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Abstract—The aim of this paper is to develop a framework
for analysis of harmonics in a Doubly Fed Induction Generato
(DFIG) caused by non-sinusoidal conditions in the rotor as
well as unbalance in stator. Non-sinusoidal rotor voltagesare
decomposed into harmonic components and their correspondg
sequences are identified. Then induced harmonics in rotor ah
stator are analyzed and computed, from which the torques pro
duced by these interactions between stator and rotor harmoic
components can be found. During unbalanced stator conditius,
symmetric component theory is applied to the stator voltageto
get positive-, negative and zero- sequence components oatstr
and rotor currents. The steady-state negative sequence eigalent
circuit for a DFIG is derived based on reference frame theory
Harmonic currents in the rotor are computed based on the
positive and negative sequence circuits. In both scenaripthe har-
monic components of the electromagnetic torque are calculed
from the interactions of the harmonic components of the stair
and rotor currents. Three case studies are considered, narhg (i)
non-sinusoidal rotor injection, (ii) an isolated unbalan@d stator
load scenario and (iii) grid-connected operation. The anafsis is
verified with results obtained through numerical simulations in
Matlab/Simulink. The second case is verified using experinms.
The simulation results and experimental results agree welvith
the results from analysis.

Index Terms—Wind Generation, Doubly Fed Induction Gen-
erator, Inverter, Harmonics, Unbalance

NOMENCLATURE

ws, wr, w,  Stator, rotor and rotating frequency.

I, I Stator, rotor current vectors.
Ggss bds g-axis and d-axis stator currents.
s Ty g-axis and d-axis rotor currents
referring to the stator side.
Subscripts

S, T Stator, rotor.

+, — Positive, negative components.

q, d  rotating reference frame.

I. INTRODUCTION

D

with a variable-frequencyy.), variable magnitude three-phase
voltage. This AC voltage injected into the rotor circuit il
generate a flux with a frequency, if the rotor is standing
still. When the rotor is rotating at a speeg,, the net flux
linkage will have a frequency, = w, + w,,. When the wind
speed changes, the rotor spegd will change and in order
to have the net flux linkage at a frequency 60 Hz, the rotor
injection frequency should also be adjusted. A key requémm
of DFIG is to have its three-phase rotor circuit injectedhat
voltage at a controllable frequency and controllable miagis.

The three-phase ac voltage can be synthesized using various
switching techniques, including six-step switching [2jI$®
Width Modulation (PWM) [1], and space vector PWM [3].
To reduce the switching losses while having a simple control
circuit, six-step switching technique is widely used inribtor
based inverter. The high power capability of thyristoraaits
the implementation of thyristor based converters in wind en
ergy system and six-step switching has kindled a new irteres
in wind energy system [4], [5]. Six-step switching techrequ
generates quasi-sine ac voltages which posgessl harmon-
ics. Under such conditions, the rotor currents contain loaim
components which in turn induce corresponding harmonics in
the stator. This leads to the pulsating torques.

Harmonics can also be introduced by unbalanced stator
conditions. Unbalanced stator voltages can be resolved int
positive-, negative-, and zero-sequence voltages. Negati
sequence components in the stator lead to high frequency
component in the rotor currents and torque [6]-[9]. Negativ
sequence components lead to several undesirable corglition
such as overcurrent in rotor circuits and overheating. doad
in these works is to develop control schemes to minimize
overcurrents and pulsating torques.

In [6] and [9], the synchronous reference framé" is
used and controllers are developed to deal ®ith frequency
harmonics . is the system frequency). In [7] and [10]
two reference frames: the positived(") and negative (d™)

OUBLY Fed Induction Generators (DFIGs) are widelypynchronous reference frames are used and low pass filters
used in wind generation. The possibility of getting &€ used to extract positive and negative sequence comisonen

constant frequency AC output from a DFIG while driveryvhile blocking the2w. components. The positive and negati_ve
by a variable speed prime mover improves the efficacy 8gduence components are then controlled_ separately via Pl
energy harvest from wind [1]. Unlike a squirrel-cage indorat controller. More r_ecently, for general_|zed grid convesters
generator, which has its rotor short circuited, a DFIG hégference frame is used and proportional resonance ctantrol
its rotor terminals accessible. The rotor of a DFIG is fel$ adopted [8].

