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ABSTRACT

Direct power control which is a rotor side control of a doubly fed induction
generator by which decoupled control of stator active and reactive power can be
obtained is presented. It is based on the measurement of active and reactive power
on the grid side where voltages and currents are alternating at fixed frequency. The
active and reactive powers are made to track references using hysteresis
controllers. The measurements are taken on stator side and the control is made on
rotor side. This control system eliminates the need for rotor position sensing and
gives an excellent dynamic performance as shown by simulation results for a
variable speed constant frequency induction generator system. The system can be
operated below, above and at synchronous speeds.

The operation of the doubly fed induction generator (DFIG) system is
explained. The power control by rotor current injection is explained by the phasor
diagrams. The controlling scheme is explained and the modeling of the complete
system is done in MATLAB-SIMULINK.

The dynamic performance of the system is observed and compared with
vector control scheme. The response of the stator and rotor currents, power factor,
stator and rotor powers for different values of reference active and reactive powers
are shown by the simulation results.

The performance of this control technique in wind power applications is
observed. Optimurh power control and pitch angle control for wind turbine is
proposed and the response of generator speed, pitch angle, optimum power, turbine
torque, stator current, stator and rotor powers for different wind speeds are shown
by simulation results. The direction of stator and rotor power flow is explained with

simulation results.
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Chapter-1

1. Introduction

1.1. Introduction:

The induction machine which is driven by a turbine works as a generator with
stator connected to the grid and a rotor fed by back to back connected PWM
converters with a common dc link. The machine rotor speed changes in a limited
range. A machine control system controls two quantities: active and reactive powers.
These both quantities are controlled by the rotor currents of such a magnitude and
frequency that makes it possible to maintain the réference values of powers. The

main application of this power control of DFIG is in wind power generation.

A Wind Energy Conversion System (WECS) can vary in size from a few hundred
kilowatts to several megawatts. The size of the WECS largely determines the
choice of the generator and converter system. Asynchronous generators are more
common with systems up to 2MW, beyond which direct-driven permanent magnet

synchronous machines are preferred.

Conventionally grid-connected cage rotor induction machines are used as wind
generators at medium power level. When connected to the constant frequency
network, the induction generator runs at near synchronous speed drawing the
magnetizing current from the mains, thereby resulting in constant speed constant
frequency (CSCF) operation [12].

Constant speed constant frequency WECS using cage rotor induction

machine

Constant speed constant frequency (CSCF) WECS using cage rotor induction
generators shown in Fig: 1.1 are most widely used because of their design simplicity

and low cost.
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Fig 1.1: constant speed constant frequency WECS using squirrel cage machine [14]

A fixed speed system, even though more Simple and reliable, severely limits the
energy output of a wind turbine and the speed of wind is also fluctuating in nature.
However the power capture due to fluctuating wind speed can be substantially
improved if there is flexibility in varying the shaft speed to maximize power capture
with fluctuating wind velocities. Therefore, WECS is a classic example of a variable

speed constant frequency (VSCF) system [14].
Variable speed constant frequency WECS using cage rotor induction machine

Variable speed systems with cage rotor induction generators Fig. 1.2 are also
commercially available where energy output can be substantially improved and unity

power factor operation is possible

Power Electronic Transformer
Converter

\

Fig 1.2: Variable Speed Constant Frequency WECS using squirrel cage machine [14]



Here in this system the converters ratings are equals to the stator power rating as
these converters have to carry the rated power of the machine. So cost of converters
is high. So in such variable speed constant frequency (VSCF) application rotor side
control of grid-connected wound rotor induction machine is an attractive solution.
Such an arrangement provides flexibility of operation in sub-synchronous and super-
synchronous speeds both in the generating and motoring modes. The rating of the
power converters used in the rotor circuit is substantially lower than the machine

rating and is decided by the range of operating speed [14].
Variable speed constant frequency WECS using doubly fed induction machine

In this type of system, the stator is directly connected to the three phase grid and
_the rotor is supplied by two back-to-back PWM converters as shown in Fig. 1.3. Of
the two converters, the function of the line side converter is to regulate the dc bus
voltage and act as unity power factor interface to the grid for either direction of
power flow. The machine side converter has to control the active and reactive
powers. The present work is concerned with the control of the machine side
converter.
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Fig 1.3: Variable speed constant frequency WECS using DFIG [14]



With a suitable integrated approach toward design of a WECS, use of a slip-ring
induction generator is economically competitive, when compared to a cage rotor
induction machine. The higher cost of the machine due to the slip rings is
compensated by a reduction in the size of the power converters. The generator

rating can also be reduced compared to other singly fed machines [6].

It is possible to operate the system up to higher wind velocities. The voltage
rating of the power devices and dc bus capacitor is substantially reduced. The size
of the line side inductor also decreases. So a variable speed system using wound
rotor induction machine is superior because of higher energy output, lower rating

hence, lower cost of converters [14].
1.2 Advantages of DFIG:
This DFIG offers the following advantages over other schemes of WECS

(1) Reduced inverter cost, because inverter rating is typically 25% of total system
power, while the speed range of the ASG is 33% around the synchronous speed

(2) Reduced cost of the inverter filters and EMI filters, because filters are rated for

0.25 p.u. of total system power.

(3) Improved system efficiency; approximately 2-3% efficiency improvement can be

obtained.

Power-factor control can be implemented at lower cost, because the DFIG system
(four-quadrant converter and induction machine) basically operates similar to a
synchronous generator. The converter has to provide only excitation energy. The
DFIG with a four -quadrant converter in the rotor circuit enables decoupled

control of active and reactive power of the generator [6].



1.3 Literature Review:

Cardici .| and Ermis M presented a paper on the steady state performance of
Double-output induction generator operating at sub-synchronous and  super-

synchronous speeds [3].

