation
(equation 7)

Ө 

integrator 

ωs

Isd

Isq

1/1+sτ 
Imr +

-Td

Load torque(Tl)

1/J 

integrator 

ωm
P/2

ωr
+

+

 

 Fig.14. Induction Machine model under Field Oriented Control 

Ia* 

Ib* 
Ic* 

+-
ωref

ωdev

PI
Isq* 

Imr(ref)

Imr

Isd*
+- PI

Inverse 

park

Iα* 

Iβ* 

Inverse 

clarke

Hysteresis 

PWM

controller 

inverter

Induction
Motor 

Clarke

abc-αβ 

Ia

Ib

Ic

Iα  

Iβ

Park 

αβ-dq 

Isd

Isq

LPF

1/τ.Imr
ωslip++

Tachogenerator

Ө 

 

 Fig.15. Block diagram for Direct Field Oriented Control 
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2.2. FLUX ESTIMATION MODELS 

As it was discussed in first chapter that for flux estimation in Induction Machine two models 

can be used namely Current Model for Flux Estimation and Voltage Model for Flux 

Estimation[46]. 

 

2.2.1. Current model 

 The equations for the current model for estimating the flux of Induction Motor are given by equation 

2.25 and 2.26, and Figure 16 shows the block diagram for current model estimation. 

𝑑𝛹𝑑𝑟

𝑑𝑡
=

𝐿𝑚

𝜏𝑟
𝐼𝑑 − 𝜔𝑟 . 𝛹𝑞𝑟 −

1

𝜏𝑟
𝛹𝑑𝑟                         (2.25) 

𝑑𝛹𝑞𝑟

𝑑𝑡
=

𝐿𝑚

𝜏𝑟
𝐼𝑞 − 𝜔𝑟 . 𝛹𝑑𝑟 −

1

𝜏𝑟
𝛹𝑞𝑟                         (2.26) 

where τr = Lr/Rr  

 

Fig.16. Block diagram for current model estimation of flux 
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Now as we can see from equations and block diagram that this model depends on the rotor 

parameters, which can change with the operating condition of Induction Motor, so this model is not 

reliable. 

 

2.2.2. Voltage model 

The simple equations for voltage model based estimation of flux are given by equations 2.27 and 2.28. 

𝛹𝑑𝑠 = ∫𝑉𝑑𝑠 − 𝐼𝑑𝑠. 𝑅𝑠                                    (2.27) 

𝛹𝑞𝑠 = ∫𝑉𝑞𝑠 − 𝐼𝑞𝑠 . 𝑅𝑠                                    (2.28) 

The block diagram showing the voltage model flux estimation scheme is shown in Figure 17. 

 

Fig.17. Block diagram for voltage model estimation of flux 

 

      From above equations and block diagram it is clear that for flux estimation with voltage 

model only one parameter is needed that is stator resistance which remains almost constant in 

wide range of operating conditions of the Induction Motor. 
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CHAPTER 3 

 

FILTER DESIGNING 

 

3.1. PURE INTEGRATOR THEORY 

If we apply a sinusoidal quantity at the input of pure integrator the result must be cosine with 

same frequency. In pure integrator however applying a sine will give cosine only at two 

instants, i.e at the instants where the sinusoidal quantity achieves its positive or negative peak 

values[2,4]. 

      Let us assume a signal X with amplitude Am which is sinusoidal in nature which is to be 

integrated and gives output Y as given in equation 3.1. 

        

𝑌 = ∫𝑋. 𝑑𝑡                                                                (3.1) 

 

For 𝑋 = 𝐴𝑚sin(𝜔𝑡), then 

 

𝑌 =
1

𝜔
(−𝐴𝑚. cos(𝜔𝑡) +  𝐴𝑚. cos(𝜔𝑡)|t=0)  

𝑌 =
1

𝜔
(−𝐴𝑚. cos(𝜔𝑡) + 𝐴𝑚)                               (3.2) 

 

        As it can be seen from equation 3.2 that at the output of the integrator a constant dc 

offset is present which appears due to the initial value of the limit of integrations i.e taking 

t=0 as the initial point. 
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If we consider a signal which is having a measurement offset at input Adc 

For  𝑋 = 𝐴𝑚 sin(𝜔𝑡) +  𝐴dc ,  then 

 

𝑌 =
1

𝜔
(−𝐴𝑚. cos(𝜔𝑡) +  𝐴𝑚. cos(𝜔𝑡)|t=0) + Adc𝑡 - Adc𝑡|t=0          . 

