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ABSTRACT 

A simple and implicit sensorless algorithm for estimating the rotor position and 

speed of the doubly fed induction machine is proposed in this thesis. Instead of 

computing the stator magnetic flux directly or indirectly, the stator flux vector 

components in the stationary reference frame are substituted with analytical 

equivalents in terms of measurable stator and rotor quantities. Thus, it is an implicit 

estimation process devoid of computing any flux terms and requires only the measured 

stator voltage and currents in stator and rotor windings apart from knowledge of 

the machine parameters. it is an open-loop scheme. 1-lowever, it does not involve 

integration, recursive techniques, re-computations or programmable low-pass filters etc. 

Under this scheme, accurate speed measurement, immunity against variation in 

stator resistance and rotor resistances or in the magnetising inductance are the 

major advantages of this thesis. Reduced complexity and the computational burden 

enable the easy implementation of the algorithm on a low-cost fixed point 

processor. In such high-precision drives, sensor-less control is preferred because of 

the reduced cabling and hardware complexity, increased reliability, and low 

maintenance requirements On the whole, the estimation algorithm is a new vision that 

holds ability in the area of sensorless control of the DFlM, whether used as a motor or 

as a generator. 1-lere the discussed electrical system is modeled and simulated in 

MATLAB/SIMULINK software. 
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CHAPTER: 1 

INTRODUCTION 

1.1 BACKGROUND 

The increasing concern towards environment and fast depleting conventional 

resources have moved the interest of the researchers towards rationalizing the use of 

non renewable energy resources and exploring the renewable energy resources to meet 

the ever-increasing energy demand. A number of renewable energy sources like 

small hydro, wind, solar, geothermal, etc. are explored[]]. Since small hydro 

and wind energy sources are available in adequate amount , their utilisation is felt 

reasonably promising to accomplish the need of future energy[2] . 1-larnessing mini-

hydro and wind energy for electric power generation is an area of research interest 

and at present, the focus is being given to the effective utilization of these 

energy resources for quality and reliable power supply[4]. Doubly fed Induction 

generators are often used in Wind turbines and some micro hydro installations due to 

their ability to produce valuable power at varying speeds. Electric motors for variable 

speed drives have been widely used in many industrial applications. In the early 

years dc motors were widely used for adjustable speed drives because of their 

ease of control[2]. However, due to advances in both digital technology and 

power semiconductor devices, ac drives have become more economical and 

popular. For accurate torque control and precise operating speeds, more sophisticated 

techniques are necessary in the control of ac motors. These techniques employ 

high speed Digital Signal processors and control techniques basedon estimation or 

identification of speed and other machine states. 

Speed estimation is an imprtant issue of particular interest with respect to Doubly fed 

induction motor drives as the rotor speed is different from the speed of the 

revolving magnetic field[19]. The measurement of rotor speed in adjustable 

speed drives is done using electromagnetic speed transducers. The electromagnetic 

speed transducers experience errors in speed detection as it is mounted on shalt, 

some unpleasent vibration produces which shows how they are generally the least 

reliable drive component[24]. Therefore sensorless speed detection is highly desirable. 



1.2 PROBLEM STATEMENT 
Commercially available speed measurement devices like any speed transducer require 

direct contact with the shaft of the Doubly fed induction motor and are often 

inaccurate and unreliable, Produce fluctuation in grid voltage and frequency after 

prolonged use[5]. 

1.3 OBJECTIVES 
• Investigate speed estimation using techniques that are dependant on machine 

parameters and rotor currents in different coordinates 

• Operate the machine in both subsynchronous and super synchronous mode, for the 

sensorless speed estimation of DFIM. 

1.4 METHODOLOGY 
A literary review is undertaken in order to establish the required 

background, new trends in industry as well as the relevancy, and application 

of the research. The implementation of sensorless speed estimation of Doubly fed 

induction machine is carried out using simulation in MATLAB. This DFIM can 

operate either in motoring mode or generating mode, in both cases speed estimtion will 

be through rotor currents only without the computation of stator and rotor flux. 

Basically this flux value is substituted in terms of stator and rotor circuit parameters in 

various reference frame of the rotor currents coordinate. The method and results 

are deal with in upcoming chapters. 

1.5 SCOPE OF THE DISSERTATION 
This research dissertation only considers: 

+ Use of current sensor for speed estimation of DFIM 

•• Three phase supply to stator terminals and rotor is supplied through grid side 

Convertors and rotor side convertors 

+ Estimation of rotor speed with the help of rotor position using rotor currents in 

different coordinates and circuit parameters withou the involvement of stator and 

rotor flux 

+ Operate the machine in both subsynchronous and supersynchronous mode 

2 



1.6 SIGNIFiCANCE OF THE RESEARCH 
Speed measurement is normally accomplished with a tachometer. Some 

tachometers require direct contact with the shaft of the motor, while others such 

as photo tachometer and stroboscope tachometer require close proximity to the 

shaft. Many motors are located in inaccessible locations or are operated in 

hazardous Environments e.g. motor operated valves in a nuclear plant. In 

such instances Personal safety may often preclude the monitoring of these 

motors, even when it otherwise would be desirable. Many motors, even when 

accessible, do not provide an exposed shaftdue to their mounting configurations[3]. 

For example, many compressors used in air conditioning and refrigeration 

equipment are coupled to the motors inside a sealed compartment, thus preventing 

motor speed measurement by all commercially available tachometers. All these 

problems can be overcome by means of sensorless speed estimation. Sensorless speed 

estimation permits the speed sensing to be done remotely, even some distance 

from the motor. All that is needed is access to the motor electric cables[9]. This 

could even be at the control centre situated remotely. As the proposed technique of 

sensorless speed estimation is nonintrusive, it is a very safe method. 

1.7 HYPOTHESIS 
The combination of the machine parameter dependent and machine parameter 

independent techniques will provide accurate and reliable speed estimation in 

doubly fed induction motors drive that does not require contact with the 

rotating shaft. 