E. Bogalecka investigated on Power control of a double fed induction generator
without position sensors. The proposed Control system controls the active and the
reactive powers by means of the rotor currents. The control system produces directly
the rotor currents frequency without rotor position measurement and coordinates
transformations. An angle controller is introduced. This controls the angle between

two vectors. Possibilities of the angle real value calculations are presented [4].

Longya Xu and Wei Cheng studied the Torque and Reactive Power Control of a
Doubly Fed Induction Machine by Position Sensor less Scheme. The critical issues
related to the torque angle estimation and control for a doubly excited induction

machine is discussed [5].

R.Pena, J.C.Clare and G.M.Asher investigated on doubly fed induction generator
using back-to-back PWM converters and its application to variable speed wind-
energy generation. In this a vector-control scheme for the supply-side PWM

converter and the rotor-connected converters is presented [6].

C. Knowles-Spittle, N.D.Maclsaac and B. A. T. Al Zahawi studied the Analysis
of 1.4 MW. Static Scherbius drive with Sinusoidal Current Converters In  Rotor
Circuit. A rigorous analysis of the Static Scherbius Drive with two IGBT sinusoidal
current converters in the rotor circuit is presented. The analysis is based on a hybrid
dg model in which stator variables only are transformed on to a frame of reference

stationary with respect to the rotor [8].

R. Datta and V.T.Ranganathan presented a scheme on field-oriented control of a
doubly-fed wound rotor induction machine without shaft position sensors. Instead of
using dynamic angle controllers for rotor position estimation, a direct method based
on simple transformations is proposed. Decoupled control of active and reactive
powers for the rotor side and front-end converters under transient and steady-state



conditions is demonstrated. The presented scheme is a viable alternative to cage-

rotor induction generators for variable-speed wind energy applications [9].

S. Muller, M. Deicke and R.W. De Doncker presented paper on the performance
of Adjustable Speed Generators for Wind Turbines based on Doubly-fed Induction
Machines. The doubly-fed induction generator (DFIG) system is investigated as a
viable alternative to adjust speed over a wide range while keeping cost of the power

converters minimal [11].

Rajib Datta and V. T. Ranganathan presented an algorithm for Direct Power
Control of Grid- Connected Wound Rotor Induction Machine without Rotor Position
Sensors. The active and reactive powers are made to track references using
hysteresis controllers. The method eliminates the need for rotor position sensing

and gives excellent dynamic performance [12].

Zbigniew Krzeminski investigated a Sensor less Multiscalar Control of Double Fed
Machine For Wind Power Generators. In this Nonlinear feedback transforms the
system into two independent linear subsystems. Estimation of variables including the
rotor position has been applied to the system. The active and reactive powers of the
stator are controlled using Pl controllers. With this control scheme there is no mutual
dependence of transients of the active power on reactive power are observed and

the system is stable [13].

Debiprasad Panda, Thomas .A.Lipo presented a paper on A double side
converter fed wound rotor induction machine control for a wind energy application. In
order to reduce the cost of a wind generator system, a new configuration using half
controlled converters for both the stator and rotor circuit as weill as for the line side is
proposed. The proposed controller reduces the required KVA rating of both machine
side and line side converters, improves the efficiency of the wind generator, helps
operating over a wide speed range and supports near unity power factor interface
with the grid [18]. '



Chapter-2

DFIG System overview

2.1 Introduction:

In a doubly-fed wound rotor machine, the control can be realized either from the
stator side or the rotor side or from both the sides. The machine can be controlled as

a generator in both the sub-synchronous and super-synchronous operating modes.

Since the rotor side control strategy becomes advantageous within a limited slip
range, the operating region is spread out on both sides of the synchronous speed -
Ws, implying both sub-synchronous and super-synchronous modes of operation.

The stator of the wound rotor machine is connected to the balanced three phase
grid and the rotor side is fed via two back-to-back IGBT voltage source inverters with
a common dc bus as shown in fig 2.1. Since the speed range is restricted, the slip
induced voltage is only a fraction of the grid voltage. Therefore, the dc bus voltage is
kept relatively low. This necessitates a step-down transformer at the line-side

interface.

o3

TRANS- Line side
FORMER converer

converter

TURBINE
Machine \
side /

—

DFIG

Fig 2.1: schematic diagram of the DFIG system

The front-end converter (FEC) controls the power flow between the dc bus and
the ac side. It has the same three phase bridge topology that of the rotor side



converter. This back-to-back arrangement of two PWM converters with a common
dc bus makes the system extremely flexible in terms of control of active and reactive
power flow. The machine can now be operated in sub-synchronous and super-
synchronous speeds because the rotor circuit is capable of sourcing and sinking the
slip power. Even though the active power flow is proportional to the slip, the reactive
power flow can be independently controlled for the machine side and line side
converters; hence the overall system power factor can be kept ét unity under varying

conditions of load / input [6].

The rating of the power converters used in the rotor circuit is substantially lower
than the machine rating and is decided by the range of operating speed. Of the two
converters, the function of the line side converter is to regulate the dc bus voltage
and act as unity power factor interface to the grid for either direction of power flow.
The machine side converter has to control the torque and flux of the machine or

alternatively the active and reactive powers [12].

2.2 Direction of Power flow in DFIG:

In generating mode the shaft is driven by the Turbine and the mechanical energy

is converted into electrical energy and pumped out of the stator with negative torque.

The mechanical power input to the shaft P,= (1-s) Ps.

The direction of power flow in the case of Rotor side control of doubly fed |
induction generator is explained by the fig 2.2 shown below: Depending on the
operating modes, the power flow varies in the stator and the rotor winding of the
. machine and the detail power flow diagram for different operating modes are given
in Fig 2.2.



Pr

{a)

{b)
Fig 2.2: Power flow diagram of a doubly-fed wound rotor induction machine for

(a) Sub-synchronous generating mode (b) Super-synchronous generating mode [2]

In the Sub-synchronous speed range slip S is positive and stator power is Ps
correspondingly slip power SPs is fed to the rotor. In Super-Synchronous Generating
mode Ps remains constant but additional mechanical power input is reflected as slip
power output [2].

