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Abstract

The thesis deals with power flow between grid and @#oe Possible grid
connection concepts are described and the topologywaofble speed constant
frequency with doubly-fed induction machine is emphadizamong different
topologies. The dynamical model and power flow anabssrealized to investigate the
concept. In literature, the most preferred and impleéeteoontrol method of doubly-fed
induction generator, stator flux-oriented activecte@® power decoupling, is studied,
simulated in the thesis and important drawbacks of théadeare underlined. A
nonlinear controller with disturbance observer is enménted to eliminate the
drawbacks of flux-oriented based decoupling of aeteactive power. The proposed
method brings in orientation-free and simple implememtato the concept. Stability
analysis must be realized to satisfy exponential stalbditgontroller performance and
boundness of rotor voltages is provided during simulation



BILEZIKLT ASENKRON MAKINE ILE SEBEKE BAGLANTILI DE GISKEN HIZ
GENERATOR UYGULAMASI

Erhan Demirok
EECS, Yuksek Lisans Tezi, 2007

Tez Dangmani: Prof. Dr. AsiBabanovic

Anahtar Kelimeler: Aktif ve reaktif giic agtirma, generator, yenilenebilir eneriji,

bozucu etken gozlemleyici, bilezikli asenkron makuohaisken hizda ¢cajma

Ozet

Genel olarak tezde uzerinde ¢dan konu elektrik sebekesi ile generator
arasindaki guc agdir. Elektrik sebekesi ve generatér arasindakkittie baglanti
kavramlari tarif edildikten sonra bu kavramlar arasmagn verimli olan bilezikli
asenkron makine kullanilarak gigken hiz sabit frekans topolojisi vurgulargim.
Secilen topolojideki bilezikli asenkron makinenin amik modeli ¢ikarilmy ve glg
akis analizine dginilmistir. Uluslararasi yapitlarda en cok tercih edilenuygulama
alani bulan stator akisi yonelimli aktif-reaktif gigriggmi yontemi tezde incelenerek
benzetimi yapilmgtir.  Yontemdeki dezavantajlardan kisaca bahsedilerebu
dezavantajlarin ortadan kaldiriimasi igin bozucu retgézlemleyicili lineer olmayan
denetleyici gelitirildi. One surtilen bu yontemle incelenen gugekavramina referans
eksen takimi yonelimininden @ansizlik ve kolay uygulanabilirlik kazandirildi.
Denetleyici performansi acisindan ussel kargrlifpatlamak icin kararllik analizi, her
tasarimda gercelderilmelidir. Simulasyonlarda, bilezikli asenkron maksine
uygulanan rotor gerilimi nominal derlerinin altinda sinirl kalngtir.
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1 INTRODUCTION

Energy production capacity determines the politics isi@ts-strategies,
economical and social developments that make the esergr to be one of the most
critical topic around the world. Alternative resoescare becoming more important

while fossil based fuels come to an end.

Renewable energy, as its name implies, is an energy siaicdoes not die out
and is regenerative. It does not contribute greesdnauaterials as fossil fuels do.
Renewable energy sources can depend on climate aiot @nditions. For example,
solar hot water/heating is the most widely used aatin in Turkey with 6.5% of total
solar hot water/heating capacity of the world in 24Q]. Main renewable energy
sources are as follows: Solar cell, wind, hydro poweafuel (liquid, solid biomass,
biogas), geothermal energy [2]. Figure 1.1 shows thdwenewable energy pie chart
in 2005 [2].

World Renewable Energy 2005

[ Large hydra [l Small hydro 5.12% [ | Wind power 4.58% [ Biomass elec
58.23% 3.42%
B Geothermal elec [ Photovoltaic 0.42% [l Other electric0.05% [l Biomass heat*
0.72% 17.08%
B Solar heat 6.83% [[] Geothermal heat [] Biodiesel fuel [ Bioethanal Fuel
217% 1.21% 0.16%

Figure 1.1. World renewable energy pie chart [1]



Although utilizable energy production methods variethwespect to renewable
energy sources, the main objective is to develop awersal and autonomous
configuration for grid connected or stand-alone i@pgibns with realization of some

mechanical constraints (shaft angular speed etc. aepéndent of energy source type.

1.1 Motivation and System Overview

From the generator point of view, energy source iagb\prime movers excited
by renewable sources through turbines. These sources cheyge at any time
dynamically like wind or water but injected poweudtuations to the grid must be
removed for grid connected applications while predlgoltage must have constant
magnitude and constant frequency for stand alone capipins. When considering
overall structure, electrical machines play an impadrtate for system efficiency and
must be utilized optimally by selecting proper machtgpe. Accordingly, three
different types of electrical machines are usually assiga renewable energy plants as
generator: Permanent magnet synchronous, synchromazligycauction machines.

Permanent magnet synchronous machines (PMSM) have dofiskdrexcitation
rotating with same rotor mechanical speed because oigpent rare earth magnets
(neodymium and samarium-cobalt) located on the rotdrhave armature on the stator
with isolated windings. Since field excitation is c@métand not controllable, stator

current can be controlled via an inverter attachredtator.

Synhronous machines are similar to PMSMs except for aaostruction. Stator
has three-phase windings. In contrast to PMSMs, tloe abtsynchronous machines has
winding on the rotor and a dc current is suppliedréate a field. Generator operation is

determined by the magnitude of the dc current (foeldent) and rotor angular speed.

Induction machines are the most widespread in indusyryh& improvements in
the power electronics, induction machine applicaticosne to a level that high
precision torque/position control devices are avadlaiol run IM motor with while
having realtively low costs in comparison with otheivels. Stationary part of an

induction machine is similar to the one that is descriloed®MSM and synchronous



machine. Induction machines can be divided two mainctstreis up to their rotor
construction: squirrel cage and wound rotor (doubly)}f The rotor of squirrel cage
machines consists of conductive bars with their slots addpeints of similar phase
bars are short circuited. The rotor windings of wouwothr machines have the same
structure with stator windings and ac rotor voltages aplied via ring and brush
mechanism. The rotor current magnitude and frequereyanmtrolled in such a way
that stator voltage with fixed magnitude and freqyes@enerated while angular speed

of rotor varies.

Induction generators have some advantages over pertmanagnet and
synchronous generators for renewable energy systemstilon machines are cheaper
than permanent magnet synchronous machines, since permeawgrgts are expensive,
especially for high power rated generators. Furtheemeynchronous generators must
operate at constant rotor speed for fixed frequenay wdl require more complicated
mechanics between energy source and generator shaft.

Renewable energy system concepts (e.g. wind, small hgthot) can be
classified with respect to the generator shaft speaechépmover speed) and electrical

output frequency: Constant speed constant frequenayiable speed constant

frequency.
RENEWABLE ENERGY SYSTEM (RES)
CONCEPTS
Constant Speed Constant Variable Speed Constant
Frequency Frequency
I-> Squirrel Cage IG S}gr::é';r;ggs
Double Fed IG

Figure 1.2. Summary of renewable energy system concepts

Constant-speed constant-frequency (CSCF) squirrel cage induction generator
(SCIG) concept transforms renewable energy source into electricabgne such a way

that SCIG is directly connected to grid (Figure 1Sihce cost is lower and electronic-



mechanic complexity is reduced, CSCF concept has beamast used configuration in
wind turbine applications [3]. Fixed turbine speednmplemented by gear box with
turbine stall-pitch control and poles of the genetdtothis way, squirrel cage induction
generators with at least two different pole stagesustglly used. Different pole-

number stages will decrease magnetizing losses at lonéuspeed [4].

Squirrel
cage IG

Grid

Gearbox O ) (@
1

TTT

Figure 1.3. Constant-speed constant-frequency comedpSCIG

SCIGs require reactive power for both motor and gepeioperations. The most
of reactive power drawn by SCIG is supplied by compansaapacitors which is the
most economical way for SCIG power factor controltsitstator terminal (Figure 1.3).
This concept is valid for grid-connected applications.

Variable speed constant frequency (VSCF) concept is usually accomplished by
using either synchronous generator (alternatively G3Chre used) or doubly fed
induction generator (DFIG). Fixed speed turbine i¢ remuired but still voltage
frequency and amplitude must be fixed for stand-alangrid-connected applications.
Energy capture is more efficient than fixed speed ephbecause of variable speed

operation.

VSCF concept using synchronous generator requirestbaaséck pwm converter
for grid integration (Figure 1.4). Since turbineesgd is varying, stator frequency and
voltage magnitude must be kept constant by back-to-pack converter connected
between stator of the generator and the grid. Tha panverter must handle the active
and reactive power produced by the generator imgduthe overload conditions. While
grid side converter (GSC) provides unity power faetod regulation of dc bus voltage,



machine side converter (MSC) controls the active powethis scheme, instead of
synchronus generator, SCIG and PMSM may be utilized.