The focus of this paper is to develop a framework for
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conditions in the rotor as well as unbalance in stator. Terqu
expression under unbalanced stator conditions are derived



mathematically using space vector expression in [7], [8]. | « negative sequence circuit:
this paper, the dc and pulsating components in the torque are

computed from the harmonic interactions between the stator N = -1,
and rotor currents. Ws = —We,
Non-sinusoidal rotor voltages are decomposed into har- slip =2 — s.

monic components and their corresponding sequences are _ S
identified. Then induced harmonics in rotor and stator ares 6n — 1 harmonic rotor injection:
analyzed and computed, from which the torques produced by

these interactions between stator and rotor harmonic cempo N=-1,
nents can be found. ws = (6n — Dw, — Wi,
During unbalanced stator conditions, symmetric component slip = %

theory is applied to the stator voltage to get positive- atieg- . o
and zero- sequence components of stator and rotor currents. 6n + 1 harmonic rotor injection:
The steady-state negative sequence circuit for a DFIG is

derived based on reference frame theory. Harmonic currents N =1,

in the rotor are obtained based on the positive and negative ws = (6n + wr + wm,
sequence circuit. Harmonic components due to the interssti slip = @6_”5%
between stator and rotor sequence components in torque can

be found.

I. HARMONIC ANALYSIS WITH QUASI-SINE ROTOR

The paper is organized as follows. Section Il gives the I
VOLTAGE INJECTION

steady-state equivalent circuit of the DFIG under positive

, negative- sequence and harmonic scenarios. Section llin this section, harmonic analysis in the stator circuitthwi
presents the harmonic analysis of a DFIG with non-sinusoidguasi-sine rotor voltage injection will be investigatecheT
rotor circuit injection. Section IV presents the harmoni@l injected ac voltage to the rotor usually comes from a DC/AC
ysis of a DFIG under unbalanced stator condition. Thragidge converter shown in Fig. 2. While Pulse Width Modu-
case studies, namely, (i) non-sinusoidal rotor injectihan lation (PWM) technique is widely used for rotor injectior],[1
isolated unbalanced load and (iii) grid-connected openatire  six-step switching technique is another possibility to ifig
given in Section V. The analysis along with experiments artHe control circuit and reduce the switching losses. Sep-st
numerical simulations in Matlab/Simulink are given. Sewsti switching introducesin + 1 harmonics in the voltages and

VI concludes the paper. the resultant output is called a quasi-sine waveform. Wnlik
PWM, this does not need sine and triangular waves. It is easy
Il. STEADY-STATE EQUIVALENT CIRCUIT OF A DFIG to adjust the rotor injection frequency by simply varying a

For analysis, the per-phase steady state equivalenttctrbuicontrpl _voltage. The output line voltage of the inverter is a
a DFIG based on [11], [12] is shown in Fig. 1. He¥e w, and 9uasi-sine wave with levels 0/, and -V and one of the
slip are defined based on sequence and harmonic conditidh&ee line voltages and a phase voltage are shown in Fig. 3.

For example, wheV = 1, w; = w, andslip = s, the circuit

corresponds to the well-known positive sequence equivalen
circuit of an induction machine. For harmonic and negative QL & ®
sequence condtions, the parameters are modified and details a J J J
are presented in Section Ill and IV respectively. bl )
€1 o > @ VB
I's IN (/)X s IN (/@)X e relslip JK JK J

+

) Vsl Fig. 2. Power circuit of three-phase bridge inverter.
N (bl eeh) Xy s

A. Harmonic Components in Sator and Rotor Currents

Fig. 1. Steady-state induction machine circuit represiemta . . . .
9 Y P For the quasi-sine waveforms of Fig. 3, triple-n harmonics

(3, 6, 9, 15, ...) are absent. The voltage waveform in phase A

Remarks: i .
can be expressed in the mathematical form as [2]:

« positive sequence circuit:
=1
N =1, VUpa () :VSZEsm(kwt), k=1,5,7,... 1)
Wg = We, k

slip = s. whereVs = 2V5.