𝑌 =
1

𝜔
(−𝐴𝑚. cos(𝜔𝑡) +  𝐴𝑚) +  𝐴dc𝑡                                                                      (3.3) 

 

       Now if we compare Equation 3.2 and 3.3 then we can observe that in equation 3.3 there 

is an additional term present that is of ramp nature, so due to the offset errors present in input 

the integrator is derived to the saturation. So while implementing integrator in an estimation 

scheme if their present a measurement offset value or offset value due to any other reason, 

then estimation scheme will not work properly as integrator will be saturated no matter how 

small is the offset at input. It is to be noticed that if the sinusoidal input is applied at the 

instants where it achieve the positive or negative peaks then there will be no initial value 

error at the output, but it is not always possible. Figures 18(a) and 18(b) shows the pure 

integrator output when sinusoidal input is applied and Figure 19(a) and 19(b) shows the 

output of integrator when input is applied at the peaks[40]. 

 

Fig.18(a). Error due to initial value problem 
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Fig.18(b). Error due to measurement offset at the input 

 Fig.19(a).Output when applied at peak, no initial value error 

 Fig.19(b).Output when applied at peak, measurement offset errors persist 
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3.2. LOW PASS FILTER  

Now to compensate the initial value problem that gives an offset at the output and 

measurement offset problem that drives the integrator into saturation a low pass filter is 

proposed in place of the pure integrator in controlling scheme. Figure 3 shows the block 

diagram of the Low Pass Filter[1,5,40]. 

Integrator-
Input Error Output

w c

+

 

Fig.20. Block diagram of a low pass filter 

TABLE I. Magnitude and Phase errors introduced by Low Pass Filter 

 MAGNITUDE PHASE 

PURE 

INTEGRATOR 

1

𝜔
 

−𝜋

2
 

LOW PASS 

FILTER 

1

√𝜔C
2 +  𝜔𝑠

2
 − tan−1

𝜔S

𝜔𝑐
 

 

       For reducing the drift problems associated with the pure integrator it should be taken care 

that the cut off frequency of the low pass filter must be fixed lesser to the input frequency. If 

the cut off frequency chosen equal to or higher than input frequency it will introduce errors 

and if the chosen frequency is very less than supply frequency then it must be noted that 
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effectiveness of the low pass filter will be reduced as it will be approximated as pure 

integrator. 

       But by replacing pure integrator with LPF introduce magnitude and phase errors given in 

table 1. The phasor diagram of LPF and pure integrator is shown in Figure 21. 

 

α 

β 

Өs

Өs’

ᴪs 

ᴪs’
jωsᴪs 

ωcᴪs' 

jωsᴪs’ 

RsIs

Vs

Is

 

Fig.21. Phasor diagram of LPF 

 

Fig22(a). LPF with cut off frequency higher than input frequency 
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Fig22(b). LPF with cut off frequency lower than input frequency 

 

     Figure 22(a) shows the output of integrator when cut off   frequency is selected higher 

than input frequency, which introduce huge amount of phase and magnitude errors. Figure 

22(b) shows the output when cut off frequency is selected lower than operating frequency. It 

can be seen that errors are reduced but drift problem persist. So, the cut off frequency must be 

chosen in a way so that to achieve a balance. 

 

3.3 ALGORITHMS FOR COMPENSATING INTEGRATION ERROR 

 

3.3.1 Algorithm/Strategy 1(Calculating average in each cycle feedback) 

The basic principle in this strategy is the fact that the average of a sinusoidal wave in a cycle 

is equal to zero. This strategy is used in applications where the time constant of the system is 

large and the offset present at the input terminal is small. This means the increase of the ramp 

type output will also be small. So a moving average is calculated of the output in every cycle 

and it is subtracted from it. Main advantage of using this strategy is that it uses pure 

integrator. Block diagram of this strategy is shown in Figure 23[6]. 
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Input Error Output+

Calculation of 
average in 
each cycle

Pure 
Integrator-

 

 Fig.23. Block diagram for strategy 1 

 

3.3.2 Algorithm/Strategy 2 (modified integrator of strategy 1 with 

compensation of input bias) 

Strategy 1 is for the applications where the measurement offset at input is minimum however 

it is not the case every time. So, for these applications an another strategy is suggested where 

at the input compensation of offset is done by introducing a Low Pass Filter. The block 

diagram of this strategy is shown in Figure 24.Main drawback of strategy 1 and strategy 2 is 

that it only deals with the measurement offset problem and not with the initial value problem 

of the integrator. Also it can be seen in the results that the response of the modified 

integrators with strategy 1 and strategy 2 is not free from errors[6]. 