Generator MSC GSC

Gearbox —I:} _|$ Grid

Figure 1.4. Variable-speed constant-frequency cor(céetct in-grid)

Besides on VSCF with direct in-grid concept, anotbencept is VSCF with
doubly-fed induction generator (DFIG). Although yhare rarely used in industry,
doubly-fed induction machines can find applications/imich high starting torque in the
motor mode is required like cranes, extruders etc. bt way to accomplish these
applications is to add or remove external resistors tir rarcuits through ring and
brushes for adjustment of rotor current. Although tergpeed characteristics can be
shifted to desired operation point using external m@ssthe method is inefficient on
account of power dissipation on resistors. Alternativéhotis to feed this dissipated
power back to the grid exactly same with Scherbiusesyst Accordingly, back-to-back
pwm converter attached to the rotor of DFIG willngrito the system an advantage that
active and reactive power can be decoupled andbads@ctional power flow for sub-
or supersynchronous operation while the convertersidered as variable resistor
(Figure 1.5).



Grid

MSC GSC

DFIG

Figure 1.5. Variable-speed constant-frequency conegptDFIG

The back-to-back pwm converter’s operation is the saméhe VFCG one but
the power rating of converter will be about 25%tlé system power because the
converter is attached to the rotor side. The rotdDlefG will draw power during sub-
synchronous operation (rotor mechanical speed is ltdvegr synchronous speed) while
the rotor and stator will supply grid during supergwonous operation. Hence, the
back-to-back pwm converter is also convenient in baional power flow point of

view.

The reasons for using doubly fed induction machinesar®llows:

* Reduced cost and size
» Absence of separate direct current (dc) supply

» Stator active and reactive power control (powettdigcis accomplished via
rotor currents so rated converter size will be aro2iib of the overall system
power [5]

* The back-to-back pwm converter will have less lossesysterm efficiency
increases.

In this thesis, the operation of the doubly-fed (wowotbr) induction machine
(DFIM) as generator for variable speed renewableggnsystems like wind or small
hydro plant applications will be analysed. The gedb develope and build a system in

such a way that generated active and reactive pmaer be controlled as rotor



mechanical speed varies for both grid-connected anad-st@ne operations. The
outline is depicted in Figure 1.6.

Open loop plant: Dynamic simulation of double
fed induction generator

Controller design
Solution

Closed loop simulation of overall system as close
as to real operation

Experimental Setup and Results Verification

Figure 1.5. General outline



2 AC MACHINE THEORY AND DYNAMICAL ANALYSIS OF DOUBLY
FED INDUCTION MACHINE

Since the equivalent circuit model is insufficienttiansient state, a dynamical
model which includes transient and steady state conditmust be developed for
applications where states and parameters are varyirtisl chapter, firstly, a general
AC machinery fundamentals will be introduced by emphagimagnetic circuit theory
using phasor representations with some assumptions. Aftdriedé and mechanical
equations are derived, a dynamical model of doully induction machine is

completed. Simulation results are interpreted by spactr analysis.

2.1 Review of Basic Concepts of Magnetic Circuit Theory

From engineering point of view, a problem should bd-defined as first step
while mathematical derivation is the second step foreld@ing model. Similarly,
magnetic circuit theory gives an opportunity to ustlnd ac machines physically and
gives mathematical tools to analyse the system behaviour

Three basic concepts are sufficient to understand akingag fundamentals:

* Ampere’s Law

* Faraday's Law

Electromagnetic force to convert electrical enerdg mechanical motion.



211 Ampere’s Law

A magnetic field is produced when a current sourast®xand current flows
through a conductor. The direction and magnitudenafjnetic field depend on the
direction and magnitude of current respectively. Arajgelaw explains this situation as
following: The line integral of flux density arourmhy closed path that encloses a
current flowing conductor is equal to permeabilityes this current (Figure 2.1).

Figure 2.1. Ampere’s Law representation
§Bdl =gl or §Hdl =1 (2.1)

whereB is flux density,H is magnetic field intensitys, is permeability of material

that magnetic field passes, dnid total current enclosed by closed path.

The relationship between field intensity and flux slgnfor any ferromagnetic
material is not linear for all operating range althjiouB = 1z H is valid. There exists a
limiting value of field intensity for which saturatiaeffect occurs because of nonlinear
B-H characteristics of ferromagnetic materials. Lineagion constraint should be

considered or an assumption must be held in such a wagatuation effect does not

exist.

Flux and flux linkage are obtained by using defomti of flux density.

Accordingly, flux is calculated with limited areA,, perpendicular to the direction of

flux density.



p=AB

When flux is linked by some number of tur§ f a coil, flux linkage is defined

as

2.1.2 Faraday’s Law

According to Faraday’s law, the induced electron®frce (emf) is proportional
to the time rate of change of flux through the dirou coil. Flux varying with time can
be obtained by changing magnetic field strength, ngpewil or magnet relative to each

other.
_d _d
et) = E/](t) = E(Nw(t)) (2.2)

where emf (e(t)) denotes the induced or genenraittdge.

2.1.3 Electromagnetic Force

When a uniform magnetic field that is perpendicu@aidength of conductor is
applied to a current flowing conductor, a electrgnmetic force is resulted on the

conductor (Figure 2.2).

B

——
2 i
i Ls
Y >

Figure 2.2. Electromagnetic force on a current fitmrconductor
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where units are as followB:is [T], i is [A], and ¢ is [m].

2.2 Generalized AC Machine Model

For the simplification of mathematical model of machine, some assumptions

must be presented:

» Saturation and slot effects of stator and rotan itore are neglected
* Permeability of stator and rotor iron core is irtin

* Airgap flux distribution is sinusoidal (the numbef turns of windings are
distributed sinusoidally for low harmonic content)

» Stator and rotor windings are star-connected andrals of the windings are
isolated for stator and rotor in case of doublyifetliction machine.

» Supplied voltages/currents are symmetrical

I (t) +ig(t) +igt) =0

Figure 2.3 shows the cutaway diagram of a genedlac machinea is stator
angle that scans all stator windings at any tinth waspect to axis of stator windikp
as reference. In case of stator windingeference frame will be located with 120° and
240° for windingW. g is rotor angle with respect to axis of rotor wimgilJ. & is the
angle between rotor and stator windings It also determines mechanical angle and

rotor mechanical speed.

dé
w=— 2.4
m (2.4)

11



Rotor
winding U ref.

Stator
winding U ref.

Figure 2.3. Cut-away view of ac machine

To compute stator and rotor flux linkages, ampenstishould be calculated first.
Because both stator and rotor windings are dideibusinusoidally, a sinusoidal

function term or conductor density term must betipliéd by the number of turns

directly

g(a) = cosa (2.5)
or winding distribution in terms ofr at timet
n,(a,t) =N, cosa
f f
N, = _[ n,(a,t)da = _[Ascosada = 20,
: g
(2.6)

Therefore, ampereturn (mmf) can be written for all threasphstator windings as

follows:

I, (0,0) = (N1 (1) 008) + (N, (6) 0@ = 220) + (N,jo(0) costa = ~20)

12



mmf_(a,t) = Ns[isl(t) cosa +i,(t)cos@ —2?”) +ig(t)cos@ - 4?”)} (2.7)

where N, is the number of turns for each stator phase.tfi®rsake of simplicity, if

equation (2.7) is transformed to complex plane

eJa +e_Ja
cosa =
2
- - i@ i@ @ i@
. el +e!? . e * +e 8 e 3 8
mrnfs(a!t) = Ns Isl(t)T-l_lsz(t) 2 +|s3(t) 2
NG| ol . -2 -2l . iz 2
mrnfs(a’t)_ 2 € Isl(t)+|52(t)e +|53(t)e te Isl(t)+|52(t)e +|s3(t)e
Ns -jay ja 70
mmfs(a',t) :7 e |s(t)+e | s(t) (28)
- Ns 4 —jay jay O }
or mrrTfS(a,t)—?R e () +eis (1) (2.9)
Wherei_s(t) represents stator current vector in complex p(aae 2.9).
is(t) =ig(t) +i,(t)e 3 +iy(t)e 3 =i (t)eV (2.10)
sl s2 s3 s
Combining (2.10) into (2.9), ampereturn becomes
, , i(¢-a) 4 q-i¢-a)
o (0,) =2 [, 010 +i, 1] - Nsis(t){e .~ }
mnt(a,t) = Ni (t)cod (t) - ) (2.11)

13



As seen from equation (2.11), stator ampereturtovd@s a sinuisoidal pulsation
for any givena and it can be represented by a rotating vectdr aonstant amplitude

and speed in the air gap.