T



Vab present in stator currents and electromagnetic torque a6

VI Hz, while in a DFIG with quasi-sine rotor injection, the
harmonics in stator currents and electromagnetic torqee ar
180 300 . .
0 150 360 dependent on the injected frequencies.
- VE The constant or steady torques are developed by the reaction

of harmonic air gap fluxes with harmonic rotor mmfs, or
Vr a currents, of the same order. Since the — 1 harmonics
are negative-sequence harmonics, the induced torques®ppo

2VB/ 3

VB/ 3—,_|—| |—'_|—\ the torques produced by the fundamental mmfs é&ndt 1
_—2\\//%9/ ] — i’ harmonics [2].

Besides the steady torques, there are also pulsating torque
components, which are produced by the reaction of harmonic
rotor mmfs with harmonic rotating fluxes of different order.
Fig. 3. Quasi-sine waveforms of line and phase voltage egpb the rotor. The reaction between the fundamental rotor mmf and the

5th harmonic component in the stator current will cause a
0 . Isating torque with frequency @f,; + w,, — wss = 6w
The 120" phase displacements among the three phase V@?milarly, the reaction between the 5th rotor mmf and the

ages can be conveniently represented as: i .
9 y rep fundamental component in the stator current will produce a

B > ikt pulsating torque with frequency af,5 + w,, — ws1 = —6w..
vra(t) = 1M <VS Z E67 ) @ The reactions between the fundamental rotor mmf and the 7th
O’“o harmonic component in the stator current, and the 7th rotor
1 X . .
vot) = Im| Vs Z Eegkw(t—r) 3) mmf and the fu_ndamental component in the stator current will
. produce pulsating torques of the same frequehgyas well.
o Similarly, the interactions between the fundamental rotor
vre(t) = Im VSZ lejkw(H’T) (4) mmf and the 11th (13th) harmonic component in the stator
- k current will produce a pulsating torque with frequency of

wherek — 1.5.7 11 andwr — 27 12w,. In general, the pulsating torque contains harmonics of
R th S 6nw, (n > 0).

3
_ 1\th ;
For the 5th and any6n — 1)* (n = 0) hz.glrmonlc, the The torque can be expressed in terms of of stator and rotor
waveforms of the rotor voltages are given by: :
currents in the same reference frame [12] or current space

va(t) = Im (Vs ej(an—l)wt) vector [2]. The torque in terms of the qd currents and the
e 6n — 1 current space vector can be written as:
1 . L 27
_ j(6n—1)wt j=<& 3 P L. L.
vpp(t) = Im (Vs . 167 W ) T. = (5) (5) M (igsily, — iasin,) (5)
1 . - 27
(t) = Im(V: 3(6n =)t o= % _ 3(f [I*
Ure(t) ( Sen1¢ e’ = 3(5 ) Mm[LL]. (6)

Thus, tr_le set of(6n — 1) harmonics can be considered avherel, = 1/v/2(igs — jiqs) and I, = 1/V2(i, — jily)-
a negative sequence set. The frequency of the waveform isrne gieady torque can be expressed in current space vector
equivalent to—(6n — 1)w. Through out the paper, a negative,g
sign for the frequency implies a negative sequence for the B P E—
corresponding quantity. Teo =3 2 MlmZ[IS’JT’“] Y
Using the same analogy, for the 7th or aQyn + 1) - F
harmonic, the three-phase set is considered as a positRerek = 1,5,7,9,11, ..., I = 1/v2(iqx — jiax). The qd
sequence set and the frequency of the waveforffirist 1)w. variables are referred to the rotating reference frame thi¢h
Therefore, the following harmonic components can be oBame speed as the frequency of the stator harmonic component

served in the stator current; + w,,, —5w, + W, TWr + W, The pulsating torque dw, frequency can be expressed as:
—11w, + wp, 13w, +w,, and etc. The lowest order harmonic P S s
(LOH) observed ig5w, — wn,|. Tee = 3 <§> MIm([Is; I75e77]
The magnitudes of the harmonics in the stator current can p _
be computed based on the steady-state equivalent circuit in + 3 <5> MIm[Ig I} e %]
Fig. 1.

