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Modeling, Analysis, and Validation of Controller
Signal Interharmonic Effects in DFIG Drives

Nur Sarma

Abstract—This paper presents the development of a doubly fed
induction machine (DFIG) harmonic model in MATLAB/Simulink,
which is used to examine the spectral content of DFIG controller
signals and improve the understanding of their behavior and
spectral nature. The reported DFIG harmonic model has the
capability of representing the effects of higher order time and
space harmonics and thus, allows detailed analysis of the controller
signals embedded spectral effects. The model consists of a wound
rotor induction machine (WRIM) harmonic model coupled with a
stator flux oriented controller model. The WRIM space harmonic
effects are represented using the conductor distribution function
approach to enable the calculation of winding inductances as a
harmonic series. In addition, analytical expressions are derived
to define the possible spectral content in the controller signals of
DFIGs. Both the reported DFIG harmonic model and the analyt-
ical expressions are validated by comparison with measurements
taken from a purpose built vector-controlled DFIG laboratory test
rig. The findings confirm the capability of the developed DFIG
harmonic model in representing the controller signals embedded
spectral effects, as well as the accuracy of the reported analytical
expressions, and enables a much improved understanding of the
spectral nature of the DFIG controller signals.

Index Terms—Doubly fed induction generator, harmonics,
interharmonics, stator flux oriented control, wind turbines.

1. INTRODUCTION

OMPREHENSIVE electric machine and drive modeling,
C which allows for detailed analysis of spectral effects in
operational parameters is increasingly required in a number
of areas such as condition monitoring and fault detection [1],
renewable power generation [2], harmonic control in electrical
power systems for power quality studies [3] and harmonic torque
analysis [4]. As the doubly fed induction generator (DFIG)
topology is presently one of the most commonly used in power
generator applications [5], [6], DFIGs have received a high level
of research interest. A DFIG comprises a wound rotor induction
machine (WRIM) whose rotor is interfaced to the grid via a
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back-to-back converter whilst the stator is directly connected to
the grid.

Interharmonics are frequency components that are not
integer multiples of the fundamental frequency of the supply
system/grid. Like harmonics, interharmonics can also cause
overheating, component life reduction, torque oscillations
and voltage fluctuations, etc., [7]. Several studies have been
presented in the literature investigating interharmonic effects in
DFIG terminal quantities and mechanical signals [8]-[10]. For
example, the interharmonic effects created by higher order sta-
tor and rotor supply harmonics in grid connected DFIG systems
were investigated using stator and rotor currents, electromag-
netic torque and frame acceleration signals measurements [8],
[10]. In addition, a number of papers have examined the general
spectral content of various electrical and mechanical signals
from DFIGs such as the stator currents [11], rotor currents [12],
stator active power [13] and stator reactive power [14]. Switch-
ing harmonics effects were studied in [9] using electromagnetic
torque measurements and the stator and rotor currents for
stand-alone DFIG systems. [15] reported a study of the spectral
contents of voltage and current signals at the generator terminals
and the high voltage points of interconnections of MW size
commercial DFIG’s, and emphasized that the interharmonics
caused by the nonsinuosidal winding distribution were an im-
portant contributor to wind generator interharmonic emissions.