The same derivations are also valid for rotor amefens.

i, (Bt) = N{irl(t)cos,8+irz(t)cos{ﬁ—z?ﬂj +ir3(t)co{5—%”ﬂ
mmf (B,t) = %[e‘iﬁir (t) + eiﬁi}”(t)]
since £ = a -6 (Figure 2.3)
mn_ (a,6,t) = %[e'““’)i, (1) +el@ i, (t)] (2.12)
T, (a,6,t) = N, i, (t) cos@ — 8- £(t)) (2.13)

Total ampereturns can be calculated directly as
mmf (a,6,t) = mmf (a,t) + mmf (a,6,t)

The permeability of iron core is assumed to benitdi and flux density is derived
at both sides of airgap by reducing rotor flux dign® stator and stator flux density to

rotor. Flux density that appears on the stator sfdergap,
B,(@,6,t) 0L = 1, (mnf (a,t) + K Ommf, (a,6,t))

whereK is leakage flux constant which takes values betw@end 1,L is radially
length between stator and rotor (airgap). Using siyenmetric and sinusoiadally

distributed properties of stator windings,

B,(7+a+{)=-B,(a+()
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and if the sign of magnetic field density is comesell as positive when the field

direction is away from center of rotor,

B,(a+¢)0,, - (-B(m+a+Q) O, = u, O(mmf (a,t)+ K Ommf, (a,6,t))

B.(a,6.1) = 2% [, (@,t)+ K Omntf, (a,6,1)] (2.14)

g9ap

Flux can be obtained from flux density by calcuatbf cross-section area in that
flux density passes through.

@(a,0,t) = B(a,0,) A,

Figure 2.4. Cross-section area of flux
As seen from Figure 2.4, cross-section area becomes
A =1 (da) Ol

T
£+=

2
a(a,6.t) = j B.(a,6,t) Or O_ Oda (2.15)

a=g-
2

Since the windings are distrubuted sinusoiadallys finkage is derived by integration

of equations (2.6) times (2.15) betweeFZ— andg :

15



Ay (t) = j j K—cosgjs(a 6,t)r O Ddamdg} (2.16)

L g_
2

Flux linkage derivations for stator winding 2 andaB the same with stator
winding 1 but only integral boundary ranges ardedént in such a way that their

corresponding reference frames are shifted a\,zgéyandd'—; respectively.

Using equations (2.8), (2.12), (2.14), and (2.1&,result of integration becomes

Ay (t) = %’i_s(t) +i's(t) +L—3;"[| (e +i, (t)ei? (2.17)
wherelL, = 3N, L N W7 ang L., - 3KN N,I,rizu()’ I, =1,
lgap 8 Igap

Asz(t)z%[i's(t)e'i:+i'”5(t)ei:}+L—§{i}(t)e' it me )} (2.18)

Ay(t) == { (t)e "3 4ie 3}+L_§1[i',(t)ej[6 n)+| (e [6:)} (2.19)

Finally, stator flux linkage can be representedamplex vector as

As(t) = Liis(t) + L i (t)e!’® (2.20)

2m A
where As(t) = A, (1) + A ()e ® +A,(t)e 3

As seen from equation (2.20), rotor current effemtsstator flux linkage with

rotor mechanical angle.

16



Rotor flux linkage is calculated in the same manwéh stator flux linkage.

Accordingly,
Lr - -0 Lm - —ig U )
Arl(t) :? I (t) +1 (t) +? |s(t)e 19 4] s(t)e] (221)
B _i2m 2m] [ g2 0e2m ]
Arz(t):L—?: (e 3 +irme? +L—3m (e 3 +itme | (2.22)
i A 4] [ Si(e+¥ i(+47) ]
/Lg(t):L—Br i (e '3 +ir(e? +L—§” iLte 3 +ikme | (2.23)
N, | : . :
where L, = SN L7, is the self inductance of rotor. Rotor flux linkagan be

gap

represented in complex vector combining (2.21)3p.2

Ac(t) =L i)+ L is(t)e® (2.24)

According to Faraday’s Law, the rate of change lok finkage will induce a

voltage. Therefore, stator and rotor equivalerduiis can be shown roughly in terms of

flux linkages in Figure 2.5.

Figure 2.5. Stator and rotor equivalent circuit

The induced (emf) stator voltage for one phasemsputed as

17



Ua() = Ri )+ (a(0) (2.25)

The other stator voltages,,(t gnd ug,(t ) are determined in the same manner with

equation (2.25) using their corresponding statereriis and flux linkages. In complex

vector, stator voltage in stator reference frammbees

0.0 =Ri0+ 3 (1.0) = R0 + LT + L e

Gs(t) = Rsl_s(t) +L, dl_(;t(t) + Lm{di_(;t(t) eif0 4, (t)%(ejg(t))

us(t) = Riis(t) + L, d'dst(t) +L, d'(;t(t) el + jad i, (t)e'?V (2.26)

As seen from last two terms of equation (2.26)ostaoltage depends on mutual

inductance and rotor mechanical speed with comibimatf rotor current.

Rotor voltage equations are also derived in theesaray according to rotor

reference frame as follows

ur(t) =R (t) +%(§r (t)) (2.27)

Using equations (2.24) and (2.27)

GO =R (0)+L d'(;t(t) il d'gt(t) eI _jad (e (2.28)

Since the rotor windings are short circuited at ¢imel points for squirrel cage

induction machine, the rotor voltage becomes zerdt) = 0). In the case of doubly-

fed induction motor,u(t) will be injected from an external source via bruisty

mechanism.

18



Mechanical/electromechanical equations are requicedomplete the machine
model besides on electrical equations. Since gateflux density on the rotor side of
airgap will act as a tangential electromagneticdaon the sinusoidally distributed rotor
windings, torque will be achieved. The flux dendityat appears on the rotor side of

airgap,

B, (B,a,0) = gl (B.6)+ K ot (@, (2.29)

gap

since equation (2.29) is written in the rotor refeze frame,mmf_(a,t )must be first

converted to the rotor reference frame by using S+68 and equation (2.8) (Figure

2.3)

NS

; i (e 16 4 g (1)el(Fo) (2.30)

mmf_(3,6,t) =

An important point that makes the flux density dre trotor simplified is
elimination of the first termmmf (3,t) in (2.29) beacuse of uniform airgap. The rotor
currents will not effect on the flux density thatpgars on the rotor. This situation can
be observed by using equation (2.29) for torquepdation [6]. Consequently, (2.29)
is modified as

B, (B,6.0) =5 HoKrm, (5,6, (2.31)

g9ap

Combining (2.30) and (2.31),

B, (8,00 =L

s [is (e 1P 4+ (t)el 40 (2.32)

gap
and electromagnetic force is depicted in Figure 2.6

As mentioned earlier (2.3), electromagnetic forepahds on the rotor current,

length of rotor axis, and the flux density thatcmmputed yet in (2.32). Since rotor
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windings are sinusoidally distributed, rotor cutrerstribution must be defined first to

derive electromagnetic force and mechanical torque.
df, =-B,(8,6,t)0o(B,t) O Or 0dB (2.33)

whereg(f,t )is current distributionrdg is unit arc length along rotor surface.

Figure 2.6. Electromagnetic force acting on theretindings

Rotor current distribution can be defined intuitveas the derivative of

mmf, (5,t) with respect to unit arc length along rotor suef§s].

19
a(B.1) _Emmmf'(ﬁ’t) (2.34)

Using equations (2.33) and (2.34), torque is cated for integral boundary

0<pB<2n as

rem(t):§r Ddfem

r_ ()= L—ijﬁs(t)i”r O =i ()i, (t)eig] - L—éﬂﬁs(t)(ir e ) -i%mf (t)e”’)] (2.35)

if current complex vectors are defined

20



Is =g + Jig,

- 38)
Ir = Irx + Jlry
then electromagnetic torque can be derived as
Fin® = 12 Lol =is) 237)
or 7. (t)= % L. |m{i's(t)(i'r (t)e?V )D} (2.38)

Equation (2.38) can also be shown in terms of vgmtoduct in such a way that

Lo ©e) =i.0x( he) (2.39)

Accordingly, it can be concluded that electromagnétrque is proportional to the

vector product of stator and rotor currents.

£ O 0% [ 0

All derived electrical and mechanical equationst tHatermine transient and

steady state model are summarized as follows,

as(t) = Rsis(t) + I—S dl;t(t) + Lm dl(;t(t) ej@(t) + jaj-mi_r (t)eje(t)

U ) = er'r O +L dlét(t) VL dlst(t) e i00 _ jéd_mi_s(t)e_w(t)

. , d (2.40)
T - ; O
J E + T 0ad (t) = 5 Lm Imﬁs(t)(| r (t)ejg(t)) }
dé
w=—
dt

wherel is equivalent inertia reduced to ac machine shaftJ_ +n?J .

Since above rotor and stator equations are derammbrding to their own
reference frames, they can be written in a commamé. Next chapter will deal with
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advantages of stator flux frame so doubly fed itidacmachine equations that will be
used for model should be written in stator fluxerehce frame. Reference frames

transformation angles are depicted in Figure 2.7.