+ 3 (£> MIm[I 517 e %]
B. Harmonic Components and Magnitudes of Electromagnetic 2
Torque + 3 (£> MIm[L; I 5]
The harmonic analysis of a DFIG is similar as the harmonic 2
analysis of an induction machine presented in [2]. For indug,s; andigs; are in the reference frame with a rotating speed
tion motor with quasi-sine ac power supply, the harmonicd ws;. i4-5 andig,.s are in the reference frame with a rotating



speed otv,s. And ig7 andig,.7 are in the reference frame with
a rotating speed af,7;.

The pulsating torque ofl.s can be expressed in real
variables as

q gxis (synchronous)

Teg = Tecosﬁ COS(Gth) + TesinG sin(Gth) (8)

. P> aaxis
whereT,.,s¢ andT.4n6 can be expressed by currents in (9).

IV. HARMONIC ANALYSIS FOR UNBALANCED STATOR
CONDITION

The purpose of the analysis is to investigate the DFIG opers
ation at unbalanced stator conditions and study the wawefor " d' axis (negative
of the rotor currents and the electromagnetic torque. It is synchronous)
assumed that sinusoidal voltages are injected into the aotd
that the rotor injection voltage magnitude is constant ryiri
the system disturbance.

] Thgre are two st_eps in the anal_yS|s. The first step is l&cf}; 4. The two reference frames: synchronous and negatsyeichronous.
identify the harmonic components in the rotor currents an
the electromagnetic torque and the second step is to estimat TABLE |

. . ROTOR CURRENT COMPONENTS OBSERVED IN VARIOUS REFERENCE
the magnitude of each harmonic component.

q' axis (negative  synchronous )

d axis ( synchronous )

FRAMES
A. Harmonic Components in Sator and Rotor Currents _ abc gdt | qd”
. . Positive Swe 0 2we
The stator frequency is assumed to be 60 Hz. During stator Negative | —(2 — s)we | —2we | 0

unbalance, the magnitudes of the three phase voltages will
not be the same. Also the phase angle displacements of the
three voltages will not b&20°. Using symmetric componentdc components which correspond to the magnitudes of the
theory, any three-phase voltages can be decomposed intbwa harmonic components. The scheme for extracting the dc
positive, a negative and a zero sequence component. The stabmponents is shown in Fig. 5.

currents will in turn have positive, negative and zero segae

components. i e+

I

For an induction machine, the sum of the rotor injection fre- P o s ler |—————-
guency and the rotor frequency equals to the stator frequen&: je*,
or w, + w, = w,. For the positive sequence voltage set with P o pass fter —‘
frequencyw, applied to the stator side, the resulting rotor o pass e i
currents or flux linkage have a frequengy = ws—wy,, = sws. I T N e R L .

The negative sequence voltage set can be seen as a three ™ o passer >
phase balanced set with a negative frequency. Thus the

induced flux linkage in rotor circuit and the rotor currends@
a frequency of-w; — w,,, = —(2 — $)ws.

Observed from the synchronous reference framhe with
a rotating speed., the first component (positive sequenc
has a frequency ofw, — (we — w,,) = 0, Or a dc component

and the second component has a frequency @& — s)ws — i ) o o
(we — wy) = —2w,, i.e., 120 Hz. Observed from the negative In this section, the derivation of the steady-state cirtwiit

synchronous reference fram@~ which rotates clockwisely the negative sequence components is given. The equivatent c

with the synchronous speed., then the positive sequencecu't is derived by establishing the relationship of the agés

component has a frequency 8b; — (—we — wm) = 2w and currents expressed in gd variables and further in phasor
S e m - €

and the negative sequence component has a frequency dfor the negative sequence, the g-axis, d-axis and 0-ais var
—(2 = 8)ws — (~we — wy) = 0. The two reference frames ables become dc variables at steady state when the reference
S e m - .

are shown in Fig. 4 and Table | shows the components of f@Me rotates at a frequency efw.. The derivatives of the
rotor currents in abe and the two reference frames. flux linkages are zero at steady state. Hence the voltage and
The rotor currents in both reference frames will have a grrent relationship is expressedqdo as:

component and a high frequency component. To extract the Vgl = Tigd —weAyS (10)
harmonic components in the rotor currents, both a synchu®no R (11)
reference framegd+ and a clockwise synchronously rotating /d_se f.flje €7as e

reference framed~ (Fig. 4) will be used. A low pass filter Ugr© = gt F (we —wr) Ay, (12)
with a suitable cutoff frequency can be used to extract the Vg = g — (—we — wr) ALC (13)