-k 3 



CHAPTER :2 
DOUBLY FED INDUCTION MACHINE 

2.1 Principle of DFIM 

Doubly fed electric machines are electric motors or electric generators that have 

windings on both stationary and rotating parts, where both the windings transfer 

substantial power between shaft and electrical system. Generally the stator winding is 

directly connected to the three-phase grid and the three-phase rotor winding is fed from 

the grid through a rotating or static frequency converter. Doubly fed induction machines 

are typically used in applications that require varying speed of the machine's shaft in a 

limited range around the synchronous speed( ± 30%), because the power rating of the 

frequency converter is reduced correspondingly. Today doubly fed drives are most 

common variable speed wind turbine concept. 

The principle of the DFIM is that rotor windings are connected to the grid by slip rings 

and back-to-back voltage source converter that controls both the grid and the rotor 

currents. Thus rotor frequency can be freely differ from the grid frequency (50Hz). By 

using the converter to control the rotor currents, it is also possible to adjust the active 

and reactive power fed to the grid from the stator independently of the generator's 

turning speed. A doubly fed induction machine is a wound-rotor doubly fed electric 

machine(generating mode) has several advantages over a singly fed induction machine 

in wind power applications. Firstly, the rotor circuit is controlled by a power electronics 

converter, as a result induction motor is capable to deliver real power and absorb 

reactive power while the induction generator is able to deliver both reactive power and 

real power14]. This has important consequences for power system stability and allows 

the machine to support the grid during severe voltage disturbances Secondly, the 

control of the rotor voltages and currents enables the induction machine to remain 

synchronized with the grid while the wind turbine speed varies. A variable speed wind 

turbine uses the available wind resource more efficiently than a fixed speed wind 

turbine, particularly during the light wind conditions. Thirdly, cost of the converter is 

low when compared with other variable speed solutions because only a fraction of the 

mechanical power, typically 25-30%, is fed to the grid through the converter, the rest is 

fed to grid directly from the stator. 

4 
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The efficiency of DFIM in generating mode is very good for the same reason. 

2.2 Working of DFIM: 

A doubly fed induction machine is basically a typical, wound rotor induction 

machine with its stator windings directly connected to the grid and its rotor 

windings connected to the grid and its rotor windings connected to the grid through a 

converter as shown in fig2.1. In this figure DFIM is operating in generating mode for 

driving the wind turbine. The AC/DC/AC Converter is divided to two components: 

the rotor side converter and the grid side converter. These converters are the 

voltage sourced converters that use force commutated power electronic devices to 

synthesize an AC Voltage from a DC source. A capacitor is connected on the DC side 
A 

acts as the DC source. A coupling inductor is used to connect the grid side converter to 

the grid directly[lO]. The three phase rotor winding is connected to the rotor side 

converter by slip rings and brushes and the three phase stator windings are 

directly connected to the grid. The control system produces the pitch angle 

command and the voltage command signals Vr and Vgc for the rotor and grid side 

converters respectively in order to control the power of the wind turbine, DC 

voltage and reactive power or the voltage at the grid terminals 

Fig2.1 Doubly fed induction machine operating in generating mode 

5 



2.3 Power flow in DFIM: 

Fig 2.2 Shows the power flow in DFIM. Generally the absolute value of slip is lower 

than 1 and consequently the rotor electrical power output Pr is only a fraction of 

stator real power output Ps . Since the electromagnetic torque Tm is positive for 

power generation and since Ws is positive and constant for a constant frequency grid 

voltage, Since Pr is a function of the slip sign and Pr is positive for negative slip 

(speed greater than synchronous speed) and it is negative for positive slip (speed 

lower than synchronous speed). For the super synchronous speed operation, rotor 

power Pr is transmitted to DC bus capacitor and tends to raise the DC voltage. 

For the sub synchronous speed operation, Rotor power Pr is taken out of the DC bus 

capacitor and tends to decrease the DC bus voltage[1O]. The grid side converter is used 

to absorb or generate the grid electrical power Pgc in order to keep DC voltage 

remain constant. In steady state for a lossless AC/DC/AC converter Pgc is equal 

to Pr and the speed of the wind turbine is determined by the power Pr absorbed or 

generated by the rotor side converter[49]. By suitably controlling the rotor side 

converter, voltage measured at the grid terminals can be controlled by controlling the 

grid side converter DC bus voltage of the capacitor can be regulated. 

Q PS 

AC 
Crmor flç 'IC 

Till 

Fig 2.2 Power flow in DFIM 
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The phase sequence of the AC voltage generated by the rotor side converter is 

positive for sub synchronous speed and negative for super synchronous speed. 

The frequency of the voltage generated by rotor side convertor is equal to the 

product of the grid frequency and the absolute value of the slip. The grid side and 

the rotor side converter have the capability of absorbing or generating reactive power 

and could be used to control the reactive power or the voltage at the grid 

terminals. So, the wind turbine output power and the voltage (reactive power) measured 

at the grid terminals is controlled by rotor side convertor and grid side converter is 

used to regulate the voltage of the DC bus capacitor 

2.4 Equivalent circuit diagram of DFIM: 

The induction machine can be represented by the transformer per phase 

equivalent circuit model where Rr and Xr represent rotor resistance and reactance 

referred to the stator side while R, and X1  represent the stator resistance and reactance 

The primary internal stator induced voltage E1  is coupled to the secondary 

rotor induced voltage Er by an ideal transformer with an effective turn ratio as shown 

in fig2.3 . But the equivalent circuit of Fig. 2.4 differs from the transformer equivalent 

circuit primarily in the effects of varying rotor frequency on the rotor voltage Er [16] 

In the case of doubly fed induction machines, there is a voltage injected in the rotor 

windings so that the normal induction machine equivalent circuit of Fig. 2.4 needs to be 

modified by adding a rotor injected voltage as shown in Fig.2.5 

 

jXr 

 

Fig 2.3 Induction motor equivalent circuit diagram representing the primary and 

secondary windings separately 
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Fig.2.4 Conventional induction machine equivalent circuit 
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Fig 2.5 Equivalent circuit diagram of DFIM 

2.5 Application of DFIM: 

+ The main application of DFIM is wind power generation when it is operating in 

generating mode 

+ It can used in explosive and hazardous environment like mines, contaminated 

environment, nuclear power plant, underground and underwater application 

+ It can also use in domestic appliances like air conditioning, refrigerator, 

conveyor, blower etc. 
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CHAPTER: 3 

DYNAMIC MODELLING OF THE DOUBLY FED INDUCTION 
1'.4 A ('I-1ThT1 

3.1 INTRODUCTION 

In this chapter, d-q dynamic modeling of the DFIM is presented considering the state 

of the art related to this field. The dynamic and transient behaviors of the DFIM must be 

examined for modeling purposes; and perhaps more importantly, for development of the 

subsequent machine control. This dynamic behaviour explains and defines the 

behaviour of the machine's variables in transition periods as well as in the steady state. 