Stator flux

G Rotor

N

0

» Stator

Figure 2.7. Reference frames transformation angles

Superscripts (s), (r), and (e) indicate statognaand stator flux linkage reference

frames respectively. A simple transformation fatast flux linkage is as follows
2.9 =) ©@gie
[0 Zje

ej(gs_gr)

If stator and rotor flux linkages are written iratslr flux reference frames using
equations (2.20) and (2.24)

A% =L i W% + L i, P/ Pe? L A0 =i+ 00 (2.41)
A Q@0 =[Pl 4| iPelfel? L 1@ =i P 4L (242
Rotor and stator voltage equations (2.40) can lasaritten as follows

(e) b5 — RSI (e) s +Ls gt( (e)ele) Lm%(i_r(e)e“gfg))e” + ijm(i'r(e)ej(es—e))eje
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(e)

09 R dis = (o) i
RSI +L,—— o +jwL s +L,

di:

+jw,L i, @ (2.43)

s—m

U, Pl = R [ @i 4 Lf%({f(a)ei(es—e))Jr Lm%( (e)ele)e NI INCEY

©
dis ©

U =R L =l WL T L S WL (2.44)

di @
dt
If complex voltage and current terms are decoupiemreal and imaginary parts

(eqg. (2.36)) with respect to stator reference fraimeus® = Ug + JUg, i =g + iy

using (2.41), (2.42), (2.43), and (2.44)

“Ri+ M=y
T e (2.45)
A, '
Uy = Rig, +—=+wA
U = R+ S =, =W,
(2.46)

o,
l"Iry = erry + dt + (Ws _W)/]rx

Equations (2.45) and (2.46) will be used for douely induction machine model
but for the controller point of view, state spaepresentation is required selecting state

variablesAg , A as shown in equation (2.47) [7]

sy Lol ry

%—AX+BUS+B Ur (2.47)

Equation (2.47) shows that the second teBpG(s) is considered as disturbance

while the third term Brar) is control input.

23



3 FIELD-ORIENTED CONTROL OF GRID-CONNECTED DOUBLY-FED
INDUCTION MACHINE

To this end, electrical and mechanical equationdooibly-fed induction machine
are derived. Recalling the motivation and propoed,goal is to control the active and
reactive power flow between stator terminal and.gBince stator is connected to three-

phase symmetrical grid with constant magnitutieand frequencyy,, the objective is

realized by two conditions:

» Controlling the magnitude of stator current vedtar

* Controlling the phase anglg, between stator current vector and stator voltage
vector Us

3.1 Theory of Field Orientation and Orhogonal Control of

Stator Current

The apparent power of which is seen at stator telwifor three-phase grid
S = 3Usis (3.1)

where us is constant (constant magnitude and frequency)fsgere 3.1 for phasor

representation).
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Figure 3.1. Phasor representations of stator cuamahvoltage vectors

Real component of the apparent power is defineca@@se power P while

imaginary part is reactive power Q,
S=P+jQ

hence active power is projection of stator curnesttor onto stator voltage vector. P

and Q can be written as follows

P:#Gs

As seen from equations (3.1) and (3.2), active @adtive powers are controlled by

sing, (3.2)

I's

cosp, and Q:GR{GS

Is

stator current magnitude and its phase angle w&pect to stator voltage.

After the problem is defined roughly, it is time fiad a way that stator current
can be controlled via some external control inpDisubly-fed induction machine is a
strong solution with other advantages mentionedndufirst chapter for the faced
problem. Accordingly, injected rotor currents asaally controlled to supply or draw
desired power from stator terminals. The big pietoirthe overall system is emphasized

again in Figure 3.2.
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Turb. converter ¢ Controller % I
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I,

st'r?

Figure 3.2. Grid-connected doubly-fed induction mae schematic

Before explanation of flux orientation on doublgfenduction machine, the
related assumptions and electrical equations shbeldgiven. Assumptions are as
follows

» Stator and rotor windings have equal number of suitd, = N,. Thus,
inductances can be easily defined as

L.=L ., L=0+0), L =Q+0) (3.3)
whereo, and o, are leakage factors for stator and rotor ratediden (0,1)

* The pwm converter has sufficiently fast currenttognloop. It means that the
pwm converter acts as a current source (Figurg 3.2

* Grid or line has three-phase symmetrical voltagéh wonstant magnitude
and frequencyy, .

32

as(t) = TUSej%t (34)

whereU, is line-to-neutral rms voltage, anqg, is electrical frequency (Figure 3.3).
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Re

Figure 3.3. Line voltage phasor representation

* Under steady state condition, mechanical speedoaatorque is constant

Electrical voltage equations written in their refiece frames derived in former

chapter are summarized as

— - dis df .
Us(t) = Rs|s+|_S at +LOE(|re ) (35)

— - odic o df
ur(t) =Rir + LrE+ Loa(lse '5)
For desired active and reactive power, stator atiisecontrolled via rotor current
but it requires decoupling of real and imaginarytgaf stator current. Thus, active and
reactive powers can be controlled independentltator flux orientation is provided

accurately.

Stator flux As is dependent on magnetizing curremt linearly and using
equation (2.20)

As = Lyims = (1+ 0, )Lyis + Lyirel®

i_ms = (1+ Us)i_s ‘l'i_rej67 (36)

27



ims or equivalentlyds will be chosen as reference frame and it is dediveorient all
stator and rotor quantites into this field axis.eTieason behind this orientation is

explained following sections and reference framresdepicted in Figure 3.4.

- i 8
I e

Stator
7 axis

Figure 3.4. Reference frames vector representation

To observe how field orientation provides electrgmetic torque to be controlled
by only quadrature component of rotor current andctually gives an idea about

decoupling of stator active power, equation (2i88hodified.

Ton(t) :§LO |mﬁsﬁrej9)u}

The rotor and magnetizing currents in stator cowmidis are computed from

Figure 3.3

i =i (1)ed

; . (3.7)
ims = i (t)e”

Eliminating stator current in electromagnetic ta@aqusing equation (3.6),

TengLolm{ L (i'nﬁ—i're”)ﬁre”)m}

1+0,

. . . 7 igl- _igP -
since imaginary part afre'g(lre"’) is zero,
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T, :gl L Im{i_ns(i_reig)u}

+ 0

S

and including equations (3.7)

LO
1+0,

=2 imf,. e, e} -2 sin(g+ £ - )

S

em

Irq

Ton = 27— lnlyg (3.8)

< Stator
7 axis

Figure 3.5. Rotor current vector in field coordemt

Equation (3.8) shows that electromagnetic torquebsacontrolled by quadrature
component of rotor current and direct componensdu# appear in (3.8) (Figure3.5).

The same method is performed for decoupling ofostatirrent vector starting from

stator voltage and writing it in terms ofs instead ofis
- n d " n ig
Us = &|5+L0E(1+JS)|S+|re (3.9)

Using (3.6), stator current is eliminated

- & n n j¢9 d.' n j9 - j¢9
uS: |n's_|re + —|ms_|re +|re
1+as( ) I_Odt
+o.— - - + s
! USUs:ims_ire]g"'—(l US)LO—dI
R dt
| —

T

s
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whereT, = l%% is defined as stator time constant.

L 1;:75 Us +irel? (3.10)

° dt

If all terms are written in stator coordinates fmmmon frame, equation (3.10) can be
modified. In stator coordinates, the magnetizingent, stator voltage, and rotor current
are computed as follows

ims =i ()
us =U e (3.11)

ie =i (t)e!)
With collaboration of (3.10) and (3.11),
d 1+ 0,

T,— (i€ )+i (e = =—=U e +i (t)e!®
g e (0 a0 =SB0 ()

(TS%_T ¥ ‘mj * J[Tsi dﬂj = 1E%y gl 4 )l

dt & Ugy + jUg irg +iirg
Splitting real and imaginery parts,
i +
TS%_T% =19y, i, (3.12)

+
Tsimsd_'“ :_1 s Ug, +ipg
d R

and rotation speed of field coordinafes,.) becomes

du 1 |1+0 .
—— = U, +i | =w 3.13
dt Tsini = 'q} ™ ( )
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whereu :ﬂu codat — ) andu :ﬂu sinleyt — i) (Figure 3.6).
sd 2 s CL{) sq 2 s %

5 Stator
7 axis

Figure 3.6. Projection of stator voltage vectooifield axis

Block representation of . and w, calculations is depicted in Figure 3.7 using

(3.12) and (3.13).

-

>[£] > T — U

Figure 3.7.i , and x calculation

For the sake of simplicity, active and reactivamtaurrents can be determined in
terms of d and g components of rotor current ustlady state condition.