Input Error Output+

Calculation of 
average in 
each cycle

Pure 
Integrator-+

Low Pass 
Filter

-

 

 Fig.24. Block diagram for strategy 2 
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3.3.3 Algorithm/Strategy3 (Modified low pass filter with saturation 

feedback) 

               A pure integrator and low pass filter is discussed in section II. Strategy 3 is given by 

equation 3.4[3]. 

𝑦 =
𝑥

1+𝜔
+

𝜔.𝑍𝑐𝑜𝑚𝑝

1+𝜔
                                         (3.4) 

             Here  𝜔 represents the cut off frequency and Z represents the compensation feedback 

as shown in Figure 25. 

 

Low Pass 
Filter

Feedforward

X

Low Pass Filter

+

+

ωc saturation

Feedback

z

y

 

 Fig.25. Block diagram for strategy 3 

 

        Equation 3.4 represents a modified integrator, if the value of Z is taken directly from the 

output i.e Z=y, then equation 4 act as a pure integrator, on the other hand if we put Z=0, 

equation 4 behave as a low pass filter, so by varying the saturation value at the feedback we 

can reduce the errors introduced by pure integration and as well as can reduce the phase and 

magnitude errors that are introduced by Low Pass Filter. The main problem with this strategy 

is to select the value of saturation. 
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      In drive applications the error mainly comes when drive runs at very low speed, which 

means the operating frequency is low, in this scenario the measurement error is high as 

compared to integrator output which results in saturation of the integrator. For this strategy 

let us assume that a pure dc signal is applied at the input, then from equation 3.4 the 

maximum output is 

𝑦 =
𝑥

𝜔
+  𝐿                                      (3.5) 

where L is the limiting value provided at the fepath,from equation it can be implied that 

strategy 3 based modified integrator will not saturate provided limiting value of saturation is 

properly set. Limiting value should be set equal to the reference output needed as per the 

application. 

     For drive applications the limiting value of saturation must fixed equal to the reference 

flux value. If the limiting value is set more than reference flux value, then output flux 

waveform shifts upward or downward due to measurement dc offset at input, and it will 

increase until it reaches upper or lower limiting value. So, output flux waveform will contain 

an AC signal with a dc offset. If limiting value is set lower than the reference value then the 

output will not contain any dc offset but it will be distorted[32,39]. 

 

3.3.4 Algorithm/Strategy 4(Splitting magnitude and angle for control) 

To eliminate the distortion problem of strategy 3 which is due to setting the limiting value 

less than the reference value a new integration algorithm is developed[3].
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Feedback

Feedforward
+

+
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Feedback
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lλl 

+

+

Ө 

emfα 

emfβ 

ᴪα  

ᴪβ 
 

 Fig.26. Block diagram for strategy 4 

 

This is specially used for AC drive control system, because in ac drive vector control the 

three phase of terminal voltage and current are transformed to two phase quantities in αβ 

reference frame for controlling, the αβ flux is then calculated with these values. In strategy 4 

the outputs Ψα and Ψβ are converted to polar form where magnitude Ψm and phase angle θ is 

given by equation 3.6(a) and 3.6(b)[7,8]. 

 

Ψm = √Ψα2  +  Ψβ
2

                                                            (3.6(a)) 

θ = tan−1 Ψβ

Ψα
                                                                    (3.6(b)) 

 

        Now the output Ψm is a DC quantity and the limiter output in strategy 3 is also a DC 

quantity so in this strategy the same method is used in the magnitude of the output and angle 
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of the output is controlled normally. The block diagram describing strategy 4 as shown in 

Figure 9. The results and comparison of strategy 3 and strategy 4 is done in section V. 

 

 

3.3.5 Algorithm/Strategy 5 (Modified integrator with PI) 

In strategy 3 and strategy 4 we have used a limiter. The value of limiter is fixed and should be 

equal to the reference flux value needed in the AC drives. So, strategy 1 and 2 are used in 

constant flux AC drives. For the drives with variable flux levels another strategy is 

introduced. In this the compensation value is not fixed and changed with the flux levels of 

AC drive. An adaptive approach is implemented which is based the fact that motor flux and 

motor emf have 90 degree phase between them. Phasor diagram shown in Figure 27 

represents the equation 3.4 i.e the total flux is comprises of two parts i.e Ψα and Ψβ, which in 

turn again comprises of feed forward and feedback components. Now if any component is 

increased or decreased then the total flux will not have quadrature angle with emf. This 

results in an error which is given by equation 3.7[7,8]. 