Fig. 5. Scheme for extracting dc components.

eé_ Magnitudes of the Harmonic Components in Sator and
' Rotor Currents



iqu

tdr1

|: Tchos :| _ §£ |: _(idSS + ids7) (iqs5 + 7;qs7) _idsl iqsl _idsl iqsl iqr5 (9)
Teﬁsin - 22 _iq35 + iqs? (idst') + Z'ds’7) Z'qsl Z'dsl _iqsl _idsl Z'dr5
iqr?
Ldr7

The relationship between a phaddy, at a given frequency to compute7.. For exampleZ.; can be identified as a dc
and the corresponding qd variables in the reference frawariable in synchronous reference frarfiig, can be identified
rotating at the same frequency can be expressed as: as a dc variable in negative synchronous reference frame.
T.s andT,, are pulsating torques with a frequeny.. The

V2F, = Fq = JjFa (14) expressions for the torque components are as follows:
whereF' can be voltages, currents or flux linkages in the stator P o
or rotor circuits. Ter = 3 <§) MIm[Ig, I7¢] (19)
Therefore, the stator and rotor voltage, current, and flux P
linkage relationship can be expressed in phasor form as: T = 3 (5) Mlm[I_;_ef::e] (20)
Vit = ol = jweds (15) P o
Ve = HI e tw)det  (16) o =3 (5) Mim{ls, Ir2] &)
The rotor relationship can be further expressed as = 3 (g) MIm[I¢, IF=¢ei?!] (22)
i}#—e T/ ~ —e N
ar T 7 o —e P e Txe
T3, SI ar — JWeAgr - (17) T., = 3 (5) MIm[IE_I7¢] (23)
The equivalent circuit in Fig. 1 ha® = —1, ws, = we P o ‘
and slip = 2 — s. If the rotor voltage injection is assumed = 3 (5) MIm[I; TS e 72wt (24)

to be a balanced sinusoidal three-phase set, then the veegati
component//=¢ = 0. where I, = 1/V2(igs — jias) and I, = 1/v/2(il,,. — jily,),

Thus, the stator and rotor currents are induced by both taed F§ is the qd variables of the positive sequence component
positive sequence voltages and negative sequence valtagesynchronous reference framee¢ is the qd variables of the
The rotor currents have two components, one at the lawegative sequence componentin synchronous reference;fram
frequencysw. having a RMS magnitude df,, and the other F_© is the qd variables of the positive sequence component in
at the high frequency2 — s)w,. with a magnitude off . negative synchronous reference framig;* is the qd variables

of the positive sequence component in negative synchronous

C. Harmonic Components and Magnitudes of Electromagnetic ~ reference frame. _ o
Torque The torque expression under unbalanced stator condition is

The zero sequence stator currents will not induce a torque
[12]. Meanwhile, the O-axis stator circuit and O-axis rotor T, = T,g + Tesin2- Sin(2wst) + Tecose. cos(2wst).  (25)
circuit are completely decoupled. Hence the 0-axis vagiabl
transformed from stator side will not induce any voltage o

rotor side. In most machines, wye connection is used so evd . .
he harmonic components in the torque can be computed

the stator side will have no zero sequence currents. ¢ i q , tator/ rot ts. In the f
Under unbalanced stator condition, the stator current hag ' POSIVE and negalive stator/ rotor currents. in 0
lowing subsections, case studies will be performed.