32 32 32+ i(w’fwz)t:‘?’\/_Trei%t

us =——-U e, is="=1e% ie’="""1le
2 2 2
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dé -

where w, = m is the frequency of injected rotor current, = w+w,, |s = 1.€'% and

I, =1¢e? . If equation (3.9) is written in stator coordinatéor steady state, stator

voltage equation is modified as following

ﬂuse"“’ot = Rsﬂl_se"“’Ot + LOi (1+ as)ﬂl_se"“’ot +£I_re"“’°t
2 2 dt
since% =0 at steady state, line-to-neutral rms voltage bexo
U,=Rls+jay(l+o)Lls + jaglyl (3.14)

When the same procedure is applied for the rotttage equation, steady state

equivalent circuit is realized as shown in Figuig 3

Figure 3.8. Steady state equivalent circuit of dpdied induction machine

Stator resistancd?, can be neglected when compared with the impedaheending

inductances especially for high rated machines. réfbee, equation (3.14) is
approximated as

Us 0 J%(l"‘ O-S)LOI_S + J%Lol_" = J%Lol(l"' O'S)l_s +|_r |

I'ms

| ms O0—5 (315

jagl,
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When stator flux or equivalently stator magnetizogrent is chosen as reference

frame and located in the d direct axis, the quadeatomponent of ns becomes zero.

le = (1+0)iy +i,y and 0=(1+0,)iy, +i (3.16)

rq

According to (3.15) and (3.16), the stator magmegizurrent is constant along

the d axis, and depends o i,. If iy is desired to be comedown for the reactive
power, it requires to make, increased at the same amount of value. The second
equation in (3.16) appears as a constraint fod figlentation hence the desireg that

will be determined from the desired active powegdstrolled viai,, (Figure 3.9).

Since we are interested in stator current in tesfwstor currents at steady state,

where the vectoM has constant magnitude and is perpendicular evevteus =U

s

In field coordinates,

- | — |

ls = 16" =1_cosg, + jl_sing, DM(l— :“’ - jlﬂj (3.17)
|

|Scos¢sm—||v||lﬂ and Issin¢SD—|M|[1—:“‘] (3.18)

but equation (3.18) is valid under the following@asptions:

» Stator resistanc®, is neglected
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» Steady state operation is considerg(élf( =0)

The related phasor representation is depicted guréi 3.9 for the motor

operation.

Figure 3.9. The stator and rotor current phasoflid coordinates for motor operation

As observed from Figure 3.9 and using equationd7§3.(3.18), d and ¢

components of stator current are written as
| cosp, =iy, , andl sing, =i

Finally, active and reactive powers can be deragébllows

] |
P, =3l +i,)=30.1, cosg, D—%US|M| = (3.19)

ms

Q. :3(Gsxi's):3us|ssin¢s DgUS|M|(I“’ —1] (3.20)
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3.2 Simulation Results

Doubly-fed induction machine dynamic model is regdito validate the field
orientation and orthogonal control of stator cutrehhe first-order electrical and
mechanical dynamic equations derived in Chaptee2mployed in Simulink for open-
loop system dynamics. For the sake of simplicitgcteical equations are transformed
to rotor coordinates in such a way that slip teamesremoved in (2.45) and (2.46).

DFIG Model Equations
in Rotor ref. frame

Figure 3.10. Doubly-fed induction machine modeidtor coordinates

When rotor voltages are set to zero in the modalply-fed induction machine
becomes equivalent to squirrel-cage induction nmechtigure 3.11 verifies the torque-
speed characteristics of the squirrel-cage indactiachine.

Torque-speed characteristic
400

300

200

100

em

-100

-200

-300

-400

-500

| | | |
| | | |
| | | | | |
100 150 200 250 300 350 400 450 500
Mechanical speed [rad/sec]

Figure 3.11. The torque-speed characteristics wfr&i-cage IM
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The orthogonal control of stator current is obsdrue the following sections
using a simple proportional gain without any sibiind tracking analysis. The
proportional gain is set to high value. Accordinghe rise time and error signal
between actual and reference rotor currents are smpll enough. The rotor current
controller, doubly-fed induction machine model (g)aare together shown in Figure
3.12.

FF

Irx
- ref -
Irx 3 O 3 Rotor 5 (L/ N urx

controller

. ref Rotor y
—0—> — u
'ty = 7| controller (1? Ay

FF

Figure 3.12. Rotor current controller structurehWgedforward terms

Using equation (3.16), the rotor voltages can beéttemr in terms of the

magnetizing current instead of stator current.

LOIms = (1+as)isd +ird - isd :%(Ims _ird) (321)
0=(1+0,)iy +iy — iﬂq:—%irq (3.22)

If (3.21) and (3.22) are inserted into rotor vo#agn field coordinates,
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errd dl 0 dISd (CU w)(Lr.rq + LOisq)
dt dt (3.23)
d|rd 1 dl '
+ig =—=U, +(a)§,pA) -B—™>
it R it
di di
urq :Rrirq+Lr - +L0 - +(ws_w)(|‘rird +L0isd)
dt dt
d . (3.24)
A dtq + Irq = Eurq - (wslipA)l rd (ws!ip B)I ms

L |1 _ L
whereA=| L, ——— |— andB = . Finally, the rotor currents are as follows

S

S

dlrd :—1 U4 (CUS _a))irq _lird _Edl_ms — dlrd = f +mu,, (325)
dt RA A A dt dt
T fg
di, 1 B di _

dt _ﬁurq _Kirq_(ws _w)ird _(ws _w)z\ I ms dt f + mU (326)

f, and f, are feedforward terms in (3.25)-(3.26). If the trohinputs u, are selected
in such a way that feedforward terms are removedyivamics, and rotor current errors

are defined ashi , =i, i, A =i ™ then simple proportional controller

rq rq rq )

can be designed considering steady state c:on(ﬂt'ixaﬁ’f =0, irqrEf =0). Since the

rotor current error dynamics are desired to deerémgero exponentially,

: I S :
Aiwg =i —ira ==iw = fy +mu,
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Uy ==~ f, =700, ~ Aiw=Adi,, 4, 0RA >0  (327)
m m
Airq :irqrEf_irq —_i.rq = fq +murq
1 ; Ay . A P 1 5
urq __E q _EAqu — Aqu _ qurq, q |:| R, q > 0 (3 8)

.. dl : : :
Under steady state condltlon(f =0 in the feedforward ternf, since stator terminal

is directly connected to grid.

Although field orientation is realized, the synamoas speedd),) is inserted to
the equations instead of field rotational speed. §. This condition should be

emphasized that the field speed is settled dovtheésynchronous speed after transient
stage (see eq. (3.15)). When the rotor currentralat structure is simulated, it is seen
that current errors indicate sufficient damping demonstration purpose of orthogonal
control of stator current. All assumptions to thistend are included to the simulation.

Figure 3.13 shows the simulation result of curcanitroller.
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Figure 3.13. Simulation result of current contro(leigure 3.12)

Using the same simulation, the orthogonal contifoktator current can be realized.
Equations (3.21) and (3.22) are verified as follows

» Firstly, settingi,, = Q constant valué _ is determined

(1+J) +0 - nB:(1+as)isd

* Increasei,, to some positive value and observe hiyis decreasing to keep
| . constant
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» Secondly, observe the relation between the qua@ratomponent of stator

L
. . . . — _ 0 .
current(lsq) and (qu) using (3.22) g, = L—qu
S
ref. and actual i , Igs
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Figure 3.14. Simulation result of control igf current

ref. and actual irq i
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Figure 3.15. Simulation result of, current
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The orthogonal control of stator current is obsdrdeectly from the simulation

result depicted in Figure 3.16. Step inputs of ratarrents are given at different time

instants to see corresponding stator currents.|léNfji is only dependent on,, i, is

being controlled viai,, as expected. This condition verifies Figure 3.9hwfeld

orientation.
id andi q
40— —— ird
| irq
|
20F----—-—-—----L--- }
| |
| |
0
| |
| |
| |
20F------- ,.Mm,;_ SN - e ;,
| |
| |
_40 | |
0 0.5 1
Time [sec]
ird and irq
40 | ird
! .
; irg
200 - R
|
|
0 e T
|
A e B
|
|
_40 |
0 0.5 1
Time [sec]

Time [sec]

Figure 3.16. Simulation result of orthogonal cohtrfostator current

Both d and g components of stator current can berged with the related components

of rotor current. When active and reactive poweesvaitten in terms of the,, andi ,

thus decoupling of active and reactive powers aized. Apparent power can also be

written in field coordinates,

s:sasi;“:g(usd +jug Jia —jie)=P+iQ
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|:~:g(usdiSd +u3qisq), and Q:g(usqiSd —Ugl ) (3.29)

uy, will converge to zero in stator flux coordinatéseeady state because the rotational
speed of the synchronous coordinaﬁe@ will be equal to the rotational speed of the

stator flux coordinates during steady state.

3 . 3 L . 3 1 .
P=—u._i :—_—OU | =—— U.i 3.30
2 9% 2L ([+o,) " 21+0, " (3.30)
3 . 3 1 .
=—u.il,=—U_ ——1l_ - 3.31
Q 2 sq' sd 2 sl+0_ (rm rd) ( )

Block representation of active and reactive povieiterms of rotor current is shown in
Figure 3.17.