 

|𝑒𝑚𝑓|. cos 𝜙 = 
𝜙𝑏𝑒𝑡𝑎.𝐸𝑀𝐹𝑏𝑒𝑡𝑎+𝜙𝑎𝑙𝑝ℎ𝑎.𝐸𝑀𝐹𝑎𝑙𝑝ℎ𝑎 

|𝜙|
                    (3.7) 
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ϒ 

α 

ᴪα 
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β 

ᴪβ

ᴪr

ᴪβ' 

ᴪr' 
 

Fig.27. phasor diagram showing relationship between emf and Ψ 
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Fig.28. Block diagram for strategy 5 

 

      So, a detector is implemented along with PI regulator, 𝑍comp i.e the magnitude component 

in feedback is calculated from equation 3.8. 
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𝑍comp= (𝑘p + 
𝑘

𝑠
i). 

𝜙𝑏𝑒𝑡𝑎.𝐸𝑀𝐹𝑏𝑒𝑡𝑎+𝜙𝑎𝑙𝑝ℎ𝑎.𝐸𝑀𝐹𝑎𝑙𝑝ℎ𝑎 

|𝜙|
               (3.8) 

 

The output of PI regulator will be zero if the angle between emf and the estimated flux is 

equal to 90 degree. The block diagram describing strategy5 is shown in Figure 28. 

 

3.3.6 Algorithm/Strategy6 (Modified integrator with frequency 

compensation and cut off frequency tuning) 

In all the strategies discussed yet, the cut off frequency of the filters is fixed. An approach is 

presented in strategy 6. Firstly to compensate the low pass filter errors a simple compensation 

is provided which is to multiply the LPF block with the inverse of HPF frequency response. 

The gain and phase of LPF is given in Table 1, and magnitude and phase for inverse of HPF 

is given in equation 3.9[38,21,8]. 

 

√(𝜔𝑐
2+ 𝜔𝑠

2)

|𝜔𝑠|
                                                           (3.9) 

𝜃 =  tan−1(
𝜔𝑠

𝜔𝑐
) − 

𝜋

2
                                       (3.10) 

 

Now the main advantage of this strategy is that the corner frequency of the low pass filter is 

tuned with respect to the operating frequency of the system. The choice of cut off frequency 

is very important as a filter which can attenuate the dc offset at high speed may fail to 

attenuate at low speeds. So, corner frequency is tuned and depends upon the operating 

frequency as given by equation 3.11. 
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𝜔𝑐 =  𝜆. |𝜔𝑠|                                                            (3.11) 

Pure 
integrator 

λ ×

sign

derivative

×jλ ∟

ω 

Ө
 

yx + +

--

|.|

 

Fig.29. Block diagram for strategy 6 

 

So, the final model of the modified integrator includes a low pass filter block then the 

compensation of errors given by equation 3.9 and equation 3.10 and then finally the tuning of 

cut off frequency as given in equation 3.11. 

From equations 3.9, 3.10 and 3.11 we can get the modified integrator equation 3.12. 

𝑦 =  ∫(−𝜆|𝜔𝑠| +  [1 − 𝑗𝑠𝑖𝑔𝑛(𝜔𝑠)]. 𝑥). 𝑑𝑡                            (3.12) 

where y is the output and x is the input to the modified integrator. Here 𝜆 is the designing 

factor and its value typically lies from 0.1 to 0.5. It should be noticed that for 𝜆 = 0 equation 

12 yields pure integrator. The block diagram showing the implementation of equation 12 is 

shown in fig.29. In this algorithm instead of using the operating frequency from output we 

can also estimate the operating frequency from the equation 3.13[38,21,8]. 

 

𝜔𝑠 =
[𝛹𝑠𝛼(𝑉𝛽−𝐼𝛽.𝑅𝑠)− 𝛹𝑠𝛽(𝑉𝛼−𝐼𝛼𝑅𝑠)]

[𝛹𝛼
2+𝛹𝛽

2]
                      (3.13) 
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CHAPTER 4 

IMPLEMENTATION OF FILTERS ON INDUCTION MOTOR 

DRIVE 

4.1 SIMULATION MODELS 

The algorithms discussed in chapter 3 are implemented on the Direct Torque Control model 

in MATLAB Simulink. The model used for simulink is shown in Figure 30(a) and 30(b). 

 

Fig.30(a). Simulation model of Direct Torque Control scheme of Induction Motor (masked) 

 

Fig.30(b). Simulation model of DTC scheme of Induction Motor (unmasked). 