There have been limited studies investigating the spectral
contents of DFIG controller signals and in particular, the inter-
harmonics effects in these due to the nonsinusoidal distribution
of the generator windings. Some research has been conducted
on the dg-axis rotor currents [16], dg-axis rotor currents con-
troller error [17] and rotor modulating signals [18]. These were
driven by diagnostic purposes and constrained to investigating
the fundamental harmonic related effects only and therefore did
not cater for higher order components in the controller signals’
spectra, nor provide the general wide band spectral contents
definition of the examined signals. Better understanding of the
wide band spectral nature of the controller signals, and their
interharmonic contents arising from generator nonsinusoidal
windings distribution in particular, could enable research on
improved mitigation of associated DFIG electro-mechanical in-
terharmonic effects leading to enhanced utilization of existing
DFIG systems through: establishment of dedicated controllers
for harmonic emissions and thus, power quality improvements
through dedicated current injection at target frequency (or fre-
quencies) to reduce or eliminate undesirable terminal quantity
spectral components. The development of such solutions would
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dispense of the need for usage of costly filter banks that seems
prevalent in current practice [19]. This is not only constrained
to power quality and electrical stress issues mitigation but could
be extended to the mitigation of undesirable mechanical stress
in the drivetrain. Furthermore, enabling better understanding
of the control loop signals general spectral nature can also en-
able their improved spectral interpretation and its correlation
with operating conditions and therefore, create opportunities
for more effective use of readily available controller signals for
advanced condition monitoring. For this to be achieved, suitable
dynamic models are required that can represent the relevant con-
troller embedded spectral effects. This paper aims to progress
this area by reporting an experimentally validated modeling
study of DFIG controller embedded interharmonic effects aris-
ing from nonsinusoidal distribution of the windings and their
analytical definitions.

A DFIG model required to underpin the controller signals
interharmonic analysis has to be capable of considering a given
electric machine design’s relevant electromagnetic phenomena
that gives rise to air-gap field harmonic effects such as the non-
sinusoidal distribution of the windings. Furthermore, the simu-
lation time must be sufficiently rapid to allow implementation
of the complex controller system architecture in a DFIG [20].
A two-axes (dq) [21] or a three-axes (abc) [22] modeling ap-
proach is conventionally used for DFIG control studies due to
their simplicity and fast simulation speed. However, these mod-
eling techniques do not represent the higher order air-gap mag-
netic field effects and are therefore not capable of facilitating
complete DFIG interharmonic studies. Proprietary commercial
models aimed at power system studies exist that represent DFIG
terminal quantity harmonic emissions; these are however not de-
signed for high fidelity drive behavior analysis and ignore MMF
harmonics and their associated interharmonic effects [23].

As anumerical modeling technique, the finite element method
(FEM) can be used to model DFIGs [14]. FEM uses the magnetic
vector potential method, the geometry of an electric machine
and layout of the stator and rotor windings, along with material
properties to produce a detailed machine model. As a result,
FEM models are capable of credible representations of higher
order field effects. However, they are also highly computation-
ally intensive and their accuracy is dependent on mesh density:
fine meshing causes a longer model execution time [13] but
is nevertheless typically required to obtain good quality results.
Extended calculation time is not a desirable feature of an electric
machine model that needs to interface with a control algorithm
and thus, FEM models are not a practical optimal choice for fa-
cilitating effective stator flux oriented control (SFOC) scheme
DFIG model based interharmonic studies.

The magnetic equivalent circuit (MEC) method is another
technique used for modeling DFIGs [20]. MEC uses a perme-
ances network model comprising MMF sources and reluctances
[24] to provide a high level representation of electro-magnetic
effects, similar to that of FEM. However, MEC modeling
complexity and long calculation times pose challenges in
optimal use of this method where a control algorithm is
included.
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A DFIG harmonic model can also be modeled using the wind-
ing function approach (WFA) [25] and the conductor distribu-
tion function approach (CDFA) [26]. Both these techniques can
cater for the non-sinusoidal distribution of the windings and
their associated magnetic field effects. Furthermore, both tech-
niques have a relatively fast computational time compared to
numerical modeling techniques such as FEM. CDFA was pre-
viously used in [10], [27] to model an open-loop DFIG system
in MATLAB. However, these works did not include the control
system in the DFIG model and therefore cannot facilitate the
investigation of the controller embedded signals.