This dynamic behaviour of machines is normally studied by a "dynamic model." By 

means of the dynamic model it is possible to know at all times the continuous 

performance (not only at steady state) of the variables of the machine, such as torque, 

currents, and fluxes, under certain voltage supplying conditions. In this way, by using 

the information provided by the dynamic model, it is possible to know how the 

transition from one state to another is going to be achieved, allowing one to detect 

unsafe behavior's, such as instabilities or high transient currents and also developed 

control techniques are based on a prediction of the machine's state[21]. On the other 

hand, the dynamic model provides additional information of the system during the 

steady state operation, such as dynamic oscillations, torque or current ripples, etc. Thus, 

this chapter develops d-q dynamic model of the DFIM based on the space vector theory. 

3.2 AXES TRANSFORMATION 

3.1.1.1 Transformation of three phase stationary to two phase 
stationary axes [21] 

Consider a symmetrical three phase induction machine with stationary a-phase, b- 

phase and c-phase axes are placed at 120° angle to each other as shown in Fig 3.1. The 

main aim is to transform the three phase stationary frame variables into two phase 

A- 
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Figure 3.1 Transformation of a-b-c to d —q3  axes 

stationary frame variables (d - q') and then transform these to synchronously 

rotating reference frame variables (d-q), and vice versa. 

Let d' - qc axes are oriented at an angle E from a-b-c axes as shown in Fig 3.1. The 

voltage ( v.',and can be resolved into a-b-c components and can be represented in 

the matrix form as 

Va COS 9 Sm 8 1 

Vb = 

qs 

cos(8 - 120°) sin(8 - 120°) 1 v (3.1) ds 

17 cos(8+120°) sin(9+120°) 1 v 

The corresponding inverse relation is 

2 
cos(9— 120°) cos(O+ 120°) Va  

sin8 sin(9-120°) sin(9+120°) v,, (3.2) 

0.5 0.5 0.5 

Where v is added as the zero sequence component. Other parameters like current, 

flux linkages can be transformed by similar manner. It is more convenient to 

[I] 
—k 



set 0=0°. so that q-axis is aligned with the a-axis in this case (The alignment of the 

axes are optional. d-axis can also be aligned with a-axis). The sine components of d and 

q parameters will be replaced with cosine values, and vice versa if d-axis coincides with 

a-axis. 

3.1.1.2 Transformation of two phase stationary to two phase 

synchronously rotating axes 

V 
"(IS = 

VS =_V sni(t)5  P) (IS lU 
- (IS 

_V1Siflp 
,. 

k - 
q-lxIs 

k 0 

= \'iuCOS( O •-()) 

V .  

Figure 3.2. Transformation of stationary dS - q axes to synchronously rotating 

frame d-q axes 

Fig 3.2 shows the synchronously rotating d-q axes which rotate at synchronous speed 

w with respect to d - axes. The two phase windings are transformed in to the fictitious 

windings mounted on the d-q axes. 

The voltages on the dS  —q axes can be converted into d-q axes as follows; 

V = VS cos Os - i' sin O (jS qs ds 

VdS  = 1'qs Sfl O + v. cos O. 

(3.3) 

(3.4) 

Again resolving the rotating frame parameters into a stationary frame the relations are 

' q s = 1qs cosO + i' sin O (3.5) 

- 'qs sin O + i' cos (3.6) 



3.3 DYNAMIC MODELING OF DFIM 

According to models of AC machines developed by several authors and as discussed 
t at the beginning of the previous chapter, the simplified and idealized DFIM model can 

be described as three windings in the stator and three windings in the rotor, as illustrated 

in Figure 3.3.These windings are an ideal representation of the real machine, which 

helps to derive an equivalent electric circuit, as shown in Figure 3.4.Under this idealized 

model, the instantaneous stator voltages, current, and fluxes of the machine can be 

described by the following electric equations: 

Vas(t)=RsI(t)+ d1Ias(t) 
(37) 

di 
A 

VbS(t)_RSib(t)+ 
dçiJ(t) 

(3.8) 
di 

v (i) (t) + dyi (i) 
(39) 

di 

H 

-e J. 

0. ( //:•. 
- - - 

Figure 3.3 Ideal three-phase windings (stator and rotor) of the DFIM. [76.) 
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The DFIM can be modeled by the next equivalent electric circuit [1]. 

4 

('v/as 

R di 
j +i - as • 

+ 

p 
'bs 1Ls 

dt 
+ 4 - 

V as +  

iCS R, di 
-'-p — 

bs + 

tv 

(Ii 
- + 

di 

dt 

j ar 

+ 

'br 
4— . V ar 

Vt,. 

vc . 

Figure 3.4 DFIM electric equivalent circuit. t7'i3 

where R is the stator resistance; ac()' ihc(t)andi (t) are the stator currents of phases a, 

b, and c; va(1),vb(t)andv.r(t)are  the applied stator voltages; and 

y/OV (t),yb.S.(t) and v/(l) are the stator fluxes. The stator side electric magnitudes, at 

steady state, have a constant sinusoidal angular frequency, w, the angular frequency 

imposed by the grid. 