55 
 

In Figure 30 (b), the detailed simulation diagram is given, it consist of various components 

which are described further. 

     Firstly the 3 phase supply is given to a diode rectifier along with the braking chopper, it is 

included in the simulation because in real applications the three phase supply is not given 

directly to the Induction Motor but it goes through two conversions to achieve variable 

frequency controlling. First stage is AC to DC conversion which is done by rectifiers along 

with the chopper, then the second conversion which is DC to AC, and it is done by Inverter. 

In place of using rectifier and braking chopper a simple DC supply can also be given to the 

Inverter. The main controlling of Induction Motor is through switching pattern of Inverter. 

The circuit diagram of inverter was described in chapter 1, from which we can see that a three 

phase inverter has 6 switches, and the switching of these switches decides the controlling of 

Induction Motor. Now the output of Inverter is directly connected to Induction Motor in build 

model of MATLAB, the parameters of Induction Motor are given in Table 2.   

TABLE II. MOTOR PARAMETERS for DTC DRIVE 

Motor parameter Value 

Power Rating 149.2 kVA 

Number of pole pairs 2 

Rated speed 1500 rpm 

Stator Self Inductance 0.3027 mH 

Rotor Self Inductance 0.3027 mH 

Mutual Inductance 10.46 mH 

Stator Resistance 14.85 mῼ 

Rotor Resistance 9.295 mῼ 

Inertia constant 3.1 kgm2 

Friction Coefficient 0.08 Nms 
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TABLE III. CONTROL PARAMETERS for DTC DRIVE 

Control Parameters Value 

Proportional Gain 30 

Integral Gain 200 

Hysteresis bandwidth Torque 10 Nm 

Hysteresis bandwidth flux 0.02 Wb 

Initial machine flux 0.8 Wb 

Maximum switching frequency 20000 Hz 

Sampling time for DTC 20e-6 sec 

 

     Now as can be seen from Figure 30(b) the output speed of Induction Motor is taken and 

feed to speed controller block of simulation, the second input to speed controller block is the 

reference speed, a PI controller is implemented whose input is given as error in speed and the 

output is taken as Torque reference according to error in speed, so from here the reference 

torque is generated and also the reference flux is taken as fixed value of 0.8 Wb. The 

unmasked speed controller block is shown in Figure 31. 

 

Fig.31. Unmasked speed controller block 
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     Now the output of speed controller i.e the torque reference and the flux reference are fed 

to the Direct Torque Controller (DTC) scheme. In DTC scheme block two more inputs are 

needed i.e terminal three phase voltage and current values of Induction Motor. From these 

values flux is estimated from voltage model of flux estimation and from the estimated flux, 

torque is estimated[42]. 

The estimated flux is in two parts i.e d axis flux and q axis flux, the reference is the vector 

quantity of flux with magnitude and angle as shown in Figure 32. 

 

Fig.32. Flux and torque estimation block 

 

     Switch is provided for comparison between different algorithms. Now these estimated 

values are now compared with the reference values and then hysteresis control is provided 

which gives the output pulses for inverter as shown in Figure 33. 
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Fig.33. Hysteresis control implemented on torque and flux of IM 

 

4.2. IMPLEMENTATION ON SIMULATION MODEL 

Now this model is tested with various algorithms, firstly the original model is tested with a 

Low pass filter used for voltage model estimation, and speed reference used is 150 rpm and 

flux reference is motor nominal 0.8 Wb, the results are shown in Figure 34(a) and 34(b). 

 

Fig.34(a). Speed response of IM when used with pure integrator with offset 



59 
 

 

Fig.34(b). Flux estimation of IM when used with pure integrator with offset 

 

     With the same operating conditions Low Pass Filter with cut off frequency of 6.28 rad/sec 

is implemented and the results obtained are shown in Figure 35(a) and 35(b). 

 

Fig.35(a). Speed response of IM when used with LPF with offset 

 

 

Fig.35(b). Flux estimation of IM when used with LPF with offset 
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     Again with the same operating conditions algorithm 3 is implemented with saturation 

level set to -0.5 to 0.5 and as expected the predicted flux is less than the actual flux of the 

machine[41]. The results for this algorithm with this condition are shown in Figure 36(a) and 

36(b). 

 

Fig.36(a). Speed response of IM when used with algorithm 3 with saturation -0.5 to 0.5 

 

 

Fig.36(b). Flux estimation of IM when used with algorithm 3 with saturation -0.5 to 0.5 
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     Now with same operating condition but with but if the cut off frequency is increased i.e up 

to 30rad/sec the results are absurd because by increasing the value of ωc we are actually 

increasing the error in the predicted flux. 