2.3 Equivalent circuit of DFIG:

d -Axis

kg ms ¥ 9Aks

Fig 2.3: Approximate equivalent circuit and Phasor diagram [9]

Assuming negligible stator resistance drop the stator flux Ws, and hence the
stator flux magnetizing current Ins remain constant in magnitude lagging the stator

voltage vector by 90°. The magnitude of Ims can be defined as



Ims=(1+0 &) sqF g wooereeenorenraenns (2.1)

Since control is exercised on the rotor side an injection of positive |q will naturally
result in lesser value of lsq being drawn from the stator terminals leading to an

improvement in the stator power factor

In the d-axis
0=(1+0¢)ledtlrg oo (2.2)

The magnitude of ls4 being directly proportional to l.q. The machine can be looked
upon as a current transformer as far as the active power flow in the stator and the
rotor are concerned. In the phasor diagram an injection of positive Iqg implies that ls4
is negative indicating active power flow into the grid at the stator terminals [9].

2.4 Concept of independent control of active and reactive power:

The effect of injection of these rotor currents on the air-gap and rotor fluxes can
be derived by subtracting and adding the respective leakage fluxes. The variation of
the rotor flux with variations in the active and reactive power demand is shown in
Fig. 2.4(a) and (b). In Fig. 2.4(a) l.4-0, i-€., the reactive power is fed completely from
the stator side. Under this condition if l,q is varied from 0O to full load, the locus of Wr
varies along A—B which indicates a predominant change in angle & between ¥, and
W, whereas the magnitude of Wr does not change appreciably. In other words, a
change in the angle & would definitely result in a change in the active power handled

by the stator in a predictable fashion.

10
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Isd A

(b)

Fig 2.4: Phasor diagram showing variations in rotor flux with change in rotor current.

In Fig. 2.4(b) the sfator active power demand is maintained constant so that l.4 is
constant and lq is varied from O to the rated value. Here the locus of W, varies along
C-D, resulting in a predominant change in magnitude of W,, whereas the variation of
6 is small. Therefore, the reactive power drawn from the grid by the stator can be
reduced by increasing the magnitude of the rotor flux and vice-versa. It may be
noted that the phasor diagrams as indicated in Fig. 2.4(a) and (b) remain same
irrespective of the reference frame; the frequency of the phasors merely changes
from one reference frame to the other. It can be concluded from the above
discussion that

i) The stator active power can be controlled by controlling the angular position of the
Rotor flux vector.

i) The stator reactive power can be controlled by controlling the magnitude of the
Rotor flux vector.

These two basic notions are used to determine the instantaneous switching state of

the rotor side converter to control the active and reactive power [12].

11



‘2.5 Mathematical modeling of the DFIG:

The induction machine is modeled in vectorized form. The mechanical system is
modeled as two inertias coupled by means of a flexible shaft. The whole system is

described by parameters expressed in per unit [1].

Stator and Rotor Voltages of an Induction machine are

Vi Iad_‘R 1 d|& +Hﬁc{_¢%q:|

_V-;‘?_ _I-“I_ : % dt Lé"? 'Gid

(Vg | [ L] T [-a. ] o (2.3)
R L AN gy |

Kq _Irq_ % dt @rq_ ‘ | Qi;d

In the above equation
Wi =W (synchronous speed) in .rotating dq reference frame
W =W, (Rotor speed) in rotor reference frame
Wi =0 in stator reference frame
Flux linkages are as given below

¢ =L I, +L,1T,

S =1L I + I 1T e (2.4)

From the above equations of flux linkages stator and rotor currents are

Qs(‘Lr + I’m )_ 951-(1’:1: )
’ (T'Ler+LsLm+Lm'Lr)

— ér (I‘s + Lm )_ ‘;js Lm ) e (2.5)
" (L,L,+ L,L_,+ L,L,)

I

Electro magnetic Torque

7;=¢dslqs—¢qslds (26)

12
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Fig 2.5: Simulink model of doubly fed induction generator

The mechanical system is modeled as two inertias cohpled by means of a flexible
shaft. Relation between generator speed, Electro magnetic torque and Turbine
torque is as below

T, =2H%Wm +B W, +T, ... 27

30
¢
2] B

>

} wm

Wm

Fig 2.6: Simulink model of the mechanical system
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2.6 Front end converter modeling:

The objective of the supply-side converter is to keep the DC-link voltage constant

regardless of the magnitude and direction of the rotor power.

lor los

Fig 2.7: Front end converter [6]

The voltage equations is

Va Ia d Ia Val
V,|=R*\ I, |+L—|1, |+|V,,

dtl 1 | 7| ... (2.8)
I/c Ic ]c V;l

Where L and R are the line inductance and resistance respectively. Using the

transformations of the eqn. 2 is transformed into a dq reference frame rotating at W,

dI,

V,=RI,+ L
d d dt

—o, LI +Vd,
ceeeeeeea (2.9)

dl,
V,=RI +L 2t +ow, LI, +Vg,

14



Aligning the d-axis of the reference frame along the stator-voltage position V, is
zero and since the amplitude of the supply voltage is constant Vg4 is constant. The
active and reactive power will be proportional to l4 and lg respectively [4].

Neglecting harmonics due to switching and the losses in the inductor resistance
and converter, we have

EL =3V,I,

clE_ g e (2.10)

It is seen that the DC-link voltage can be controlled via lq.

E* 3ml 1
& S+a, > - >
e N Id 272 los S E
Fig 2.8: Voltage control loop of front end converter [6]
— sle:  Converter s > 21.
s = E
(O P.1.Cantrofler »{u

Fig 2.9: Simulink model of Front end converter
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2.7 Machine side converter Modeling:

The rotor side converter has the same three phase bridge topology almost
identical to that of the front-end converter (FEC).