two components: positive sequente and negative sequence
componentd,_. The rotor current also has two components:
positive sequencé.,. and negative sequence compondnts
The electromagnetic torque is produced by the interactiofs Case Study 1- Non-sinusoidal Rotor Injection
between the stator and rotor currents. The torque can beA 4-pole 5 HP DFIG with parameters in Appendix Table
decomposed into four components: VIl is considered. The stator is connected to a wye connected
resistive load with 22 Ohm in each phase. The configuration
Te=TatTeotTo+ T (18) of the system is shown in Fig. 6. ThF()e injected rotor vgoltages
whereT,; is due to the interaction of,, and/,, 7., is due are quasi-sine.
to the interaction of ,_ and/,_, T.3 is due to the interaction ~The fundamental frequency of the rotor injection is 24
of I, andI,_, andT,4 is due to the interaction of,_ and Hz. The rotating speed is 1080 rpm for the 4-pole 5 HP
Iy. DFIG. The corresponding electrical frequency is 36 Hz. The
It will be convenient to use both the synchronously rotatingarmonic orders of the rotor and stator currents are cordpute
reference frame and the negative synchronous referenoefrand listed in Table Il. The simulation (Matlab/Simulink)

here the expression ., Tesin2 andT..,s2 can be found
26).

V. CASE STUDIES - ANALYSIS AND SIMULATION
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Fig. 6. A stand alone wind energy system configuration. 0 50 100 150 200 250 800
8
ol i
results are shown in Fig. 7. The 5th harmonic causes a It 24/ )
harmonic in stator current at 84 Hz of negative sequen 2f ]
(24 x 5 — 36). Hence, distortions are observed in the statc o, - 0 0 P P 700
current waveforms. The torque is shown to have a steadg-sta. Frequency (Hz)

dc vglue and a pulsatlng component of 144 Hz. The FFT %B 8. FFT of the electromagnetic torque, stator and ratorent waveforms
the simulated electromagnetic torque, stator and rotareatrr in Fig. 7.

waveforms are shown in Fig. 8. The FFT results show that

the torque has a 144 Hz harmonic, the stator current has a TABLE I

fundamental component at 60 Hz and a harmonic at about 84ANAEYUZ:EE'LATRSMD%NE'?gﬁ“éngNNEUNST;'D“L::gfg;?NRjggTDlgL”OR
Hz, and the rotor current has a fundamental component at 24

Hz and harmonics at 120 and 168 Hz. The FFT results agf€Barmonic | Rotor Rotor Stator Stator | Rotating
with the analytical results in Table Il well. order | freq (Hz) | mag (A) | freq (Hz) | mag (A) | freq (Hz)
7 24 6.52 60 2.59 36
: : : : : : : : : 5th -120 0.31 -84 0.15 36
il ) 7th 168 0.28 204 0.18 36
N OM 11th -264 0.13 -228 0.08 36
aof ]
0.9 0.‘91 OA‘92 0.‘93 0.‘94 OA‘QS 0.‘96 0.‘97 O.‘98 0.‘99 1

e Om rotor mmf (24 Hz) and the 5th harmonic component in

09 ool o0ez o9 oo o9 ogs o9 os os 1 the stator current (-84 Hz) will cause a pulsating torque of

- fr1+ fm — fs5 = 144 Hz. Similarly, the reaction between the
= UM 5th rotor mmf (120 Hz negative sequence) and the fundamental
% 0.‘91 o.éz 0.53 0.‘94 0.55 o.l.a)e o.‘97 o.és 0.59 1 component in the stator current (60 HZ) will pI’OdUCG a

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ pulsating torque off,.5 + f,, — fs1 = —144 Hz. The reactions

?OW between the fundamental rotor mmf and the 7th harmonic

-5 : ‘ w : w ] ] ] ] component in the stator current, and the 7th rotor mmf and
0.9 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1 . .
_ 05 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ the fundamental component in the stator current will preduc
gl 1 pulsating torques of-144 Hz as well. The dc component and
ST VT TN T e pulsating component of the torque can be computed from
09 oo 0% 00 0en 0%y T 0% 0% 0% 17y and (9), shown in Table Ill. The results agree with the

simulation results in Fig. 7 and the FFT results in Fig. 8.
Fig. 7. A DFIG with quasi-sine rotor injection. a) phase Aamtoltage,
b)phase to phase rotor voltage, c)phase A rotor currenthdpe A stator

current, e) electromagnetic torque. TABLE Il
HARMONIC COMPONENTS IN THE ELECTROMAGNETIC TORQUE FROM
ANALYSIS