Similarly, the rotor magnitudes are described by 

dIfar(t) 
Var (t)=Rr lar(t)+ 

dt 
(3.10) 

dylbT(t) 
Vhr (t)=Rr lbr (t)+ 

dt
(3.11) 

Vc(t)=Rrlcr(t)+ dlli'cr 
(t) 

(3.12) 
dt 

where Rr  is the rotor resistance referred to the stator; iQ ,(0,ihT (1)andiC,(t) are the 

stator referred rotor currents of phases a, b, and C; are the stator referred rotor voltages; 

Var  (I), Vb,.  (1) and Vcr  (1) and Y'ar  (1)1 v/br  (t) and (1) are the rotor fluxes. 
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Under steady state operating conditions, the rotor magnitudes have constant angular 

frequency, co .ln this chapter, assuming a general DFIM built with different turns in the 

stator and rotor, all parameters and magnitudes of the rotor are referred to the stator. 

The relation between the stator angular frequency and the rotor angular frequency is 

'01 = - 0
111 

(3.13) 

where 

= angular frequency of the voltages and currents of the rotor windings (rad/s) 

angular frequency of the voltages and currents of the stator windings (rad/s) 

co = angular frequency of the rotor (rad/s) 
A 

and 

rn=P,n (3.14) 

where 

Q. = mechanical rotational speed at the rotor (rad/s) 

Hence, the rotor variables (voltages, currents, and fluxes) present a pulsation CO,, that 

varies with the speed. This is graphically shown in the examples of this chapter. For 

simplicity in the notation, the time dependence of the magnitudes will be omitted in the 

following sections. In subsequent sections, the magnitudes and parameters of the rotor 

are always referred to the stator. 

3.1.1.3 Space Vector Notation of the DFIM 

The space vector notation, is a commonly extended tool to represent the flux, voltage 

and current magnitudes of the machine in a compact manner. Thus, a three phase 

magnitude (X a  , X, and;) can be represented by a space vector (xi ) as follows [2]: 

f=Xa +jIxfl=(xa+a•xb+a2•xc) (3.15) 

Where a=e 
I — (3.16) 

14 
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4 

The constant 2/3 is chosen to scale the space vectors according to the maximum 

amplitude of the three phase magnitudes. 

The subscript "s" denotes that the space vector is referred to the reference frame of the 

stator of the DFIM. Added to this, thanks to the space vector notation, the three phase 

magnitudes may be represented by a rotating space vector, that can also be represented 

by two phase magnitudes (xaandxfi)  in the real-imaginary plane, as illustrated in 

Figure 3.5. 

Figure 3.5 Space vector principles. 

Hence, in general a space vector can be expressed as: 

Si( Ø) 

(3.17) 

Where the amplitude, p  is is the phase shift and 0 s is the rotation position that can be 

calculated from: 

- 8=Jcodt  

In general, three different reference frames are used to express the different magnitudes 

of the DFIM in space vector notation. 

The stator reference frame (a-a): Aligned with the stator, the rotating speed of the 

frame is zero, and the space vector referenced to it, rotates at the synchronous 

speed w. 

The rotor reference frame (D-Q): Aligned with the rotor, the rotating speed of the 

frame is the speed of the rotor w,, and the space vector referenced to it rotates 

TRAL L?N 
15 (1 

'\* * 

. )Q\ 



at the slip speed r 

r =XD +1 =eJ8m •;s (3.19) 

Being 

0. = f  co dt 

3. The synchronous reference frame (d-q): The rotating speed of the frame is the 

synchronous speed w , and the space vector referenced to it does not rotate, i.e. it 

presents constant real and imaginary parts. 

x=xd+j•xq=e .xs (3.20) 

Or 

X 
a 
=Xd + J•Xq  = e .r (3.22) 

Being 

Or = f (9, dt (3.24) 

And 

(Or = COS - CO. (3.25) 

The different reference frame representations are shown in Figure 3.6. 

(0. 

a 

Figure 3.6 Space vector representation in different reference frames.tThi 
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3.4 dq MODEL 

In this subsection, in contrast with the previous subsection, the differential equations 

representing the model of the DFIM are derived, using the space vector notation in the 

synchronous reference frame[43]. 

By multiplying Equations (3.7) and (3.10) by 2/3,then multiplying Equations (3.8) 

and (3.11) by (2/3)a, and also multiplying Equations (3.9) and (3.12) by (2/3)a2, the 

addition of the resulting equations yields the voltage equations of the DFIM, in space 

vector form: 

dVs  
A (3.26) 

dt 

dt 
(3.27) 

Where v is the stator voltage space vector, i is the stator current space vector, and 

' is the stator flux space vector. Equation (4.9)is represented in stator coordinates (a3 

reference frame). Vr is the rotor voltage space vector. i is the rotor current space 

vector, and iii is the rotor flux space vector. Equation (4.10) is represented in rotor 

coordinates (DQ reference frame). 

Note that the superscripts "s" and "r" indicate that space vectors are referred to stator 

and rotor reference frames, respectively. On the other hand, the correlation between the 

fluxes and the currents, in space vector notation, is given by 

(3.28) 

=L,z i;±Lr i:: (3.29) 

where Lç  and Lr  are the stator and rotor inductances, L is the magnetizing 

inductance, and they are related to the stator leakage inductance L and the rotor 

leakage inductance L,, according to the following expressions: 
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L3 =L+L, (3.30) 

Lr =L+Ln, (3.31) 

Multiplying equations by e 0  and e °' respectively, the stator and rotor voltage 

equations yields. 

(3.32) 

V=Rri:+ 
dy1 

+j(w—(orn )yJ: (3.33) 

For the modeling of DFIM in synchronously rotating frame we need to represent the 

two phase stator (di. - q.) and rotor (dr 
- 
q) circuit variables in a synchronously 

rotating (d-q) frame. Hence, the dq equivalent circuit model of the DFIM, in 

synchronous coordinates, is represented in Figure 3.7. 