     Now this error in the predicted flux can be controlled and almost eliminated by using the 

adaptive modified integrator algorithm i.e algorithm 5, the results with proportional gain 

equal to 0.1 and integral gain equal to 2 and cut off frequency as in the previous case, are 

shown in Figure 37(a) and 37(b).

 

Fig.37(a). Speed response of IM when used with algorithm 5 

 

 

Fig.37(b). Flux estimation of IM when used with algorithm 5 
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CHAPTER 5 

MODEL PREDICTIVE CONTROL 

 

5.1. SIMULATION MODEL FOR DIRECT FOC OF IM 

     For implementing the predictive control the direct vector control of Induction Motor 

simulation model is used as shown in Figure 38(a) and 38(b). 

 

Fig.38(a). Simulation model of Direct Vector Control of Induction Motor (masked) 

 

Fig.38(b). Simulation model of Direct Vector Control of Induction Motor (unmasked) 
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5.2. PREDICTIVE CONTROL 

For implementing the predictive algorithm the model used for Induction Motor for forming 

the equation is used as shown in Figure 39 i.e Induction Motor can be approximated by back 

emf in series with resistance and inductance for 3 phases[47,48,49]. 

 

Fig.39. Voltage source inverter with approximated Induction Motor model 

From Figure 39 the model equations can be formulated which are given by equations 

5.1(a),5.1(b) and 5.2. 

 𝐼 =
2

3
(𝐼𝑎 + 𝑎. 𝐼𝑏 + 𝑎2. 𝐼𝑐)                        (5.1(a))  

𝑒 =
2

3
(𝑒𝑎 + 𝑎. 𝑒𝑏 + 𝑎2. 𝑒𝑐)                       (5.1(b)) 

𝑉 = 𝑅. 𝐼 + 𝐿.
𝑑𝑖

𝑑𝑡
+ 𝑒                                  (5.2) 

     Now in Figure 39(b) we have to replace hysteresis current controller by our predictive 

current controller. Firstly we have to discretize the equation 5.2, and we can write these 

equations as 5.3 and 5.4. 

 

𝑒(𝑘) = 𝑣(𝑘) +
𝐿

𝑇𝑠
𝐼(𝑘 − 1) −

𝑅.𝑇𝑠+𝐿

𝑇𝑠
. 𝐼(𝑘)              (5.3) 
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𝐼(𝑘 + 1) =
1

𝑅𝑇𝑠+1
[𝑙. 𝐼(𝑘) + 𝑇𝑠. 𝑣(𝑘 + 1) − 𝑇𝑠. 𝑒(𝑘 + 1)            (5.4) 

 

     Now from these equations we can find I(k+1), which work as the predicted value of the 

current and the reference value of current remains the same as in the standard simulation 

model. In predictive control an objective function is defined and that objective function is 

subjected to minimize or maximize condition as per the requirement (generally minimize). 

The objective function used in predictive current control model is given as the sum of 

absolute errors between the reference and calculated voltages as written in equation 5.5. 

𝑔 = 𝑎𝑏𝑠 (𝑟𝑒𝑎𝑙(𝐼𝑟𝑒𝑓) − 𝑟𝑒𝑎𝑙(𝐼𝑚𝑒𝑎𝑠)) + 𝑎𝑏𝑠(𝑖𝑚𝑎𝑔(𝐼𝑟𝑒𝑓) − 𝑖𝑚𝑎𝑔(𝐼𝑚𝑒𝑎𝑠))         (5.5) 

 

     The working of this controller is started by calculating the back emf corresponding to the 

previous values as given by equation 5.3. Now this back emf is used to calculate the values of 

predicted current I*, the predicted current I* is calculated correspond to the 8 voltage vectors, 

i.e I* is calculated with the same value of back emf and other parameters in equation 5.4 and  

the only vector is voltage vector given by equation 5.6. 