P—s| 2@+0.)/3 —>é—>irq

Q — 2t+0.)/3 —)%]—S(T)—nrd

U, I

S

Figure 3.17. Active and reactive powers in termsotdr current

When the block diagram depicted in Figure 3.17dded in front of the rotor
current controller structure (Figure 3.12), the ralle system accomplishes the
decoupling of active and reactive powers althougly additional controller is not

included to Figure 3.17. But feedback tefm must attract notice in the system.
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Figure 3.18. Simulation results for decoupling ctivee and reactive power

As seen from previous figure, actual active andtiea powers can track their
references with small amount of steady state esmise only proportional control is
realized in rotor current controller and power colér does not exist. The aim was to
observe decoupling of active and reactive powemgusrthogonal control of stator
current and if some drawbacks exist in the stregtthhen a new approach should be
proposed. The d and g components of reference ootwents generated from Figure

3.17 are depicted in Figure 3.18. Since referepces generated without any feedback

term, it does not include any plant dynamics anatrodier effects. However, the same

situation is not valid for reference, because of feedback terin.. According to
simulation results shown in Figure 3.1§, reference current contains the magnetizing
current components. If . is not measured or estimated precisely, decoupliragtive

and reactive powers may become unsuccessful althaotpr current controller
stabilizes the rotor circuit (equation 3.21).
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4 STATOR VOLTAGE-ORIENTED NONLINEAR CONTROL OF ACTIVE
AND REACTIVE POWER FLOW BETWEEN DFIM AND GRID

As dictated in the chapter 3, stator flux deterriamarequires exact machine
parameters. Any small deviation from exact valigedisturbing stator flux orientation,
and finally the decoupling of active-reactive powedegrades its feasibility. The
proposed method described during the chapter onesdhis problem and rotor speed
is forced to perceive as disturbance term. The gweg structure is depicted in Figure
4.1. Instead of stator flux orientation, refererfiame is oriented with stator voltage
which is available for power measurement. Therefdexoupling of active-reactive

power is realized by providing precise measureroéstator voltage.

US
Pref g controller[———>| U, isq N J, o p
Plant calc:-lgtion
I > ——Q
Qe - controller| ———>y

Figure 4.1. Proposed structure for decoupling ti’fa@nd reactive power

The chapter introduces problem formulation firsbnNnear controller design and
disturbance observer concept are included andtbpter is finalized with simulation

results.
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4.1 Problem Formulation

When doubly-fed induction machine voltage equatians re-derived in two-
phase stator voltage reference frame using eqwa(@d’m), (3.21), and (3.22) under

linear magnetic region and balanced conditions,

di di
Uy =Rjig +L —2 -, Ly + Ly )+ L, —=
sd s’ sd s dt s( s'sq mrq) m dt
di di
usq = Rsisq +Lsd_iq+ws(|‘sisd -I_Lmird)-l_l‘mi
. . (4.1)
— di, (e, - )(L Pl )+ di,
Uy =Ry r dt W — W, rqu mlsq m?
di di
- D rq : : s
urq - errq +Lr dt +(ws_w)(|-r|rd +Lm|sd)+|—m?

are d-g components of stator and rotor voltagsgewtively.

whereug,, ug, Uy, U

! rq
w,, & are synchronous and rotor electrical speeds. Sitater current dynamics are
required for design of nonlinear controller, théared dynamics can be determined as

following using equation (4.1),

di . : : 1
d_id:_}'{sd +a/&rd +:erq +[ws +a’(1_0-)]lsq +Iusd _:uurd
. ) (4.2)
dig, . . . 1
F:_qu +a18irq _ﬁmrd _[ws +a(1_0.)]lsd +Iusq _:uurq
R L’ L R L :
wherea=— , o=LJ|1-—/ |, f=—", y=—, and y=—"—. The main
Lf LSLF OLS OLS OLSLF

objective is to track and regulate active-reacipmver, therefore, when active and

reactive powers are derived as
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P :g(usdisd +usqisq)

(4.3)
Q, :E(usqisd —Ugl )
2
then the objective can be defined as following
!im(Pref B Ps): !'To e =0
(4.4)

im(Qu -Q,)=lime, =0

whereP, andQ,, are reference active-reactive powers.
4.2 Nonlinear Controller Design

When any dynamical system is generalized as in),(#8® control objectives are
accomplished:

x= f(X)+U (4.5)

* Tracking objective
* Internal stability objective — keeping states baeohd

The system defined in (4.5) requires assumptiof@®eontroller is accomplished [8].
Assumption 1: Vector x is measurable.
Assumption 2: Vector x has solution.

Assumption 3: Given initial valuex (0)is bounded.
Assumption 4: If X is bounded,f (x )is also bounded.

Now, error dynamics can be written using equatb)(wherex, is defined as desired

trajectory or reference input
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e=X,~X - = X4 - X
e=xa— f(X)-u 4.6

If control input u is written in such a way that error dynamics solutbecomes

exponential non-increasing with time (4.8),
e=—ke U=-f(x)+xa+ke 4.7)

then solution is
e(t) =e(0)s e™ %8

where k >0 controller gain. As seen from equation (4.7), caninput u calculation

needs f(x ) ;(d, e information. Since f(x )plant dynamics is difficult task to

determine and considered as unknown term for th& alynamical systems, in (4.7)

Is applicable only under assumption of kno(x . )

In case of doubly-fed induction machine, the actarel reactive power error

dynamics are
L o 3(: . : 3(: . :
eP—Pref_PS—Pref_E Usd Iy TUg I _E Usg I HUg Isg
. 3 : :
er =Fp —E(usd lsd+Ug, |sqj (4.9)
. _. . _. 3 . ) . . . .
eQ_Qref_QS_Qref_E uwlsd+u5q|§j_usdlsq_usd|sq

e = Fy —g(usqisd—usd isqj (4.10)

Inserting equation (4.2) into equation (4.9)-(4,10)
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. 3 . : . 1
€p = I:P _Eusd|:_ysd +a:8ird +ﬁqu +(ws +a(1_0-))lsq +Iusd _:uurd:|

S

: : , 1
—Eus{—ym +afg = By ~ (@, + all-0 )i +—— U —uurq}

ép =E; +g/,1(usdurd +usqurq) (4.11)

. 3 : . . 1
€ = I:Q _Eusq|:_ysd +a:8ird +:8mrq +(ws +a(1_0-))lsq +Iusd _:uurd:|

S

3 . . . 1
+Eusd|:_ysq +aﬁirq _ﬁwrd _(ws +a(1_0-))lsd +Iusq _:uurq:|

. 3
e = E, +§/,1(usqurd ‘Ustrq) (4.12)

E, and E, terms include doubly-fed induction machine eleetriparameters,

synchronous and rotor electrical speeds, stator-mirrent and voltages. If these two
terms are considered as disturbance and remaieimaystin (4.11) and (4.12) are

measured directlyy,, andu,, rotor voltages can be selected in such a wayetrat

dynamics solutions decrease exponentially (equ&tic)).

3 ~
E,u(usdurd +usqurq):_EP _”PeP (413)

3 ~
Eu(usqurd —usdu,q):—EQ o€ (4.14)

where 7, and 7, are positive controller gains for active and re@&cpower, E, and

A

E, are estimated active-reactive power disturbanteserting (4.13)-(4.14) into

(4.11)-(4.12),
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er =-n.6, +(Es -, ) (4.15)

eo = N0, +(E, ~Eo ) (4.16)

The control objective is realized as long as disoce estimation is

accomplished. For this reason, stability analysisstudied under assumption of
!im(EP - ép):!im(EQ - EQ):O in equations (4.15)-(4.16). Since stator termirzaks
connected to grid directly, stator voltageg, u, are known whereas rotor voltages

Uq, U, are selected using equations (4.13) and (4.14).

u, | -E.-n.e

{ d}:icl nalay (4.17)
Uq] 3u [ ~Bq =11o&

where

oy 0 -
2 2 2 2

Uy +u Uy  +U M N

cCht=| 7 R (4.18)

Ug B Uy N -M

_uSdz_l_uqu uSd2+uSq2_

The inverse ofC matrix must be taken into consideration to deteemany singular
operating condition but as seen from equations/§44.18), there is no reason to have
singularity except foru = 0Oor uy =0 and ug, = Oat the same time. Rotor voltages

U,y andu,, become

U, :%[M (— EP —/7Pep)+ N(— EQ —1o€ )] (4.19)
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Urq :i[N (— EP —/7Pep)+ M (EQ +170€, )] (4.20)

4.3 Stability Analysis

Considering simple positive-definite Lyapunov catade functions for each error

dynamics of active and reactive power,

2

21 _1
VP—EeP and VQ_EeQ

their derivatives can be written as

Ve =e, e = 7,8, (4.21)
Vo = & eo = 18" (4.22)
using equations (4.15), (4.16) and under assumptiorof

lim(E, - &)= lim(E, - &,)=0.

According to Asymptotic stability theorem [9], thsufficient and required
conditions are as follows for asymptotic stability,

© Vo (0)=V,(0)=0
e Vp,>0andV,>0

. \'/p <0 and\-/Q <0

which satisfies asymptotic stability of designedntoller. To prove that error
dynamics solution is global exponentially stablesipve-definite Lyapunov function is

written as
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e° =2V, ande,’ =2V, (4.23)

and the derivatives of Lyapunov functions can bpeugpounded by chosen negative-

definite functions
Ve < -n.e,° and Vo < 18" (4.24)
Considering only active power equations and insgréiquation (4.23) into (4.24)
Ves<-27.V, — Ve+27,V,<0 (4.25)

If s(t) is defined as a positive function, then equatbg) can be modified.