_____ 

L ______ R i,,, R, - + + - di 

I dr 

(Os c/f 
IA 

i.AAAA f •\ - 
R 

- ' 
x)c\ /•\ 

+/ A
, qr 
A A -a--- 

+ + + + 

vq j 11Vqr 

di 
I Vqr  

Figure 3.7 dq Model of the DFIM in synchronous coordinates. t71 
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Continuing with the model, the electric powers on the stator side and on the rotor side 

are calculated as follows: 

PS  =- 3Re7  
-• 

S is J 
3 

= - ( + V qsiqs ) (3.34) 
2 

Pr  =Re• r 'r 1= 
3 
- ( V clrldr  + Vqriqr ) (3.35)  

2 

2
IM s is J 

3 
= (Vqs ds  - Vdslqs ) (3.36) 

_*) 

2 
r lr J = (Vqr dr  

3 
'drlqr ) (3.37) 

where the superscript * represents the complex conjugate of a space vector as was used 

in phasors. Finally, the electromagnetic torque can be found from 

=

_P TIM  VS ir P (qs dr - ds1qr) (3.38) 

= P1'm( 1qs1dr - ldslqr ) 

Simulation Block Diagram from the d-q Model of the DFIM For on-line simulation 

purposes, it is possible to use the d-q model of the DFIM, as illustrated in Figure 3.8 

This simulation structure is suitable for implementation in computer based software 

tools such as Matlab-Simulink. Hence, the simulation block diagram is composed of the 

following inputs, parameters, and outputs: 
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lilpUtS 1 

P a r 

 

UtpUtS 

'I 

 

  

R, R, Lm  L  Lr  P ' 

  

Figure 3.8 Input—output structure of the DFIM simulation block diagram. [7] 

. Inputs: Stator and rotor phase (abc) voltages and the load torque T, 

• Parameters: Constant parameters of the DF1M model, including the electric and 

mechanical parts of the machine. 

• Outputs: Stator and rotor phase (abc) currents, stator and rotor Real and Reactive 

Powers, the electromagnetic torque, the speed, and the rotor angle. 

This simulation model calculates the above-mentioned outputs, according to the 

imposed voltage inputs and the machine's parameters. 

After that, the mechanical model of the machine is implemented. In this case, a very 

simple mechanical model has been considered as depicted in Figure 4.7, mathematically 

represented by the following equation: 

- oad = 
do,,, 

(3.39) 
em di' 

where 

J = equivalent inertia of the mechanical axis 
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T10., = external torque applied to the mechanical axis 

1) = mechanical rotational speed 

- From the mechanical model, it is possible to derive the electric rotational speed üm  and 

the angle Orn • 

3.1.1.4 STATE-SPACE REPRESENTATION OF DQ MODEL 

Continuing with the dynamic model study, a representation of the dq model in state 

space equations is also possible to obtain. Rearranging Equations (3.28)—(3.31),and 

taking the fluxes as state-space magnitudes, the model of the DFIM is given by the next 
Alk expression: 

- R 
-. 

R3L111 

I s (3.40) I-I 

dt a R —R a 
¶w:j[aLs 

S 

ciLsLr fs  

r L iii r 
- 

y']Jor [vJ 
O•LsLr ciL,. rj 

Expanding this last expression in the dq components, we obtain 

= s s  L 1 + L,71  1 

(w15 JY'qs)= L (d + J qs.) + L 1 (id  + J qr) (3.41) 

Similarly, 

rr 

(Y'cir +JIP'qr) = L. ( 14s + J qs) + Ii,. (14r + f qr) (3.42) 

fluxes obtained in dq coordinate 

Wds = LS1 C/S  + L,?tdr (3.43) 

Y'qs = Ls1qs  + Lniqr (3.44) 

tJ'dr = L 1iC/5  + Lid (3.45) 

= Lmqs  + Lsqr (3.46) 
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RS 0 
crL O•Ls Lr  

rWdSl 
I Il_co 

I 
0 

RsLm 

h/ qs  I 
- 

I 
- oL OLs Lr  

dtl Y'dr H RrLm 
0 ---- cor  

oLL,. 

[ 

0  
RrLm 

aLL, crL,. 

Y'dsl [VdS  

Ylqs 
+ 

Vqs 
(3.47) 

Y'dr Vdr  

Y'qr, V qr  

Now, state space representation of fluxes 

Once again, if instead of the fluxes the currents are chosen as state-space magnitudes, 

the equivalent model of the DFIM is expressed as follows, in the synchronous reference 

frame: 

l ds  1 1 - R L, + ws  d s  Lr RLm  

(aL,L,  

I ) —o),nL' —cuaLL, 
di I 1dr  I Rs Lm - m1 s1 m - R p Lç  

[Eqf j [ Ls Lm R, Lm W.Lr L$  - 

[ii. 1 1 L 0 - L,,, 0 11VdS  1 
qs I 

 J 
o L 0 -. Lm Vq 

I 1+1 I II I 
dr I IaLL, I - Lm 0 L, 0 1vd,I 

[iqr j L 0 —L 0 L, j[vq,] 

V,,Lm Lr  
R, L,,, 

m1p1s +o.yjLL 
- Rr Ls  

(3.48) 

At 

22 



CHAPTER: 4 

SENSORLESS SCHEME OF DOUBLY FED 

' INDUCTION MOTOR DRIVE 

4.1 What is Sensorless scheme? 

Sensorless means estimation of rotor position and speed without any involvement of 

any flux terms only with the help of rotor currents in different coordinates and stator 

and rotor parameters. In high-precision drives, sensor-less scheme is preferred because 

of the compressed cabling and reduce hardware complexity, increased reliability, 

lesser cost and low maintenance requirements. There are two major necessities in 

designing a position and speed sensor-less scheme for doubly fed induction motor 

drive[24]. Firstly, the Algorithm must enable tracking of rotor position and speed 

accurately in in all working range of speed. Secondly it should be able 

to start and function immediately when commanded irrespective of the instant 

of assigning. It also implies that the initially rotor position need not to be known 

while commissioning. Generally the sensor-less position and speed estimation 

schemes can be clustered as open loop and closed loop. A few Model Reference 

Adaptive Scheme (MRAS) schemes which fall under the closed-loop category 

require an integrator in the reference model . These schemes differ only in 

terms of tuning signal driving the adaptation mechanism such as stator flux 

and rotor flux, stator currents and rotor currents . 1-lowever, these schemes are 

sensitive to the variation of the machine parameters. Although the flux estimation 

is not bothered in closed loop that's why transient performance of the estimator is not 

satisfactory[37]. A few closed-loop scheme methods employ low-pass filters using 

certain value of cutoff frequency . A few studies proposed the estimation of the 

rotor position through the phase comparison of actual and estimated rotor currents 