This paper utilizes CDFA modeling principles to build a har-
monic model of the WRIM that is then coupled to a full SFOC
scheme model to establish a novel DFIG harmonic model archi-
tecture capable of representation and analysis of the wide band
spectral effects of the SFOC scheme signals and their dynamic
behavior. The developed model is capable of mapping the varia-
tions in the wide band spectrum of both the outer and inner con-
troller signals due to the nonsinuosidal distribution of the stator
and rotor windings. Its implementation procedure in the widely
used SIMULINK software platform, to enable straightforward
adoption and utilization of the proposed modeling principles, is
provided. The model is developed to perform a study of the wide
band spectral content of DFIG controller signals with a focus
on interharmonic effects. In addition, this work undertakes an
analytical study of the possible frequency (or frequencies) con-
tents of the SFOC scheme inner and outer control loop signals,
and derives a set of closed form equations that relate wide band
spectral frequencies of individual controller signals with DFIG
operating conditions. These equations are generalized and en-
able effective prediction and analysis of the controller signals
spectral signatures of interest. The reported results and analyt-
ical analysis from the DFIG harmonic model are validated via
a range of laboratory tests on a purpose built grid connected 30
kW SFOC scheme DFIG test system that facilitates access to
the controller signals.

1I. DFIG HARMONIC MODEL

The DFIG harmonic model is developed by integrating a
WRIM harmonic coupled-circuit model with an SFOC model.

A. Harmonic Coupled-Circuit Model of a WRIM

The WRIM model uses the coupled-circuit approach based
on the principles of complex conductor distribution theory to
calculate the electric machine inductances for any distribution of
windings conductors [16], [28], (see Appendix B). In addition,
higher order air-gap MMF harmonics are considered during the
inductance calculations. The model enables representation of an
arbitrary number of phases and windings. The WRIM behavior
in Simulink is defined by conventional equations as:

V] = [RI1 + o (L) n
T. = %[I]T% [1] )
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Fig. 1.
ing of the WRIM with all other machine windings.

Ilustration of the harmonic coupling between the stator a-phase wind-
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where: [V] is the voltage vector [V]; [R] is the resistance matrix
[©2]; [1] is the current vector [A]; [L] is the inductance matrix
[H]; T is the electromagnetic torque [N.m]; 7j,4q is the load
torque [N.m]; J is the rotor inertia [kg.m?]; w,, is the rotor
mechanical speed [rad/s]; and, 6,, is the rotor mechanical angle
[rad]. The stator voltages, windings parameters, rotor inertia and
load torque are assumed to be known in the simulations.

The coupled-circuit model includes the space harmonic ef-
fects by employing CDFA principles to evaluate the coupling
between windings as a harmonic summation [16], [17]. For any
layout of windings, this allows the effective evaluation of the
self-inductances and mutual-inductances, as illustrated in Fig. 1,
by integrating the contributions of individual air-gap magnetic
field harmonics.

The total harmonic coupling between an arbitrary stator/rotor
winding x and an arbitrary stator/rotor winding y is calculated
as [27]:

3 V=00 Ok k 208t
_ M Z v CrOy 67](2[;#) (5)

LJ?,U - 29 sk V2

v=—00

where: jio is the permeability of free space [H.m™']; w is the
stack length [m]; d is the mean air-gap diameter [m]; g is the
air-gap length [m]; kg, is the v harmonic skew factor; C* is
the v harmonic complex conductor distribution of an arbitrary
winding x [turns/m]; Cz’f is the v'" harmonic complex conductor
distribution of an arbitrary winding y [turns/m]; and, () is the
rotor displacement [m]. When evaluating the coupling between
any stator-to-stator or rotor-to-rotor windings, (1) is set to zero
whereas it is variable when performing stator-to-rotor or rotor-
to-stator coupling calculations.

The WRIM harmonic model is formed by the system of equa-
tions given in (1)—(5). The model is solved using an appropriate
time-stepping iterative procedure in Simulink. The procedure
ensures that at any given rotor step, the harmonic coupling is
evaluated and superimposed in the calculations to enable the rep-
resentation of space harmonic effects in the time and frequency
domains [29]. The general Simulink block representation of the
model is shown in Fig. 2.
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Fig. 2. WRIM harmonic coupled-circuit model block diagram.
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Fig. 3. Block diagram representation of the SFOC scheme.