Fig 2.10: Mathematical model of Machine side converter

The line voltages are obtained by the following equation

val 2 -1 —-1] [Vao0
Vb =% -1 2 —1[*/ 760
ve| T|-1 -1 2] [ve0] (2.11)

Where Va, Vb, Vc are line voltages and Vao, Vbo, Vco are phase voltages

The machine side converter is controlled to control the active and reactive power
of the machine. In the next chapter direct power control algorithm for machine side

converter is explained.
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Chapter-3

Direct power control of DFIG

3.1 Introduction:

The conventional appfoach for independent control of active and reactive powers
handled by the machine is stator flux oriented vector control with rotor position
sensors. The performance of the system in this case depends on the accuracy of
computation of the stator flux and the accuracy of the rotor position information
derived from the position encoder. Alignment of the position sensor is moreover,

difficult in a doubly-fed wound rotor machine.

An algorithm developed for independent control of active and reactive powers with
high dynamic response is described in this section. The instantaneous switching
state of the rotor side converter is determined based on the active and reactive
powers measured in the stator circuit. Measurements are carried out at one terminal
of the machine whereas the switching action is carried out at another terminal. Here
the directly-controlled quantities are the stator active and reactive powers; hence the

algorithm is referred as direct power control. It can be applied to VSCF applications

A5
Machine _“A \ S
HT<D

like wind power generation [12].

T TRANS - Line side side —{

— FORMER caonverter T converter v

k DFIG
Pulses | Pulses
Ira
Vab J irb

| B L ——
Vbc

-l
CONTROLLER il
Isb

Fig 3.1: Schematic diagram of Direct power control of DFIG
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3.2 Concept of Direct Power Control (DPC):

The two basic notions used to determine the instantaneous switching state of the

rotor side converter to control the active and reactive power are

i) The stator active power can be controlled by controlling the angular position of the

rotor flux vector.

ii) The stator reactive power can be controlled by controlling the magnitude of the

rotor flux vector [12].

Voltage vectors and their effects:

phase b $3 (010)
sector 3

82 (110

sector d
Phase a  $4 sector 1 st
({1} l)ﬁ / L&)'(mo)
7
7
- sector 5
phase ¢ 85 (001) $6 (101)

@

&

Fig. 3.2 (a) Orientation of the rotor winding in space with respect to which the voltage space
phasors are drawn and (b) voltage space phasors [12].

Assuming that the orientation of the three phase rotor winding in space at any
instant of time is as given in 3.2 (a), the six active switching states $4, S;... S¢ would
result in the voltage space vectors U4, Uz...Ug at that instant as shown in Fig. 3.2 (b).
In order to make an appropriaté selection of the voltage vector the space phasor
~ plane is first subdivided into six 60° sectors 1, 2...6. The instantaneous magnitude
and angular velocity of the rotor flux can now be controlled by selecting a particular
voltage vector depending on its present location. The effect of the different vectors

18



as reflected on the stator side active and reactive powers, when the rotor flux is

positioned in Sector 1 is illustrated in the following subsections.

Considering anti clockwise direction of rotation of the flux vectors in the rotor
reference frame to be positive, it may be noted that Ws is behind Wr in generating
mode. This is illustrated in Fig. 3.3. In the rotor reference frame the flux vectors
rotate in the positive direction at sub-synchronous speeds, remain stationary at
synchronous speed and start rotating in the negative direction at super-synchronous

speeds [12].

(A) Effect of Active Vectors on Active Power:

Fig 3.3: Flux vectors generating mode [12].

Assuming that the rotor flux is positioned in Sector 1, application of voltage
vectors Uz and U; accelerates W, in the positive direction results in an increase in
angular separation between the two and thereby an increase in the active power
generated by the stator. Similarly it can be seen that the effect of Us and Us on the
active power would be exactly opposite to that of U, and Uj,
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it may therefore, be concluded that, if the rotor flux is in the K" sector, where
K=1,2,3,..,6 application of vectors U(K+1) and U(K+2) would result in increase in
the stator active power generated and application of vectors U{K-1) and U(K-2)

would result in reduction in the stator active power [12].

(B) Effect of Active Vectors on Reactive Power:

When the rotor flux vector is located in Sector 1, voltage vectors U4, U2 and Ug
increase the magnitude of W, whereas Ui, Us and Us reduce it. An increase in
maghnitude of ¥, indicates an increased amount of reactive power being fed from the
rotor side and hence, a reduction in the reactive power drawn by the stator resuiting
in an improved stator power factor. A decrease in magnitude of W, amounts to

Ioweripg of the stator power factor.

As a generalization it can therefore, be said that if the rotor flux resides in the K"
sector, switching vectors U(K), U(K+1) and U(K-1) reduce the reactive power drawn
from the stator side and U{K+2), U(K-2) and U(K+3) increase the reactive power
drawn from the stator side [12].

C. Effect of Zero Vectors on Active Power:

The effect of the zero vectors is to stall the rotor flux without affecting its
magnitude. This results in an opposite effect on the stator active power in sub-

synchronous and super-synchronous modes of operation.

In sub-synchronous mode application of a zero vector decreases & as Ws keeps
rotating in the positive direction at slip speed. Above the synchronous speed, W,
rotates in the counter clockwise direction thereby increasing 8. Hence active power

generated by the stator decreases for sub-synchronous operation and increases for

super-synchronous operation [12].
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(D) Effect of Zero Vectors on Reactive Power:

Since a zero vector does not change the magnitude of the rotor flux its effect on
the reactive power is rather small. Nevertheless, there is some small change in Qg;
its effect being dependent on whether the angle between the stator and rotor fluxes
increases or decreases due to the application of a zero vector. An increase in
angular separation between the two fluxes reduces W,q resulting in an increment of
Qs drawn from the stator side. The converse is true when 8 reduces [12]. This is

summarized in Table 3.1.