and processing the error in a closed loop Proportional Integral (P1) [38]. The 

estimation of rotor current is based on air gap power vector in whereas a speed-

adaptive reduced-order observer is used in . A rotor position phase locked loop is 

proposed for estimating the rotor speed and position in [39, 40]. The position 

estimation schemes under open-loop category either used a voltage integrator for 

flux estimation [31 - 33] or inverse trigonometric function in time domain [34] or 
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recursive procedures [35 - 38]. Some of them suffer from saturation when they 

employ the integration stage or at other stages of the process which 

results in poor performance when the machine runs at a synchronous speed [31 

- 33] or influence the machine parameter variations [34]. Flux estimation based on 

the recursive approach proposed in [35 - 38], In this paper, the authors used 

a simple and implicit algorithm for estimating the position and speed of the 

DFIM. Here the rotor position is computed in a direct and implicit manner 

without the need for computing the stator flux. Particularly, the rotor current 

components in the stationary reference frame are considered using measured stator 

quantities. Instead of computing the stator magnetic flux directly or indirectly both, the 

stator flux terms are substituted with analytical equivalents in terms of 

computable stator and rotor quantities. Thus, it is an implicit estimation process 

without computing any flux terms and requires only the measured stator voltage 

and currents in stator and rotor windings apart from knowledge of the 

machine parameters. Although it is an open-loop scheme, it does not include any 

integration, recursive techniques, programmable low-pass filters etc. so  this is the 

main advantage of the sensor less scheme for accurate estimation of speed near 

synchronous speed, immunity against variation in stator and rotor resistances or in the 

magnetising inductance Typical simulation work is proposed using Matlab/Simulink 

4.2 Sensorless estimation of rotor position and speed: 

Fig. 4a shows the schematic of the implicit position sensorless estimation 

algorithm. The stator current is, the rotor current i, and the stator voltage v, 

are used for the estimation of rotor position and speed. The three-

dimensional distribution of the stator voltage, and the rotor current vectors in 

different frames of reference are shown in Fig. 4b. The total stator voltage is 

aligned along the q-axis in the synchronous reference frame (i.e. Vq=  v5  and vd = 

0). This implies further that the stator magnetizing flux is considered to be 

aligned in d-axis (in 90 deg. with v vector), assuming the no stator resistance. 

24 



.q 

•. _a 

-W, 

Also the reference axes for the rotor reference frame are as indicated in Fig. 4b.The 

rotor current space vector i makes an angle 01 with respect to the 0 -axis of 

stator reference frame and an angle 0 2 with respect to the _b-axis of rotor 

reference frame. Hence, the difference of angles 01 and 0 2 gives the rotor position € 

information. 

• A
R. 
.......................... 

im 
i" 

3/2  L. 

H 

3/2 i 1 I 

L. sin, •' 
, d/dt X 
. 

+ 
DF16 : : 

d/dt X 

I' -' 

f. 3/2 1/ Speed eiin.tion 
Cos9.. 

- - ----------------------- 
Position esinution 

Fig. 4a speed estimation model of DFIM t733 

02 

92  

SfuItr R,ir -c1c-zcnc SyntUOnUr- 
i e1t rcncc fra"W (r.n rcf'crcncc Ira im, 

Fig. 4b Representation of rotor current in different coordinates t131 
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The whole estimated algorithm is explained by transforming the rotor currents in 

various reference frame as follows: 

71 1) Rotor reference frame: This reference frame is represented by _a_b coordinates, 

rotor current i, is transformed into jr_a and jr_b coordinate which is computed using abc 

to _a_b conversion. From flg.4b , we can see that 

sin(02 ) = 1rz 

'J(a + 
4.1 

cos(6,) = 
V'( + j b ) 

4.2 

2) Stator reference frame: 

Here rotor current coordinates ( Ira and ir13)  in stator reference frame can be easily 

calculated with any computation of stator flux, the stator flux . This scheme eliminates 

the need of stator flux and magnetising current by substitute the value in terms of stator 

and rotor currents. Stator flux in stationary reference frame is represented by 

Psa = LS  i, + Lm  'ra 

= L5  i + Lm  irf3 4.3 

Rotor current in stationary reference frame is represented as 

1ra 
- (sa - L i) 

rn 

413 
- Lm 4.4 
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Stator voltage in stationary reference frame is represented as 

d 
= Rsisa  + Psa 

dt 

v = 
d 

The stator magnetising flux es is along d-axis, which is making angle p. with stationary 

reference frame and p. is a function of time , the component of stator magnetising flux 

in stator reference frame is represented as 

Psa = IIsin(/L) 

= Ijcos(i) 4.6 

Differentiate the Equation 4.6, we get 

d d 
= [IIsin(I.L)] 

r 
= [ _, 

I  [
COS(IL) 

 d (A)] 
& 0s dt )]smn(I 

d 
dt 

'P30 = 
I  

Il]sino +  SP 

d d 
= [IIcos(,..)1 

= 
cos(p.) + Ii[_sin(] ,

)] 
dt 

 (ps,(&),) -cos = - 

Put the above value in Equation 4.5, we get 

V sa = R5 isa + WeLs  1s + We  Lmlr p 
4.7 
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Vsp = R5 1s -  we   Ls  1sa - we  Lm jrc  
4.8 

After arranging the above terms, we get 

- COe Ls  1sx 
1rc 

We  Lni 
4.9 

- 

-R5  sa - We  L5  i 
r 

We Ln 4.10 

El 

= 
dt 

is the angular velocity of stator magnetising flux, To prevent the variation in stator and 

grid voltage, we follow inequality 

[isi] I[1s 1s+1m 1rII < {Ls [l1s I]+Ltn [I1r II
di 

} 

The only unknown term in the equations from 4.7 to 4.10 is We, which is calculated 

from the expression given below by refering the figure 4b 

sin(1a) = - 
V sl3 

v/ (v + V2  ) s13 4.11 

cos(p) - Vsa  

- \/(I isa--
+ v) 

4.12 
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. . 