B. Controller System of a DFIG

The SFOC scheme is one of the most common DFIG con-
trol schemes [30] and is thus used in this work. SFOC enables
the independent control of DFIG stator active (FP;) and reac-
tive (()s) powers by manipulating the two-axis rotor currents
in a synchronously rotating reference frame (dg). Therefore,
three-phase (abc) variables of the DFIG must be first converted
into their dg-axis equivalents before executing the SFOC. The
transformation of abc-axis variables is achieved via the ori-
entation angle (fy), i.e., the angle between the d-axis of the
synchronously rotating reference frame and the d-axis of the
stationary reference frame.

The SFOC scheme comprises two cascade control loops for
both the d- and g-axis, i.e., outer (power) loops and inner (cur-
rent) loops, respectively, as illustrated in Fig. 3.

In Fig. 3: Q4 is the reference reactive power [var]; P is
the reference active power [W]; I,.4* and I, ,* are the d-axis
and g-axis rotor currents, respectively [A]; V,.qx and V., * are
the d-axis and g-axis reference rotor voltages, respectively [V];
reference V,,*, V,.,* and V,..* are the abc-axes reference rotor
voltages, respectively [V]; and, 6, is the rotor angle [rad] used
for transformation of the rotor variables from dg- to abc-axes
(i.e., the angle between the synchronous and rotor reference
frame). The outer loops calculate the values of the reference dg-
axes rotor currents for the inner control loops, and are defined
as [31]:

LTH/

P, = _V;qf]rq (6)
S (L LW,

Q. = ng% ~Vig 7 La @)

where: V, is the g-axis component of the stator voltage vector
[V]; L,, is the magnetizing inductance [H]; L is the stator
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self-inductance [H]; I, and I,q are the rotor currents vectors
g-axis and d-axis components, respectively [A]; and, ¥4 is the
stator flux linkage vector d-axis component [Wb].

The SFOC scheme inner loops calculate the reference dg-axes
rotor voltages, which can be written as [32]:

d-[r(] N

Via=Relrg+ Le—— g

wslv’,chIrq (8)

‘/rq = Rr]rq + L(: difq + waleL Ird + Wslip II/IW wad (9)
where: V,.; and V., are the d-axis and g-axis components of the
rotor voltage vector, respectively [V]; R, is the stator referred
rotor phase resistance [€2]; L. is the leakage coefficient [H];
and, wy;;, is the angular slip speed [rad/s].

The outer and inner PI controllers were tuned using a conven-
tional transfer function approach [33]. In this tuning approach,
the inner controllers are tuned via (8) and (9) whilst the outer
controllers are tuned via (6) and (7). The parameters of the outer
and inner control loops were calculated from their closed-loop
transfer functions [34]. The outer and inner PI controllers’ pa-
rameters must be chosen carefully to provide satisfactory per-
formance, since they can affect the quality of the generated
power [35]. It is important to choose appropriate time constants
for both the outer and inner control loops, to ensure adequate
controller performance during the calculations. Choosing dif-
ferent time constants generates separation of the outer and inner
control loops, which is ideal for implementation of the cascade
control loops. The time constant of the inner control loops was
set to be at least five times smaller than that of the outer control
loops in this work.

C. Simulink Implementation of a DFIG Harmonic Model

A DFIG harmonic model was developed by integrating the
WRIM harmonic model, with the SFOC model. The block
diagram representation of the DFIG harmonic model in the
Simulink environment is provided in Fig 4.

A single frequency voltage source was used in the averaged
Rotor Side Converter (RSC) Model, as represented in Fig. 4,
since the representation of switching harmonics is beyond the
focus of this study, but could easily be achieved by replacing
the averaged RSC model with a switched one. The WRIM oper-
ational speed, w,,, , was emulated in Simulink by pre-setting the
desired speed point. The Orientation Angle Calculation block
(Fig. 4) calculates the orientation angle (fs) using the three-
phase stator voltages [36]. During this calculation, the d-axis of
the synchronously rotating reference frame is aligned with the
stator flux linkage vector and its g-axis with the stator voltage
vector, since the stator resistance can typically be neglected [37].
The reference three-phase rotor voltages, shown in Fig. 4, are
the stator referred values. Therefore, before supplying the rotor
windings of the WRIM, the rotor voltages must be transformed
back into their natural values using the turns ratio for accurate
execution of the developed simulation model.