 𝑉 = [0; (2/3) ∗ 𝑉𝑑𝑐; (𝑉𝑑𝑐/3) ∗ (1 + 1.73𝑖); (−𝑉𝑑𝑐/3) ∗ (1 − 1.73𝑖); −(2/3) ∗ 𝑉𝑑𝑐; 

(−𝑉𝑑𝑐/3) ∗ (1 + 1.73𝑖); (𝑉𝑑𝑐/3) ∗ (1 − 1.73𝑖); 0]     (5.6) 
 

      So corresponding to this voltage vector of 8elements, 8 values of predicted current will be 

calculated and then, in the next step the objective function is calculated which is given by 

equation 5.5, so 8 values of objective function are calculated and actually 7 values of 

objective functions are calculated because the first and the last element in the voltage vector 

is zero which gives the same value. Now in the last step the least value of the objective 

function is chosen and the voltage vector corresponding to which this least value of objective 
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function occurs is given to the switching of Induction Motor. The subsystems describing the 

simulation and coding for predictive current control is shown in Figure 40(a), 

 

Fig.40(a). Simulation model of predictive algorithm 

 

The MATLAB function 2 and function 3 have the code shown in Figure 40(b). 

 

Fig.40(b). Code to convert 3 phase quantity into vector as in equations 3.1 

   

      The MATLAB function namely Predictive Algorithm have the code shown in Figure 

40(c) and the switching correspond to optimum switching is decided by MATLAB function 1 

block and the code is given in Figure 40(d). 
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Fig.40(c). Predictive control code used to generate optimum switching for inverter 

 

 

Fig.40(d). Switching pattern of six switches in the inverter code 
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5.3 RESULTS FOR MODEL PREDICTIVE CURRENT CONTROL ON 

INDUCTION MOTOR 

      The results which are the switching pattern of inverter and the speed and torque 

characteristics of Induction Motor are shown in Figure 41(a) and 41(b). 

 

Fig.41(a). Stator current, Speed and Torque characteristics with MPC control with load 

applied at 1.8 second 

 

Fig.41(b). Stator current, Speed and Torque characteristics with MPC control with speed 

reversal 



68 
 

     Now it can be seen from the results that the predictive control algorithm is successfully 

implemented and tested, with loading and also with speed reversal. The motor parameters 

that are used in simulation are given in Table 4. 

 

TABLE IV. MOTOR PARAMETERS USED FOR SIMULATION of FOC 

Motor parameter Value 

Power Rating 37.3 kVA 

Number of pole pairs 2 

Rated speed 1500 rpm 

Stator Self Inductance 0.8 mH 

Rotor Self Inductance 0.8 mH 

Mutual Inductance 34.7 mH 

Stator Resistance 0.087 ῼ 

Rotor Resistance 0.228 ῼ 

Inertia constant 1.662 kgm2 

Friction Coefficient 0.1 Nms 
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CHAPTER 6 

RESULTS 

 

6.1 RESULTS AND DISCUSSIONS 

           Every algorithm is implemented and tested with a sinusoidal input. The outputs of the 

algorithms are then compared with each other. 

          Fig.42 shows the output of algorithm 1 when a sinusoidal input is given of amplitude 1 

pu along with a offset of 0.2 pu and of 1 rad/sec. As shown in Figure 18(b), the integrator is 

saturated, but by applying algorithm 1 the input is not getting saturated but their exist the 

initial value problem i.e the output is not lying between -1 to 1 but from -0.5 to 0.9, this 

introduces the magnitude error. Also the output of a sinusoidal input must be a cosine 

quantity, which means the output must be 90 degrees apart from the input but as it can be 

seen from Figure 42 the output is not exactly 90 degrees apart from the input, this introduces 

phase error. 

 

 

Fig.42. Output of algorithm 1 with sinusoidal input of 1 rad/sec 
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Fig.43. Output of algorithm 2 with sinusoidal input of 1 rad/sec 

 

      Fig.44. Output of algorithm 1 and 2 with sinusoidal input of 1 rad/sec 

 

        Now algorithm 1 is for the low measurement offset errors Figure 43 shows the result of 

algorithm 2 for same input and Figures 44 shows the comparison of first and second 

algorithm with the high measurement offset error at input i.e 0.5 pu. As it can be seen from 

Figure 44 as the offset at the input increases the magnitude error increases in the result of 

algorithm 1 but in the results of algorithm 2 the magnitude error remains the same as in the 

previous case, this is because a Low Pass Filter is implemented for compensation. 
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Fig.45(a). Output of algorithm 3 with saturation value (-5 to 5) 

 

Fig.45(b). Output of algorithm 3 with saturation value (-0.5 to 0.5) pu 

 

Fig.46(a). Output of algorithm 4 with limiting value 0.5 pu 
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Fig.46(b). Output of algorithm 3 and 4 for same input 

   

The output for algorithm 3 is tested for two values of saturation, Figure 45(a) shows the 

output when saturation value is set above the reference value i.e -5 to 5, then the output will 

increase until it reach the upper or lower saturation value, so it consist of a dc offset and 

Figure 45(b) shows the output when saturation value is set below reference value i.e  (-0.5 to 

0.5), which results in distortion of the resultant waveform. 