We = cos() d -sin(p) - sin(p) d -cos(p,) 

Position of rotor current in stationary reference frame is given as 

sin(01) - - 'ra 

Arla 
+ip) 

cos( rf3 01 ) = ________ 

+ i) 

3) Rotor position estimation: 

This is expressed as (€ = 01- 02) which can be obtained from sine and cosine terms. 

Rotor position can be computed as from the following expression 

sin(s) = sin(61 )cos(62) - cos(01 )sin(02) 

cos(s) = cos(01 ) cos(07) + sin(01 )sin(07 ) 
4.15 

Rotor speed can be estimated using the equation 4.15 as 

d d 
Wr(e) = cos(s)- sin(s) - sin(s)-cos(s) 

This is the expression for the sensorless speed estimation of doubly fed induction 

machine, if any differential terms contribute the noise this can be eliminated by using 

low pass filter. 

IAL 

4.13 

4.14 
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4.3 ADVANTAGE OF SENSORLESS SCHEME 

•:• Reduced cabling 

•• Reduced hardware complexity 

•:• Increased reliability 

•• Less maintenance required 

+ Lesser cost of the machine 

+ Better noise immunity 

• Hostile environment 

+ Fluctuation in grid voltage and frequency can be easily restricted 

4.4 APPLICATiON OF SENSORLESS SCHEME 

+ It can used in explosive and hazardous environment like mines, contaminated 

environment, nuclear power plant ,underground and underwater 

•• It can also use in domestic appliances like air conditioning, refrigerator, 

conveyor, blower etc. 

Sensorless scheme is preferred in above devices because In such places if speed sensor 

- is connected on the rotor shaft for speed measurement then during measurement under 

such hazardous environment there could be problem to person safety or inaccurate 

reading measurement due to vibration in the shaft so it is better to choose sensorless 

scheme. This scheme automatically measure the speed at a certain distance from shaft 
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CHAPTER-5 

SIMULATION RESULT 

5.1 Performance of DFIM model under Sensorless Scheme 

The performance evaluation of sensorless scheme of doubly fed induction machine 

drive has been simulated on MATLAB. The circuit parameters used for machine 

modeling and execution of the sensorless scheme given in the Table 1. As shown in the 

Fig 5.1, whole simulation model of DFIM along with sensorless scheme is presented. 

-4 

Fig 5.1 Simulation model of doubly fed induction machine 
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5.2 Circuit Parameters 

Table I shows the circuit parameters used in DFIM 

CIRCUIT PARAMETERS VALUE 

Rated power 3 1-Ip 

Stator voltage (star connected) 41 5V 

Rotor voltage (star connected) 1 85V 

Stator current 4.7A 

Rotor current 7.5A 

Stator resistance(ohm) 4.43 

Stator inductance(mH) 0.02571 

Rotor resistance(ohrn) 3.51 

Rotor inductance(mH) 0.0257 

No. of pole pair 2 

Magnetizing inductance(mH) 0.2975 

5.3 Various operations of the DFIM: 

a) Machine under sub synchronous mode: 

Initially the machine is running at 1480 rpm which is quite close to synchronous speed 

i.e 1500rpm .But after a certain a time at t= 2 sec, speed decreases to 1000 rpm still 

machine is running in subsynchronous mode or motoring mode and t4 second 
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machine further attains its original speed of 148() rpm. The corresponding curves are 

shown in Fig 5.3(a) which shows the comparison of reference and estimated rotor 

speed. The maximum percentage error between reference and estimated rotor speed 

during the various transient periods is given in Table 2. 

LI 

Fig 5.3(a) Performance of machine under subsynchronous speed and comparison of 

reference and estimated rotor speed 

b) Machine under supersynclironous mode: 

Initially the machine is running at 1480 rpm which is quite close to synchronous speed 

i.e 1 500rpm But after a certain a time at t 2 sec, speed increases to 1600 rpm which 

shows machine is running in supersynchronous mode or generating mode and t= 

4second, machine further attains its original speed of 1480rpm . The corresponding 

curves are shown in Fig 5.3(b) which shows the comparison of reference and estimated 

rotor speed. The maximum percentage error between reference and estimated rotor 

speed during the various transient periods is given in Table 2. 
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1 

Fig 5.3(b) Performance of machine under supersynchronous speed and comparison of 

reference and estimated rotor speed 

5.4 Maximum error between reference and estimated rotor speed measurements 

As shown in Fig.5a and Fig.5b, Estimated speed is little bit different from reference 

speed so this difference is measured in terms of percentage error, we have to approach 

to make this error as small as possible. This is all shown in Table 2 

Operating conditions Maximum %error between 

reference(wr*) and estimated speed(wr) 

1) Subsynchronous mode 

Upto 2 seconds, Reference (1480_1450)*100/1480 

speed=1480rpm and estimated 
= 2.01% 

speed= 1450rpm 

For next 2 seconds, Reference (1000_980)*100/1000 

speed=1000rpm and estimated 

speed=980rpm 



2) Super synchronous mode 

Upto 2 seconds, Reference (14801450)*100/1480 

speed= 1480rpm and estimated 
=2.01% 

speed= 1450rpm 

For the next 2 seconds, (16001580)*100/1600 

reference speed=1600rpm and 
= 1.25% 

estimated speed= 1580rpm 

/' error generated in above two cases is 2% which is acceptable that employ 

Lstimatedijeed is approximately equal to reference speed. 
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CHAPTER :6 

INDUCTION MOTOR UNDER SENSOR FAULT 

6.1 Introduction 

In this chapter, we will discuss how the system performance will be assessed after 

injecting the fault at speed sensor. Fault is injected into the model in sequential levels 

and the system performance is assessed after each fault. An induction motor drive 

requires measurements of the three-phase currents, torque and speed .\Ve will see how 

the system performance is changing under different load conditions after the fault 

injection at the speed sensor [59]. This is one of the best example to show how 

sensorless scheme can be better option for induction motor drive. 