The WRIM model equations (1)—(4), the non-linear time-
varying inductance equation (5), and the SFOC scheme con-
troller system equations (6)—(9) form the DFIG harmonic
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mathematical model and are solved in Simulink at each inte-
gration step for a given rotor position in an appropriate time-
stepping numerical procedure. It is important to choose a suit-
able integration step for accurate calculation of the orientation
angle, as well as other model variables. The step choice is prin-
cipally driven by control loop dynamics, and not by the sig-
nificantly slower electric machine (i.e., WRIM) dynamics. The
proprietary Simulink Runga-Kutta integration method with a
(1/15) ms step size was used in this work due to its relative
accuracy.

The SFOC requires accurate information of WRIM parame-
ters. Therefore, performance of the simulations can be degraded
if the actual electric machine parameters differ from those used
in the control system. In addition, the current controllers need
to be carefully tuned to ensure system stability and adequate
response within the whole operating range, as well as to obtain
sufficient simulation performance. Finally, in order to optimize
model execution time, the WRIM self and leakage inductances
were pre-calculated and stored in look-up tables, which were
read at each simulation integration step. The pre-calculated in-
ductance values were also used to calculate the PI controllers’
parameters at the beginning of each simulation.

III. ANALYSIS OF DFIG CONTROLLER SIGNALS SPECTRA

This section reports an analytical study of the possible spectral
content of DFIG SFOC signals, with a focus on interharmonic
effects arising from WRIM space harmonics. The DFIG supply
is assumed to be a balanced fundamental frequency three-phase
system and the WRIM is assumed to be electrically balanced.
Furthermore, the rotor converter switching effects are neglected.
The derivations are performed for a general case of a three-
phase, p pole-pair, DFIG system. The general equations defining
the time/frequency domain nature of the DFIG currents and
voltages signals under these assumed constraints can be written
as [9], [11], [23]:

‘/sab(:(t) = VM COS(Wst + QOU) (10)

Lave(t) = Y IFy cos([1 F 6k(1 — s)lwst +¢7,) (1)
k

Viabe(t Z k1 cos([s T 6k(1 — 8)|wst + ov,)  (12)

I?’ab(:(t) = Z I,,]?AM COS([S F Gk(l — S)]wst =+ QDI,,,) (13)

k

where: V), is the peak value of the stator voltage [V]; ¢, is
the phase shift between the three-phase stator voltages [rad];
I%,, is the peak value of the k™ harmonic stator current [A];
pr1s 1s the phase shift between the three-phase stator currents
[rad]; s is the slip, k is the air-gap magnetic field pole number (k
=0,1,2,...); VK, is the peak value of the ¥ harmonic rotor
voltage [V] v, is the phase shift between the three-phase rotor
voltages [rad]; I” ~ur 1s the peak value of the k™ harmonic rotor
current [A]; and, ¢y, is the phase shift between the three-phase
rotor currents [rad]. The phase shift between the three-phase
fundamental values is accounted for as 27/3.
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Fig. 4. Block diagram representation of the DFIG harmonic model.

Equations (10) and (11) allow for the derivation of the equa-
tion defining the nature of the DFIG stator active power signal
by multiplying the corresponding voltage and current terms [38]
as:

Ps (t) = %«z[m + VsbIsb + VscIsc (14)

Hence, the resultant total instantaneous active power equation
can be written as:

Pi(t) = 3 3 Vg Iy cos(6k(1 — 9)lwst)  (15)
k

The stator total instantaneous reactive power is calculated
using (10) and (11) as [39]:

1
Qs (t) = = [(‘/sb - Ve(;)lsa + (‘/w *‘/sa)lsb +(Vea *‘/sb)lsc]

V3
(16)

giving the total instantaneous reactive power equation:
3 .
Qs(t) =3 > Vardly sin([6k(1 = s)lwt) (17
k.