Table 3.1: Effect of Zero Vectors on Reactive Power [12]

Speed . Generating
Sub-synchronous Op |=> Wi 1=>Qs)
Super-synchronous OpT => Wiq |=>Qs7

Note: tdenotes increase and | denotes decrease
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3.3 Implementation of Direct power control algorithm in Simulink:

The reference for the stator active power can be calculated as

4

P, =17, ™, and Q, is selected depends on the requirement of power

factor. The active and reactive powers on the stator side can be directly computed

from the stator currents and voltages.

DPC algorithm:

Pe<=0 i Pec=(i
pr
e ¥ conaition
Pe» »{Pe>i
: ~Pex=(] »{Pad=0
R eyl P
Pe<0 » Pac) '
Condition f— CED—wsector “Gates (T
Qew=0 ol Qe <=0 SeCtor Gates.
vy
e Qe»0 o Qe>0
Qes=0 o Qe>=0 1 v
CDm———sla N Wr
@ Qe <l — Qe <0
H\[été!si’:‘{ (;Oﬂdit.ions DPC

Fig 3.4: Simulink model of direct power control scheme
Hystersis controllers:

Ps is the reference for stator active power. The actual active power Ps is to be
controlled to stay within a band of width Pgang about Py .

Similarly Qs* is the reference for stator reactive power. The actual reactive power
Q; is to be controlled to stay within a band of width Qpang about Qs . This is modeled

as shown in fig 3.5

¥
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Fig 3.5: Simulink model of Hystersis controllers
Conditions according to power requirements:

In order to determine the appropriate switching vector at any instant of time, the
errors in Ps and Qg, and the sector in which the rotor flux vector is presently residing
are taken into consideration. Thus the following two switching tables for active vector
selection can be generated. Tables 3.2 and 3.3 [12] correspond to negative and’
positive, active power errors respectively. If the rotor side converter is switched in
accordance to these tables it is possible to control the active and reactive powers in

the stator side within the desired error bands.

Table 3.2: Selection of Active switching states when (P, <= 0)

Sector1 Sector2 | Sector3 | Sector4 | SectorS | Sector6
Qerr>0 S3 S4 S5 S6 S1 S2
Qerr<=0 | S2 S3 S4 S5 S6 S1
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Table 3.3: Selection of Active switching states when (P¢. > 0)

Sector1 Sector 2 Sector 3 | Sector 4 Sector 5 | Sector 6
Qerr>0 S5 S6 S1 S2 S3 S4
Qerr<=0 | S6 S1 S2 S3 S4 S5

By considering the effect of the zero vector on active and reactive powers, the
logic for selecting the zero vector can be summarized as in Table 3.4 [12].
Whenever a zero vector has to be applied, the one nearest to the present active
vector is selected to minimize the number of switchings.

Table 3.4: Condition for selection of zero vectors

Speed

Sub-Synchronous speed Qerr<0 And Perr>=0

Super-Synchronous speed Perr<0 And Qerr<=0

LD
TR gEQ
Dex>0
5D
L=
-
Panl
El . e - Candition
P e e T Pl
NOT . »>
or )
Gla« N
: ano | 1+ »{Tinven ¥ ;,Eh*);
P gwnld
()
Pe<l ) .
' AND N arTr T ;ﬁf},

Fig 3.6: Simulink model for producing conditions
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Pulse Generation:

With the inferences drawn in the previous section it is possible to switch an
appropriate voltage vector in the rotor side at any given instant of time to increase or
decrease the active or reactive power in the stator side. Therefore, any given
references for stator active and reactive powers can be tracked within a narrow band

by selecting proper switching vectors for the rotor side converter.

Gateg

Fig 3.7: Simulink model of Pulse generation
Sector Identification:

This method uses integration of the PWM rotor voltage to compute the rotor flux.
Then the flux angle is calculated hence the sector in which the rotor flux resides can
be identified.

Fla= j (V;d - RrIrd Ht

"

rg

F,=[(V,-RI,}t

£
8, = tan ' =
Frd'
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Fig 3.8: Simulink model of sector identification

Complete system modeling in simulink:
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Fig 3.9: Modeling of the direct power contro! of DFIG system in simulink
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3.4 Simulation Results:

The direct power control algorithm is simulated on the MATLAB-SIMULINK
platform. The transient response due to a step change in active and reactive power
commands is shown in Fig. 3.10 and 3.11. Ppana and Qpang are kept at 0.05 p.u. in

this case.
It is observed that Ps reaches its set value in approximately 1ms. And Qs reaches

its set value in approximately 16ms this can be the fastest possible response

because only the desired active vector is used during the transient.

T T T - T Y i T T T
. 0 b \v\!t\ 424 ULV gs’y-ﬂf\'vﬂ" A "V’ -~ ﬁ,‘."v"‘-l’_fi\‘?!“\ N
3
f_; 8.2 \ .
&
z h
£ D8k \ E
©
£ a8 -
& .
- Bnlhoeig s Wy A S S W
1 1 i 1 1 ] 1 . i .
0995 0.996 Q.957 0.998 0.993 1 1.004 1:002 1.063 1.004 -1.005
Time in sec

Fig 3.10: Response of stator active power for step change in reference active power

i
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y
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O
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Fig 3.11: Response of reactive power for step change in reference reactive power
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Response of Pg for different values of Ps*:

In the figure stator reference active power and actual stator active power are
shown. P follows Ps' with in certain hystersis band of band width Ppan.g. Stator active

power is taken as negative as it feeds active power to the grid.