6.2 Types of fault injected at speed sensor 

The set of fault injected at speed sensor are 

•:• omission 
•:• gain 
•: constant 

Omission is modeled by setting the sensor output to zero. Gain is modeled by applying 

a numerical gain to the sensor signal, where the sensor output is amplified or attenuated 

due to an internal fault or due to a fault in its interface circuitry [70]. A sensor could 

also get stuck at a constant value if the interface circuit fails or saturates, e.g., the 

saturation of a magnetic core or a ground wire break 

6.3 Performance evaluation: 

Since the simulation model was validated under faults, all faults were injected into 

model and the system response was monitored. In each case fault is injected at t=5sec 

and performance is analyze, how the speed, current, torque are effected 

1) Omission: 

This type of fault is injected at speed sensor of induction motor drive, before fault 

injection we can see that speed is set at 120 rad/sec. but as the fault is injected at 
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t=5seconds, During no load condition speed reduces to 40 rad/sec and the current 

enhances up as shown in Fig6. I, Similarly in case of half load condition, speed further 

reduces as fault is injected at t= lOsec and current level increases up to 135 ampere 

which is quite sufficient to damage the machine and torque also increases tremendously 

to 250NM which is quite sufficient to damage the machine as shown in fig6.2.Similarly 

we can analyse the same performance during full load condition as shown in fig.6.3 

Fig. 6.1: No load performance of induction motor under Omission Fault Injection 
at t=5sec 
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I Fault injected at t=lOsec I 
Fig6.2. Half load performance of induction motor under omission fault Injection at 
t=lOsec 

I 

I Fault injected at t=lOsec I 
Fig.6.3 Full load performance of induction motor under Omission Fault Injection 
at t=lOsec 
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2) Gain (1.5) 

This type of performance can be seen in fig.6.4 we can see that during half load 
condition speed was set at 120 rad/sec and after the gain fault injection it increases to 
150 rad/sec and the current level increases up from 100 to 200 amperes and torque 
increases from 40 to 150 NM. induction motor . This increment in current and torque 
which is 2-3 times the original value is sufficient to deteriorate the machine 

I 

Fig6.4 Half load performance of induction motor drive uiider gain Fault Injection 
at t5sec 

6.4 CONCLUSION: 

As shown from the F1g6. 1 to Fig6.4, when fault occur on the speed sensor there is 

drastic change in the value of speed, current and torque which could deteriorate the 

machine or disturbed all the characteristic of the machine .If we use sensorless scheme 

for the estimation of the speed, then no such type of above problem related to fault 

injection will occur because as name suggest sensorless 'means' removal of speed 

sensor and speed is estimated through current sensor and other circuit parameters. It 

means no speed sensor, no possibility of fault occurrence on speed sensor which 

automatically increases the reliability, efficiency of machine which simply shows 

sensorless scheme is quite advantageous for above type of cases. 
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MOTOR PARAMETER VALUES 

RATED POWER 50HP 

RATED SPEED 120 RAD/SEC 

NO. OF POLES 2 

STATOR RESISTANCE(Rs) 0.087 

STATOR LEAKAGE INDUCTANCE(Ls) 0.8e-3 

ROTOR LEAKAGE INDUCTANCE(Lr) 0.8e-3 

MAGNETISfl'1G INDUCTANCE(Lm) 34.7e-3 

ROTOR RESJSTANCE(Rr) 0.228 

INERTIA(J) 1.662 

RATED VOLTAGE(L-L) 460V 

External rotor resistance for wound rotor 3 

MCI 
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CHAPTER 7: 

CONCLUSION AND FUTURE SCOPE OF THE WORK 

7.1 CONCLUSION 

A simple and implicit sensorless scheme has come introduced for the first time in this 

study. The method of computation is based on substitutions of equivalent terms (which 

is derived from basics) for d,q components of stator magnetizing flux in the stationary 

reference frame. Basically this stator magnetizing flux is eliminated by substituting in 

terms of stator current, stator inductance, stator resistance, through this way speed can 

be easily estimated without any computation of stator or rotor flux, that is the main 

motto of sensorless scheme. The remarkable simplicity and the effectiveness of the 

estimator have been demonstrated through numerical analysis. We operate the DFIM in 

both subsynchronous and supersynchronous mode and estimate the sensorless speed, As 

the figure 5.3(a) and 5.3(b) shows that estimated speed is somewhat close to reference 

speed but there is some error generating in it. The maximum error in speed estimation is 

observed around 2.1% which is somewhat acceptable or we can say that estimated rotor 

speed is tending close to reference rotor speed. Simulation results of the excellent drive 

performance at different speeds of operation (subsynchronous, supersynchronous and 

synchronous speed) are illustrated. 

The proposed estimation algorithm can also be employed in the power control of grid 

connected induction generator for wind power applications 
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7.2 FUTURE SCOPE THE WORK 

As we seen in the chapter 6, we analyze the performance of 3 phase induction motor 

under the various fault injected at speed sensor. The fault occurrence on the speed 

sensor will drastically change the characteristics of the machine like speed, torque, 

current etc. under the different loading conditions. We know that as load increases 

current drawn from the source increases and speed decreases, same phenomenon will 

occur if fault occur on speed sensor, there is abrupt change in circuit parameters. 

As seen from the fig 6.1 to 6.4 machine is responding differently under different loading 

conditions because as fault took place on speed sensor current increases up, and it may 

exceeds its rated value and speed decreases to a very low value all these problems are 

sufficient to destroy the machine so to overcome the above problem we prefers sensor 

less scheme, if there is no speed sensor, no such type of above fault will occur. If we 

want to do same type of thing in DFIM, that is our future work so we need to design a 

whole model of DFIM along with sensors and design the sensor less scheme and will 

observe that how could fault occurrence on speed sensor be prevented . This analysis 

could be more useful to wind power application or hazardous environment like coal 

mines etc. where speed is estimated through shaft connected speed sensor, for human 

safety and better machine performance, sensor less estimation of speed is preferred. 
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APPENDIX 

Doubly fed induction machine: 

3 Hp, 415V, 5011z, 3 phase; Stator: 415V, Y connected, 4.7A; 

Rotor: 185V, Y connected 7.5A. 

Stator 

Rotor 

Resistance Rs = 4.43 fl Resistance Rr 3.51 Q 

Inductance Ls=25.82 mH Inductance Lr =25.82 mH 

Magnetising Inductance Lm 0.2975 H 

Magnetizing Inductance Lo=28 1.95 mH 
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