\-/ p+ 27V, = —S(t)

The solution of differential equation is
t
Ve () =V, Q)™ - | e 2:0)g(r)dr (4.26)
0

Since integral term is always positive, equatio2§ can be modified to

V, (t) <V, (0)e
e @)2<le (0™ . eft)<e (0™ (4.27)
Since P, and Q, are bounded provided that their correspondingreefees are

bounded, stator currentg andig, are also bounded from equations 4.3-4.4. To peovid

internal signals stability, the bounded of rotott&ge, flux, and stator flux signals also

must be satisfied

51



4.4 Disturbance Observer Concept

Stability analysis is valid undefim(E, - €, )=lim(E, ~E,)=0 condition as
underlined in previous section. Accordingly, digamce termsE, and E, are

estimated with feasible method [10]. All calculatiproceeding for reactive power
disturbance observer is the same with active paligturbance observer so only active

power related derivations will be considered. Ugihd 1),

. 3
ep = EP +EUP

whereU , = ,u(usdurd +usqurq).

P

E
sy S| 1

b—{> %

Figure 4.2. Block representation of active poweoredynamics

Since objective is to estimate disturbance terms,
3
EP =er _EU P

the right hand side can be measured through a lass fdilter hence estimated

disturbance can be written as follows
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~ 3 g
E, =0e, -| ge, +—=U 4.28
p =06 (g P 2 Pj s+g ( )
where g is the cut-off frequency or bandwidth of the loasp filter in radian unit. In
electric circuit analogy or built with passive gsr and capacitor elementg, can be
selected as

1 1

= =w 5 f =——
g RC °  27fRC

The block representation of active power error dyica with disturbance

observer is depicted in Figure 4.3.

Oé—m
\f@
tn |

-&lD

o —{3>3

_U|'|'|> (_ﬁzr

Figure 4.3. The block representation of active pody@mamics
with disturbance observer

Disturbance estimation is realized by measuralgieass like active power foe,,
stator-rotor voltages fod , (see equation (4.28)). Furthermore, the bandwsgdtaction

capability exists in the system so a conveniendbadlth is used in such a way that
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stability which is dictated previous section is kep !im(EP - EP): Iim(EQ - EQ): 0

condition is reached in finite time.

45 Simulation Results

The nameplate of doubly-fed induction machine amitliteonal electrical,

mechanical parameters for simulation are showrainld 4.1 [11].

Table 4.1. DFIM parameters table

Rated power 5 kw
Rated speed 100 rad/sn
Rated voltage 230/380 Vv
Rated torque 50 Nm
Rated

frequency >0 Hz
Rs 0,95 ohm
Ls 0,094 H
Rr 1,8 ohm
Lr 0,088 ohm
Lm 0,082 H
P 3

0,1 kg.m”2

Simulations are realized in two ways:

» Constant rotor speed is applied, and initially teacpower is drawn from utility
at 30% of rated power. The desired active and iregagiower trajectories are
depicted in Figure 4.4.
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Active power reference (W)
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Figure 4.4. Active and reactive power references

Rotor speed is chosen such that slip is near 2%reftre, the synchronous speed is

where P is the number of poles. The slip speedl@ltated as

n -Nn
%slip = —=——[1100

Ngyne

. 1000-n

(100 - n=980rpm
100C

The rotor electrical speed in rad/sec is derivefbbews
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Since the objective is to control power flow betwagnerator and grid under
variable speed, the applied rotor mechanical speetianged at any time. To
observe also sub- and super-synchronous speedtiopefander synchronous
and over synchronous speed), a rotor mechanicatisjgderence is given shown
in Figure 4.5.

1150

1100

1050

1000

950

900

850

Rotor mechanical speed reference (rpm)

Time (sec)

20

Figure 4.5. The rotor mechanical speed reference

Table 4.2. Controller and simulation constants

Description Value

Low pass filter
g 100

cut-off frequency
Active power

. e 200
controller gain
Reactive power

) 4 200
controller gain
Grid voltage
electrical speed (ON 1007
(rad/s)
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Using selected parameters shown in Table 4.2 amgikg these parameters
constant during simulation, the results are obthineder constant rotor mechanical

speed (2% slip — sub-synchronous) in Figure 4.6.

ep Active Power Error Plot eq Reactive Power Error Plot
soof sof
0 : ‘ 1 0 r y 1
-500f - el CRREE ammmmn 500} - - hoo-- Foo--- rommnns
5 10 15 20 5 10 15 2C
time [sec] time [sec]
I:)ref ve Ps Qref and Qs
1000 77 l l 1
| | | 1500 T_’i ***** R .
500 ----- s P TR } ! :
0 : S e A e A
500 - - e R 4oy ]
-1000+ - - - - - r : 0 1 : :
5 10 15 20 5 10 15 2C
time [san] zaman [sec]

Figure 4.6. Simulation plots of error, active apdative power under constant rotor
speed
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u.4 Rotor Voltage Plot (V)
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Figure 4.7. Simulation plots of rotor voltage atatar currents in synchronous frame
under constant rotor speed

Two results can be figured out from Figure 4.6. Titet one is that decoupling of

active and reactive power is achieved in grid \gd@térame. Reactive power reference

does not have influence on active power refereraxdion. Another result that should

be highlighted is tracking performance of the pi®gEb nonlinear controller with

disturbance observer as error plots give reasomabldts with bounded rotor voltages

and stator currents. Since stator voltage is asswoestant, power flow between stator

terminals of doubly-fed induction machine and gddpends on stator currents

indirectly as verified from Figure 4.7.

Grid-connected operation under variable rotor doite mechanical speed is also

tested in Matlab Simulink environment. As a stepuin rotor speed is changed from

980 rpm to 1020 rpm (Figure 4.5).
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Rotor Angular Speed Reference Plot (rad/sec)
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under variable rotor speed
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Figure 4.9. Simulation plots of rotor voltage atat@r currents in synchronous frame
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As seen from Figure 4.8, a rotor speed is changetl#h second and speed
variation effects can be observed. Active-reacpewer tracking is still achieved with
reasonable rotor voltages and stator currents.rBpeed is at under synchronous speed
initially and then increased to above synchronqueed. After that transition time, rotor
voltage/current is in reversed phase (Figure 4.1@)and this condition can be
explained using steady-state model of doubly fedudtion machine including
magnetizing losses [4]. When equations 2.45 anfl aré written in more generalized
form instead of in terms of x, y components,

US = RSI S + ja)S/]S (4'29)

Ur = err + J(ws_w)Ar
A =L +A, (430
A =L 1 +A, (431

whereA =L, I, =L (I, +1, +1 ) andl , is magnetizing resistor current. If slip is

defined as,

then rotor voltage in steady state is

: R :
U, =RI, +jswA, - Y. =—1, +jwA, (4.32)
S <

-

Using equations (4.29)-(4.32), steady-state egentatircuit is formed as shown in
4.12.
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Figure 4.12. Steady-state equivalent circuit of RIith magnetizing losses for power
flow analysis

The stator apparent power and consequently actiaetive power for both rotor

and stator are derived using steady-state modeVéstigate power flow.

S, =1, =3R

sl s + st/‘s)l SD = 3Rs|| s|2 + JSws/‘sl SD
Inserting equation (4.30),

S, =3RJ|1|" + j3w,L |1 |” + j3wA, 1 (4.33)

Since voltages are equal to each other for thdlpanaagnetizing branch in the steady-

state equivalent circuit,

RmImR :_jwsLm(|s+|r +|mR):_jws/1m (434)
_ . R . Ry
IS_Ja)sl_mlmR_lr_lmR - lsD_JEImRD_IrD_ImRE|

s—m
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2
S, =3RJ17 + L 2, 2 a1, R

* (4.35)

Stator active-reactive power can easily be detezthas following
P, =RgS.]=3R|1,|* +3R |1 ol +3, Im|A,,1 ] (4.36)
Q, =Im[S,]=3w,L || +3w, |/]LL|2—3wS Re[/lml r”] (4.37)

m

For the sake of simplicity for power flow analydise first two terms which correspond

to resistive losses are neglected and equatiof)(4ah be approximated as
P, = 3w, Im|A, 1] (4.38)
Q. = 3w, ReA, 1,7 (4.39)
Applying the same procedure for rotor apparent ppwe

s =aU,1,"=3R

T

|, +jos ), "=3R ]I, |" + 3w, 1"
Inserting equation (4.31),
S, =3R|I,|" +i3w,s, I, + j3w,s1,1,” (4.40)
Rotor active and reactive power become as follows
P, =RdS,]=3R |I,| ~3a,sim[A, 1, ]
Q, =Im[s,]=3w.sL, |1, |* +3w,sReA, 1, ]

Again after approximations by neglecting loss terms
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P, = -3wsim|A, 1,7 (4.41)
Q, =3w,sRdA, 1,7 (4.42)

It is notable to emphasize relationship betweetostnd rotor active power using
equations (4.38) and (4.41),

(4.43)

Therefore, power flow can be visualized as in Feglir1 3. Since slip is defined as

-a _n

and P, < 0 in generator mode, when mechanical speed passesdeynchronous

speed, slip becomes negative and power is deliievedrotor to grid. On the contrary,
power is drawn from grid during sub-synchronousrapen. Figure 4.11 and 4.12
depicts the effect of synchronous speed transiibt2th second. As observed from

these figures, rotor current direction is reversed.