62 T 1 T T ¥ T T

Stator active powet referance in p.u,

i t 1 H i i |

Stator active power in p.u

o 05 1 15 2 25 3 35 4
Time in sec:

Fig 3.12: Response of Ps for different values of Ps*

The dynamic response of the system is very good as the rise time is in mille
seconds. So this type of control technique will be suitable in optimum power tracking
for maximum energy capture in a wind energy application. The optimum power
varies with the speed of the turbine and by using this control the stator power is

maintained at equal to the optimum power.
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Response of Qs for different values of Qs :

In the figure stator reference reactive power and actual stator reactive power are
shown. Qg Follows Qs with in certain hystersis band of band width Qpanga. Stator

reactive power is taken as positive as it takes reactive power from the grid.
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Fig 3.13: Response of Q; for different values of Q,

So we can control the stator reactive power as per our requirement, so that we
can control the power factor of the system. Hence the overall system power factor

can be kept at unity under varying conditions of load.

This system has excellent dynamic response and decoupled control of active and
reactive powers as shown by the simulation results. Since it depends only on voltage
and current measurements on the stator side, it is insensitive to the parameters of

the machine.
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Response of Stator current for different values of Ps and Q!
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Fig 3.14: Response of Stator current for different values of Ps and Q,

The variation in stator current with change in active and reactive powers is showh
in the fig 3.14. In the figure, from O to 1sec active power generation is increasing and
reactive power drawn is reducing and as current is proportional to the KVA the
change in current is very less. From 1 to 2 sec Ps and Qs are constant hence current

is constant. From 2 to 3 sec both Ps and Q; are reducing hence current is redued.
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Stator voltage and current:
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Fig 3.15: Vs and Is when Qs =0 p.u.
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Fig 3.16: Vs and Is when Qs=1 p.u. and Ps=0 p.u.
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Fig 3.17: Vs and Is when Qs=1 p.u. and Ps=1 p.u.

When reactive power drawn by stator is zero that means the KVA is only active
power then the current lags the voltage by angle of 180° So the power factor is unity
and stator power is negative. When the reactive power drawn is one p.u and active
power drawn is zero hence the KVA is only reactive power then the current lags the
voltage by 90° hence the power factor is zero. So that we can control the stator
power factor from zero to unity.
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Response of active power with d-axis component of current:

Ps inp.u.

P in p.au.

isd ih p.u.

Trd: In pau.

0 o 1 l i i 1 | !

0 05 1 15 2 25 3 35 4
Time.in sec

Fig 3.18: Response of active power with d-axis component of current

Ps is controlled by controlling d-axis component of stator current (lsq). And
similarly P, is controlled by controlling l,q. And lsg=-l¢ always. So by controlling Irq
we can control stator active power. So with the change in the reference active power
the d-axis current injected from rotor side changes then as lsq is proportional to Iq,
lsa changes which in turn result in the variation in actual stator active power.
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Response of reactive power with g-axis component of current:

Qs in p.u.

Qinp.u.

lsg inp.u.

Irg inpa

. } i i ! 4

Time in sec

Fig 3.19: Response of reactive power with g-axis component of current

Qs is controlled by contrdlling lsq and Q;is controlled by controlling I.q. And

lsq + lrqg = Ims (Magnetizing current). And Ims is always constant. So depends on the
reference reactive power if we inject Iq from rotor side Isq drawn will be less hence
the reactive power drawn from the stator is controlled hence stator power factor can

be controlled.
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3.5 Comparison of DPC with vector control:

The Figure 3.20 given below shows the model of vector control of DFIG. In this

rotor side control is controlled by using vector control. The stator active and reactive

powers are tracked by using Pl controllers and depending upon the error in active

and reactive powers |4 and ly is injected to the rotor by applying Via and Viq. By

these reference values of Vg and V,q we have to give pulses to the rotor side

inverter.
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Fig 3.20: modeling of vector control of DFIG

This method uses the integration of the Stator voltage to compute the stator flux

then the stator angle can be calculated.
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Active and reactive powers for a step change in reference values:

The independent control of stator active and reactive power can be obtained by
this vector control scheme as shown by the simulation results. Response of
reference active and reactive powers is shown below for the step change in

reference active and reactive powers.

05 Y T T T T T T T

Stator active:power In p.u.

45

Stator Reactive power in p.ul.

45

Time In sec

Fig 3.23 Response of active and reactive power for a step change in reference powers

The system performance depends on the accuracy of calculation of flux angle and
the accuracy of position encoder. The dynamic response of the system is very siow
compared with DPC as the settling time in the case of vector control is in the range
of 2 to 3 secs where as in case of DPC it is in mille seconds. The peak overshoot in
case of vector control is high where as in case of DPC the actual values vary with in
the band. The steady state error is approximately same in both the cases.
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3.5 Comparison of DPC with vector control:

The Figure 3.20 given below shows the model of vector control of DFIG. In this
rotor side control is controlled by using vector control. The stator active and reactive
powers are tracked by using Pl controllers and depending upon the error in active
and reactive powers |4 and ly4 is injected to the rotor by applying Vra and Viq. By
these reference values of V.4 and V.q we have to give pulses to the rotor side

inverter.
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Fig 3.20: modeling of vector control of DFIG

This method uses the integration of the Stator voltage to compute the stator flux
then the stator angle can be calculated.
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Fig 3.21: Pl controllers used in tracking of active and reactive powers

Here the active power can be controlled by injecting d-axis component of rotor
current. As l4 can be controlled by controlling V.4. Hence stator active power can be
controlled by V,q. Similarly stator reactive power can be controlled by varying V.

The rotor angle is calculated by sensing the rotor speed for converting the reference

rotor voltages of rotating dq frame into abc frame.
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Ps* . .
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Fig 3.22 Vector control scheme for machine side converter
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Active and reactive powers for a step change in reference values:

The independent control of stator active and reactive power can be obtained by
this vector control scheme as shown by the simulation results. Response of
reference active and reactive powers is shown below for the step change in

reference active and reactive powers.

0.5

Stator active powsr In p.uL.
&
N
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Stator Reactive power in p.u.