The 144 Hz pulsating torque component is produced by
the reaction of harmonic rotor mmfs with harmonic rotating Teo -1.1868 N.m
fluxes of a different order. In this case study, the 5th haiimon %0{”‘2 :géggé “m

. . . esin . .

component causes 84 Hz harmonic with negative sequence 2
H H \/Tecosﬁ + Tesinﬁ 0.1285 N.m
in the stator current. The reaction between the fundamental




Experimental results of stator and rotor currents can be
found in [13].

van 0 -

B. Case Sudy 2 - A stand alone DFIG system =

In the second case study, the same setup is used except that’ \A/\/\/W\AANV\/
the resistance in phase A is varied to create an unbalanced:s
stator condition. The rotor injection is assumed to be ddn
sinusoidal. Two scenarios will be considered. In Scenario 1
the frequency of the injected rotor voltages is 20 Hz. In .
Scenario 2, the frequency of the injector rotor voltagesSs 1
HZ. Isa 0 -

In the experiment, the wind turbine is replaced by a dc . S MV vy VY Y MY Y
motor and a 5HP wound rotor induction generator is used 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 1905200
as a DFIG. A sine wave power source provides the injection
voltage at any desired frequency. The speed of the dc MO 11, stator voltages, rotor current, and stator curcenter unbalanced
is adjusted to have a 60 Hz stator voltage. The experimentaH condition. Rotor injection frequency = 15 Hz

setup is shown in Fig. 9.

0

Wound rotor 1M

S ® ! Hz

00 625 125.0 1875 2500 |

%

A

0.0 62.5 125.0 187.5 250.0
Hz

Fig. 9. Experimental setup case study 2 0

Fig. 12. FFT of the rotor currents. a) rotor injection freqog = 20 Hz; b)
0 rotor injection frequency = 15 Hz.

vanl
0 4

0 high frequency harmonics. The results of FFT analysis of the

o waveforms are given in Fig. 12 and Table IV.
1 Unbalanced load condition due to phase A variation is

equivalent to short circuiting a portion of the load in phase
and hence the equivalent circuit under single phase to groun
7 fault can be used to obtain the stator current, rotor current
° phasors of positive sequence and negative sequence. 8ace t

load is wye connected, there is no zero sequence current. The
equivalent circuit is shown in Fig. 13.
S e e e B s Nt e M An analysis of the circuit in Fig. 13 gives the harmonic
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 .
ms components in the rotor currents. The phasors and the corre-
sponding harmonic components are shown in Table IV. The

Fig. 10. Stator voltages, rotor current, and stator curcenter unbalanced experimental waveforms and the FFT analysis results agree
load condition. Rotor injection frequency = 20 Hz well with the analysis results.

Isal

Figs. 10 and 11 show the waveforms of phase A and phase i
B stator voltages, phase A rotor current and stator curreft, €ase Study 3- A DFIG connected to grid
The experiment was conducted for two injection frequenciesA 3HP DFIG is used for analysis and simulation. The ma-
- 20 Hz, 15 Hz. In both cases, the rotor current contairthine parameters are shown in Appendix. The initial coaditi
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Fig. 13.  Equivalent circuit for the DFIG under unbalancedtat load 0 02 04 0.6 08 1 12 14 16 18 2
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TABLE IV Fig. 15. Dynamic responses of rotor speed, electromagtmiigie, phase a

COMPONENTS OF ROTOR CURRENTS FROM EXPERIMENTS AND ANALYS|s Stator current, and phase a rotor current.
OF FIG. 13DURING UNBALANCED STATOR CONDITION

positive sequencqd negative sequence =
experiment _ analysis| experiment _analysis| = °f 1
Scenario 1| Freq 20 Hz 20 Hz 98.8 Hz 100 Hz N
Amp | 5.905 A 5.9 A 1.7175 A 19A ”““ 02 04 06 o8 1 12 14 15 18 2
Scenario 2| Freq 14.7 Hz 15 Hz 105 Hz 105 Hz 10 . . T T T T T T T
Amp 5.743 A 57A 1.2475 A 1.26 A

of the machine is the stalling state. A balanced three-phe
voltage and a mechanical torque 10 Nm are applied to t

stator att = 0 second. The system configuration is shown i °
Fig. 14. Att = 1 second, the voltage of phase A drops ti
zero. The fault is cleared at= 1.5 second. The simulation
is performed in Matlab/Simulink and the results are shown _
Figs. 15 - 17. s ©
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Fig. 16. Dynamic response @f,., i5,., iqr , andi .

low frequency component and a high frequency component.
_2 According to the analysis the two frequencies are the slip
= frequency and a frequency close to 120 H2 € s)w.). The
rotor currents observed in the synchronous reference frame
have a dc component and a 120 Hz component.