 

       To remove this distortion in output waveform another approach is introduced in which 

the limiting value is set to the magnitude part of the output. Figure 46(a) shows the output for 

algorithm 4 for similar input, and Figure 46(b) compare the outputs of algorithm 3 and  4. 
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Fig.47. Output of algorithm 5 

       Now it can be seen from above results that there still exist a phase and magnitude error 

although the output from last algorithm is acceptable, but it can be used only in the drives 

where constant flux is needed. For variable flux drive an adaptable approach is needed which 

is given by algorithm 5.  

 

 

Fig.48. Comparison of output of LPF,algorithm 3,4 and 5 
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        The results for algorithm 5 are shown in Figure 47 with the same input and with the 

offset of 0.2 pu. It can be seen from the result that the adaptable algorithm gives the best 

result and the minimum magnitude and phase error. As expected the output for the integration 

of a sinusoidal input must be a cosine wave with same magnitude because frequency given is 

1 rad/sec and the phase between input and output must be 90 degrees. In Figure 47 it is 

shown that the output is lying between -1 to 1 and phase angle error is also compensated. The 

comparison between the outputs of all the above algorithms along with the low pass filter 

output is shown in Figure 48. It can be seen from Figure 48 that with the low pass filter 

implementation there is large amount of magnitude and phase error, this error is then reduced 

by applying algorithm 3 but the resultant waveform is distorted, so with the help of algorithm 

4 this output is not distorted but still possess a noticeable amount of phase and magnitude 

error and finally with the implementation of algorithm5 the magnitude and phase errors are 

compensated.  

 

Fig.49. Magnitude response of LPF, algorithm 3,algorithm 4 and algorithm 5 
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Fig.50. Phase response of LPF, algorithm 3,algorithm 4 and algorithm 5 

 

Figure 49 and Figure 50 shows the magnitude and phase comparison of LPF, algorithm 3, 

algorithm 4 and algorithm 5. From Figure 49 we can see that low pass filter results gives a 

huge magnitude error, the result of algorithm 3 is better but have the distorted waveform 

which is eliminated in the result of algorithm 4, and from Figure 50 also the highest phase 

error is given by LPF, then algorithm 3 compensate this error but is distorted which is 

compensated by algorithm 4 and finally the best result is obtained by algorithm 5. 
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CHAPTER 7 

CONCLUSION AND FUTURE SCOPE 

7.1. CONCLUSION 

In Vector Control of Induction Motor, the most crucial part of the control algorithm is the 

estimation of rotor flux. To eliminate the problems associate with the pure integration i.e 

measurement offset problem and initial value problem different algorithms are proposed. All 

these algorithms are studied and implemented on the Induction Motor drive with Indirect 

Vector Control and Direct Torque Control. From the analysis of the results it can be 

concluded that the predicted flux have errors of magnitude and phase when algorithm 1, 

algorithm 2, algorithm 3 and algorithm 4 is implemented. Algorithm 5 predicts the flux with 

an adaptive approach along with a PI controller. From the results it can be concluded that the 

predicted flux follow the measured flux and the controlling is satisfactorily if an offset is 

provided at the input. The comparative study is done and it can be concluded that the 

magnitude error is compensated significantly, the phase error persist but the best result for 

phase compensation comes from Algorithm 5.  

     The main controlling of Induction Motor is done through the switching of Inverter. 

Predictive Control is an advanced algorithm which works on the principle of the 

minimization of an objective function. The predictive current controller concept is studied 

and implemented on the simulation of Direct Vector Control of Induction Motor. The results 

are obtained with different running conditions such as with and without load and with speed 

reversal. 
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7.2 FUTURE SCOPE  

 The algorithms discussed in this thesis for better flux estimation can be used in all the drive 

applications, the work done up till now on these algorithms is on the software platform only 

with simulink MATLAB. They can be implemented practically on hardware where the 

saturation problem at low speeds. 

Predictive current control is implemented with a objective function which is the absolute 

difference between the reference and actual current and the results are satisfactory. This 

concept can be used in minimizing any other objective function, for example an objective 

function can be decided which gives the losses with the variable parameter of current, the 

current can be synthesized with the condition that the losses should be minimized and 

according to that value of current it can be fed to the Induction Motor. Also multi-objective 

functions can be implemented with this algorithm for better controlling of Induction Motor. 
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