45

Time in sec

Fig 3.23 Response of active and reactive power for a step change in reference powers

The system performance depends on the accuracy of calculation of flux angle and
the accuracy of position encoder. The dynamic response of the system is very slow
compared with DPC as the settling time in the case of vector control is in the range
of 2 to 3 secs where as in case of DPC it is in mille seconds. The peak overshoot in
case of vector control is high where as in case of DPC the actual values vary with in
the band. The steady state error is approximately same in both the cases.
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Chapter-4

Wind Turbine

4.1 Introduction:

In recent years there has been an increased attention toward wind power
generation. Wind power has proven to be a potential source for generation of
electricity with minimal environmental impact. With the advancement of aerodynamic
designs, wind turbines that can capture several megawatts of power are available.
When such wind energy conversion systems are integrated to the grid, they produce
a substantial amount of power which can supplement the base power generated by

thermal, nuclear, or hydro power piants [14].
4.2 Wind Turbine modeling:

The wind turbine with optimum power control and pitch angle control is modeled
in simulink. As shown in fig 4.1 the external inputs to the turbine are wind speed and
rotor speed. Optimum power Pop: is obtained from the power-speed characteristics

and it depends on the speed of the turbine.

- — . - a
Wind speed Tm (pu)p
Wind
Turbine
AWr Poptp

=]

Fig 4.1: Simulink model of wind turbine with optimum power control

The model of wind turbine is based on the steady-state power characteristics of
the turbine. The stiffness of the drive train is infinite and the friction factor and the
inertia of the turbine must be combined with those of the generator coupled to the

turbine.
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The output power of the turbine is given by the following equation.

2

- 2. A
P, =cC_ (A.p ) £ e @n

Where

Pm Mechanical output power of the turbine (W)

Co Performance coefficient of the turbine

(o] Air density (kg/m3)

A Turbine swept area (m?)

Vwina Wind speed (m/s)

A Tip speed ratio of the rotor blade tip speed to wind speed
B Blade pitch angle (deg)

Equation 4.1 can be normalized. In the per unit (pu) system we have:

P, ,.=K,C, Vi _pu e (4.2)
Where

Pm_pu Power in pu of nominal power for particular values of p and A

Co_pu Performance coefficient in pu of the maximum value of cp

Vwind_pu Wind speed in pu of the base wind speed.

K, Power gain for Cp_p, =1 pu and Vwing_pu=1 pu, k; is less than or equal to 1
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A generic equation is used to model C,, (A, B) is

ke B —C.

] b ¥ ( (:’ = 1 A _5 v -
<, (2. 8)= C,l‘ /_{" —6-3,8—(:4Je L C A
With

1 1 0.035

z

ﬂ_ - 2’+0.08ﬁ—ﬁ3+1 ............

Where C1=0.56176, C2= 116, C3=0.4, C4=5, Cs=21 and Cs= 0.0068.

The Cp-A characteristics, for different values of the pitch angle B, are illustrated

below on fig 4.2. The maximum value of Cp (Cpmax = 0.48) is achieved for g = 0

degree and for A = 8.1. This particular value of A is defined as the nominal value

(A_nom)-

Fig 4.2: C,-A characteristics
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The Simulink model of the turbine is illustrated in the following figure. The three
inputs are the generator speed (w,_py) in pu of the nominal speed of the generator,
the pitch angle in degrees and the wind speed in m/s. The tip speed ratio A in pu of
A nom is obtained by the division of the rotational speed in pu of the base rotational
speed and the wind speed in pu of the base wind speed. The output is the torque
and is applied to the generator shaft.

: . wind speed_pu Ny Pwind_pu ,
N o113 | o [P pu
Wind speed b T o p—— -
- Tiwirid_bage wind_sheed"3

anis) Prodict
cp_pu

h 4

ml->;aia‘?7
é(_ 17Cpom
F

y
‘Avoidt division
by zev0' (] -

Genecator speed (pu)

pu->py

N X 1>%(1)
B s Tradpai)
Avoid division )
by zero

A 4

Fig 4.3 Simulink model of the wind turbine

Output of the mechanical torque of the wind turbine, in pu of the nominal
generator torque. The nominal torque of the generator is based on the nominal

generator power and speed.
4.3 Optimum power control:

The power is controlled in order to follow a pre-defined power-speed
characteristic, named tracking characteristic. Such a characteristic is illustrated by
the ABCD curve superimposed on the mechanical power characteristics of the
turbine obtained at different wind speeds. The actual speed of the turbine w; is
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measured and the corresponding mechanical power of the tracking characteristic is

used as the reference power for the power control loop.

The tracking characteristic is defined by four points: A, B, C and D. From zero
speed to speed of point A the reference power is zero. Between point A and point B
the tracking characteristic is a straight line, the speed of point B must be greater
than the speed of point A. Between point B and point C the tracking characteristic is

- the locus of the maximum power of the turbine. The tracking characteristic is a
straight line from point C to point D. The power at point D is one per unit (1 pu) and
the speed of the point D must be greater than the speed of point C. Beyond point D

the reference power is a constant equal to one per unit (1 pu).