The magnitudes of the harmonic components can be com-
puted from the equivalent phasor circuits in Fig. 1. Table

V lists the calculated positive, negative, and zero seqeienc

Fig. 15 shows the dynamic responses of the rotor spegdnonents in the stator voltage, stator current and rotor
electromagnetic torque, and stator and rotor currents as@h current

A. Fig. 16 shows the dynamic responses of the rotor currants i
the synchronous reference frame and the negative sync1lm;onoC TABLE V
. H ALCULATED SEQUENCE COMPONENTS IN STATOR VOLTAGESSTATOR
reference frame. A_t the sFeady state balanced_ stator m,dlt CURRENTS AND ROTOR CURRENTS ASSUMING SLIR 0,12
the rotor speed is equivalent t87.2 Hz while the slip

Fig. 14. A grid-interconnected DFIG system configuration.

frequency Of the rotor currents &.8 HZ. The two add Up Vo|tage mag current mag current mag frequency
to 60 Hz. During unbalance, it is found that the torque has a|v;"| | 8853v | || | 4.78A | |I]] 4.16A swe
120 Hz pulsating component. It is seen from the simulation|Vs | | 4426V | [Is| | 25.87A | || | 25.14A | (2 — s)we

; J.lvel | 442ev | (12| | 50.85A | |12] 0A 0
plots that the rotor current consists of two components:La
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Fig. 17. Harmonic components after extracting strateggnffag. 5, Section
IV. a) (N dc component of,- observed in the synchronously rotating
reference frame, hﬁ7-+ - dc component of ;,- observed in the synchronously
rotating reference frame, Q);Ti - dc component ofiq, observed in the
negatively synchronously rotating reference framej dj - dc component
of 14, observed in the synchronously rotating reference frame..

The sequence components of the stator voltage, the stator Is (A) 5.8

currents and the rotor currents are listed in Table V.
comparison of the analysis results from the circuit in Fig.

currents in the rotor are obtained based on the positive agd n
ative sequence circuit. In both scenarios, the electroetagn
torques due to the interaction of the stator and rotor ctsren
are explained physically and rigorous mathematic expoassi

is derived. Three case studies considered demonstrate the
proposed method in analyzing the harmonics. The proposed
method is useful to analyze the effect of harmonics and
unbalanced operation of DFIGs.

APPENDIX

The 3HP induction machine parameters are from [12] listed
in Table VII. The 5 HP wound rotor induction machine
parameters are measured from experiments and also listed in
the table.

TABLE VII
MACHINE PARAMETERS FORSHPAND 5 HP DFIGs

3HP 5 HP
Rs(Q) 0.435 Rs(Q) 0.32
X5 (Q) | 0.754 L;s (mH) 1.19
X () | 26.13 M (mH) 39.46
X;’r () | 0.754 Ly, (mH) 1.34
AN (9)) 0.816 rr () 0.36
J(kg.m?) | 0.089 turn ratio a 1.38
T (N.m) | 11.9 resistive load Q) 22
A
1

and simulation results shows that the rotor current andutorg

components from analysis agree with the simulation regults
Table VI.

TABLE VI
HARMONIC COMPONENTS IN THE ROTOR CURRENTS AND THE
ELECTROMAGNETIC TORQUE FROM SIMULATION AND ANALYSIS DURING
UNBALANCED CONDITION (SLIP=4.5/60)

Simulation | Analysis
[ 6A 58A
PG 09 A 0.94 A
| Iy | 4.29 A 4.16 A
i 179 A 178 A
g -30.8 A -30.8 A
|L_| 25.2 A 25.15 A
Teo -10 N.m -9.89 N.m
VT2 + T2 | 35Nm | 363Nm

VI. CONCLUSION
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