GRID

Y74
777

N)

Bidirectional

Converter
Pr Pr
sub-synchronous over-synchronous
s<0 F? = —SFS) s>0

Figure 4.13. Power flow between DFIM and grid



The proposed method should be implementable bybleameasurements. Three
main measurements must be realized to implemenmgthod by using voltage and
current sensors: Stator voltage, rotor voltagesatbr current (active & reactive power

measurement).

U, ——> .
ur ) Disturbance
ep Observer ~
— E

Q— °
Us >

— —
& Rotor rd
eQ_) voltage

controller

E,—> — U,
IéQ )

Figure 4.14. Block representations of disturbaruseover and rotor voltage controller
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5 VOLTAGE SOURCE CONVERTERS

By the time, two approaches which are orthogonailtrob of active-reactive
power with stator flux-orientation and nonlineantol with disturbance observer have
been described. Since stator flux orientation meguflux estimation, the orthogonality
of active-reactive power depends on this estimatiol some assumptions. The
proposed method is grid voltage-oriented and onégige grid voltage measurement is

essential.

Doubly-fed induction machine can have two operatimgdes: sub-synchronous
mode and super-synchronous mode during generatmatign. As mentioned in the
chapter 4, rotor power direction changes accorthrglb- or super-synchronous modes.
To have wide rotor speed range, a bi-directionakgroconverter that is connected
between rotor and grid is required.

Although improved techniques exist for bi-direcabmower converters (dc-link
capacitor or inductor-free, resonant techniques,),ethe most widespread used
converter is back-to-back converter for bi-direstib power flow. Typically, two
different approaches are situated at back-to-backearters: Current source converter
(CSC) and voltage source converter (VSC). The megoactive-reactive power
controller generates rotor voltage reference thyshdse voltage source converter

should be placed in the system.

A back-to-back converter consists of two voltagaree converters and a dc-link
capacitor is located between them (Figure 5.1).hHag of converters provides bi-
directional power flow with parallel switching dees and diodes. DC-link capacitor

plays a role of energy transfer component as kedfsrvoltage level constant.
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Figure 5.1. Back-to-back converter

Therefore, grid side converter (GSC) is respongblmaintaining dc-link voltage
at a certain level. Besides, a unity power factor be provided at the grid connection at
the same time. Orthogonal control of active-re&cpewer consequently rotor voltages

can be generated by machine side converter (MSC).

Only grid side converter is considered in the the3ihe same modeling and
control of GSC is also valid for machine side catse

5.1 Grid Side Converter (Three Phase Boost Converter)

In this section, working principle of grid side m@rter (GSC) will be
investigated. Two main objectives are given to GSC:
» Keep voltage level of dc-link capacitor at a certealue

* Provide unity power factor at grid side

Because of line filter inductork;, one leg of GSC can be considered as a boost

converter (Figure 5.2) and dc-link voltage is mpsiigher than the magnitude of input
ac voltage. Accordingly, GSC is called as 3-phaszsbrectifier.
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Figure 5.2. One leg of GSC

To investigate operation of GSC, the converter rhaslelerived at first. From
control point of view, a nonlinear variable struetisystem control law is developed

using model of GSC.

5.1.1 Modeling of Grid Side Voltage Source Converter

A three-phase converter consists of three polesant pole has upper and lower
switches with assigned parallel diodes (Figure.3B)per and lower switches operate
as complementary with negligible deadtime to aviai@ short circuit. Therefore, if

upper switches are controlled by pulse width matthua(pwm) signals withd,d, ,d.

duty cycles that ranges between zero and one,

0<d, <1

a

then pwm signals withd_,d,,d_ duty cycles are applied to lower switches where

d,=1-d.

Then by applying Kirchoff's laws, the mathematiocabdel of circuit depicted in

Figure 5.3 can be defined in stationary frame wéblected resistance of inductors as:

68



lload

IC Y

C1T

C»Oor

e

eA Lg Egi E
—O—F—"— !
' ' it db T
eB ! ;, _>:/. E
c+ : + Ib &
' ! s=t=' dcr-T
cC ; : —

di di 1 1
L, —2=e,-dV,. - —2=—e,-——d)V 5.1
g dt A avDC dt Lg A Lg avbpC ( )
di, 1 1
— =g, ——4d,V 5.2
dt Lg B Lg b Y DC ( )
di 1 1
£=—e. ——dV 5.3
dt I—g C Lg c'DC ( )
DC-link capacitor voltage equation is as follows:
dv . . .
CTm:dala-l_dblb-l_dclc_lload (54)

Equations 5.1-5.4 are derived in stationary framéhe currents,,i,,i, are sinusoidal
quantites. Since output voltadgk,. is constant, average of duty cyclds,d,,d. are

also sinusoidal quantities which have same frequevith grid voltage. If stationary
frame is rotated with grid voltage speed which nsesynchronous speed, then currents
and duty cycles will be dc quantities. Controll@sigin in synchronous frame will be
easier because of dc quantites and equations &.&ah. be modified to synchronous

frame as following

df o\ 1 0 1. o diy
—li,e”’% )]=—ee”’* ——d,e’"V, =’ S —wie™
dt(d ) L, ° L, © 0™ d e

9 g
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d

e, =Ri, +Lg$+ddVDc—wSLgiq (5.5)
. di .
e, :R|q+Lgd—s+quDC+wng|d (5.6)
dv . L
C dtDC = (dyig +dgig) =i (5.7)

where w, =27f . If d axis of synchronous reference frame is aajyro grid voltage

vector (Figure 5.4), thee, =€ ande, = Q

a

A

Figure 5.4. Grid orientation

Equations 5.5-5.7 determine average large signaemof grid side converter. Figure
5.5 depicts equivalent circuit of average largenaigmodel of the converter in

synchronous frame.
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C»Oor

Figure 5.5. Equivalent circuit of average largenaignodel of GSC

As seen from Figure 5.5, cross terms are added w@éasformation from stationary

frame to synchronous frame. These cross terms natae equations nonlinear.

5.1.2 VSS Controller Design

The controller objective is to keep dc-link voltaagea desired level and to provide
unity power factor for grid side converter. Wheragve power is written in
synchronous frame,

3. .
sz(eqld _edlq)
and since d axis of reference frame is alignedrid goltage, accordinglye, = 0

reactive power depends on the quadrature compaofentrent )

3 .
Q:_Ee(“q (58

Unity power factor condition (Q=0) is satisfied lsetting the quadrature
component of current zero. Average large signal ehadn be modified again under
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steady state condition, unity power factor, andchyonous frame orientation using

& =Uy —wLj, +R, - u,=¢ -Ri, (5.9)
0
g, =U,twL i, +R =0 - u,=-wlL, (5.10)
KR
C—OIVDC =Kiy +d,i Yoc - Mo :Ei Yoc (5.11)
dt TR ¢ C° R '

where u, =d V., U, =d V., and K is power conversion factor from 3 phase to
phase frame. From power invariandé,:}f/é. For realizing control objective, since

it is useful and convenient naturally for power werers, nonlinear variable structure
system (VSS) control, sliding mode control, is ugk2]. If dc output voltage error is

written as
e=Vpe ~Vpe ' (512

ef

where V. is measured anl,."® is desired voltage, then sliding surface in slidin

mode is defined as following

s=e+De 5.13)
whereD is positive definite controller gain scalar. Ingeg equation 5.13 into 5.14,

¥e —V oc™® +DlVpe ~Voe ) (5.14)

The equivalent control is obtained using equatidd 5

1. Vi
Jac R

\-/DC :\./ DCrEf - D6/DC —VDC“Ef ):
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e = \/§(VF§C +C(\°/ oc'® + D@/Dc“ff Ve )j] (5.15)

L

The block representation of the controller is degglan Figure 5.6.

Vdc
—

Figure 5.6. Block representation of GSC controller

5.2 Simulation Results

Unity power factor and reference voltage trackimg performed by the sliding
mode control in grid side orientation. The valuds goid side converter circuit

parameters and controller gain are given in Taldd1].

Table 5.1. GSC simulation parameters

Value Unit
C . 820 uF
R : 0,15 ohm
Rload . 182 ohm
D . 200
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Output wltage VDC plot (V)
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Figure 5.8. Unity power factor and equivalent cohpiots
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As seen from simulation results, Figure 5.7 andufgg5.8, the desired voltage is
tracked under varying reference. One phase of \githge and corresponding current

have the same phase so unity power is satisfiegjbiwvalent control.
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