Turbine Power Characteristics

[ s —t -
. - N £ 03
i

o]
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Turbine output power (pu of nominal mechanical power)

) 1 1-‘ i 1 oy i
0.6 07 0.8 0.9 1 N 1.2 1.3
Turbine speed (pu of generator synchronous speed)

Fig 4.4 Turbine power characteristics and Tracking characteristics

In the fig 4.4 curve ABCD is the optimum power that is supplied to the grid. Now
the optimum stator power can be obtained from this curve by using the following

equation and is shown by the fig 4.5.
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Now the optimum stator power curve is as shown below
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Fig 4.5 Optimum stator power curve

4.4 Pitch angle control:

For higher wind velocities, the turbine energy capture must be limited by applying
pitch control. When ever generator speed reaches 1.2 pu, pitch angle control comes
into action. Beyond this speed the pitch angle is proportional to the speed deviation
from 'point maximum speed. The complete wind turbine system with pitch angle

control and optimum power control is illustrated in the fig 4.6.
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Chapter-5

Direct power control of DFIG in wind power applications

5.1 Introduction:

When the direct power control scheme is applied in wind power applications the
optimum power control can be achieved. The maximum generator speed can be

limited by pitch angle control.
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Fig 5.1: Wind power.generation by DFIG incorporated with DPC

For the above system input is wind speed. The response of Turbine torque,
generator speed, stator current, pitch angle, stator and rotor active powers are

observed for change in the wind speed and shown by simulation results.
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5.2 Simulation Results:

Response of generator speed, mechanical torque and optimum power with

change in wind velocity:

The wind speed is varied in steps and with the variations in wind speed the
variation in generator speed, turbine torque and optimum power are shown by the

simulation results.
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Fig 5.2: Response of generator speed, mechanical torque and optimum power with

change in wind velocity
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The maximum optimum power is 0.833 p.u. and the maximum generator speed is
1.2 p.u. The system can be operated below and above and at synchronous speeds
as shown by the simulation results.

Pitch angle control:

When ever the generator speed reaches the maximum value pitch angle control
comes into action and the generator speed is limited to the maximum value. Here in
this case maximum speed is 1.2 p.u. The pitch angle control works as shown by the

simulation resuits.
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Fig 5.3: Response of speed and pitch angle with change in wind speed

In the Fig 5.3 the generator speed reaches the maximum speed at 12 sec hence
the pitch angle control came into action and the generator speed is maintained at the

maximum speed.
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Response of Stator active power with change in optimum power:
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Fig 5.4: Stator active power and Optimum power

When the optimum power is give as the reference stator active power to the
control system then the stator active power follows the optimum power with in a
band of width Ppang @s shown by the simulation results in fig 5.4. The dynamic
response of the system is very good. Hence the optimum power control is achieved

by this control system.
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Response of Stator current with change in Stator active & reactive powers:
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Fig 5.5: Stator active power, reactive power and current

The variation in stator current with change in active and reactive powers is shown
in the fig 5.5. The stator reactive power is maintained at zero for maintaining unity
power factor on stator side. So the stator KVA is completely the active power
generated to the grid. Hence the current is proportional to the stator active power as

shown by simulation results.
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Rotor active power:

Stator active power of DFIG is always negative that means it always feeds power
to the grid. Direction of rotor active power depends upon the speed of the turbine. In
the sub-synchronous operation the rotor powef is positive i.e. power flows from grid
to the rotor circuit and in case of super-synchronous operation power flows from
rotor to grid i.e. rotor power is negative. At synchronous speed rotor power is zero.
The rotor power is always equal to slip times the stator power.
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Response of Pitch angle and generator speed for different wind speeds:

There is step change wind speed from 0.67 p.u.to certain value. Then the change
in pitch angle and the generator speed are observed. Here for some values of wind
speeds the response of the system is shown and from those results we can

conclude that up to what speed of wind the system can work satisfactorily.
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Fig 5.7: pitch angle and generator speed at 2.5 p.u. wind speed

In the above figure wind speed is a step from 0.67 p.u. to 2.5 p.u. The system is
working satisfactorily as the turbine speed is limited to 1.2 p.u. By the pitch angle
controller. Here the system reached the maximum speed after 15 seconds. For
higher speeds of wind the system réaches earlier than this. This can be observed
from the simulation results given below.
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From the simulation results we can conclude that the system can work
satisfactorily up to the wind speed of 3.67 p.u. For the wind speeds above this the
system fails after small time. If the wind speed is high system fails quickly and vice

versa. The pitch angle control comes into action quickly for higher wind speeds.

Efficiency of the generator:

The efficiency of the generator with change in wind speed is as shown in the fig

P .
. . grid
5.15. For a particular value of wind speed YoEfficiency= *100  where

mech
Pgria is the power supplied to the grid from the machine and given by Pg.ig=Ps + P,
and Pmecn is the mechanical is the mechanical input to the generator and given by

P

mech

— *k
—Tm a)r.

‘IOD T T T - T T T T

% Efficiency
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Fig 5.14: Generator efficiency versus wind speed
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Chapter-6

Conclusions

«» The direct power control of the doubly fed induction generator is capable of

controlling the active and reactive powers of a wound rotor induction

generator without rotor position sensors.

Decoupled control of stator active and reactive power can be obtained and
system has good dynamic response as shown by the simulation results.
Since it depends only on voltage and current measurements on the stator
side, it is insensitive to the parameters of the machine.

Direct power control is more advantageous than vector control since the
settling time and peak overshoot in case of vector control scheme is higher

than that of direct power control scheme.

The direct power control of the generator has been embedded in an optimal
power controller for maximum energy capture in a wind energy application.
Pitch angle control for wind turbine is implemented to-limit the generator
speed and from the simulation results it is observed that the system works
satisfactorily up to 3.67 p.u. of wind speed. |
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APPENDIX

Machine details:

A 5hp, 400v, 3 phase, 50 Hz, 4-pole, slip ring induction machine

Parameters of the machine:

Stator resistance = 0.05 p.u.

Rotor resistance = 0.02 p.u.

Stator leakage inductance = 0.1 p.u.
Rotor leakage inductance = 0.1 p.u.
Magnetizing inductance = 5 p.u.

Base values:
Base KVA = 3.75 KVA
Base Voltage = 400 V
Base current = 5§41 A
Base generator speed = 1500 RPM
Base Wind speed = 12 m/s

Front end converter:
Filter resistance = 0.1 Q

Filter inductance = 12 mH

DC link parameters:
DC link voltage = 450v
Capacitance of DC link Capacitor = 2.4mF
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