The analytical equations describing the time/frequency do-
main nature of the DFIG rotor dg-axis currents in the stator flux
aligned reference frame can be derived after applying the stan-
dard Park transformation to the instantaneous three-phase rotor
currents, as defined in (13), as:

La(t) = \/g > Ify cos([6k(1 — 8)|wst) (18)
k

Ly (t) = \/gz Iy sin([6k(1 = $)lwit)  (19)
k

The stator active and reactive power signals, and the stator
flux oriented rotor dg-axis current signals, are the inputs to
the SFOC. Therefore, their spectral nature will largely define
the spectral nature of the remaining SFOC signals, depending
on the controller loops bandwidths. The closed form analytical
expressions that define the possible frequency components of
electromagnetic origin of the controller signals can therefore be

TABLE I
SIGNAL SPECTRAL CONTENTS CLOSED FORM EXPRESSIONS
V rar Ira P K Qx, 1)‘d) 1rq
|s:t6k(1-s)[fs |6k(1-s) If\

obtained from the presented derivations and are summarized in
Table I. These show that the controller signals spectral contents
are predominantly dependent on the operating speed, stator sup-
ply frequency and possible air-gap magnetic field pole numbers.
The fundamental harmonic or DC component frequency is ob-
tained for k = 0 in the corresponding expressions, while the
speed-dependent frequencies are obtained fork=1,2,3...

The DFIG SFOC is implemented on two separate magnetic
axes (d and g). Assuming equally tuned controllers in both axes,
as is conventional, the d- and g-axis frequency components
behavior is expected to be identical and their spectral content the
same. Furthermore, the expressions provided in Table I enable
the evaluation of this content on each magnetic axis.

The derived expressions of the DFIG SFOC signals embedded
interharmonic effects are illustrated in the flowchart presented
in Fig. 5. The figure shows that the error signals of the outer
(ePs and eQs) and inner (elrd and elrg) controllers have the
same frequency content as the inputs of the outer (Ps and Qs)
and inner (Ird and Irq) controllers. This is caused by the DC
nature of the controllers reference input signals.

IV. TEST-RIG DESCRIPTION

An experimental investigation of the DFIG controller signals
embedded interharmonic effects and validation of the reported
DFIG harmonic model were achieved using a purpose built
closed-loop controlled DFIG test-rig facility utilizing standard
industrial converters.

The laboratory DFIG test-rig contains an industrial four-pole,
three-phase, 50 Hz, 30 kW WRIM (machine parameters pre-
sented in Appendix A), which is mechanically coupled to a DC
machine. The DC machine is operated as a prime mover in the
test-rig and is used to provide a desired DFIG load point via a
commercial DC machine drive. The reported experiments are
undertaken for steady-state conditions to enable the analysis
required for the purposes of this study.

The WRIM stator windings were directly connected to the
grid, whereas the rotor windings were interfaced to the grid via
a commercial back-to-back converter system. The back-to-back
converter comprises a Control Techniques Unidrive SP-4401
grid side converter (GSC) and a Control Techniques Unidrive
SP-4401 rotor side converter (RSC), coupled via a DC link. The
SFOC scheme was implemented on the commercial converters
through a dSPACE 1103 real-time controller platform via a
purpose developed routine, which has previously been reported
in [34], [40].

The real time control platform was also used for capturing
relevant signal measurements during the experiments. This in-
cluded the input signals to the inner and outer controller loops,
i.e., the rotor currents and stator power signals, along with the



718

IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 11, NO. 2, APRIL 2020

|6k(1-9)|fs |6k(1-5)|fs
Os Irvd
+ eQs Outer | Ird* + - Y = elrd Inner | Vrd*
Os* g5y % o (T » .
stk P Tk ek P [[GkI-9)lf
dgq
sEOk(1-5)|fs
pet & ePs Outer ™ + _  elrq Inner /74" et Vrabc
ST (P o (T . [s+6k(1-5)|fs
-1 |6k(1-5)|fs |6k(1-5)|fs 1 |6k(1-s)|fs | PL ||6k(1-5)|fs
Ps Irq
[6k(1-5)|fs |6k(1-5)|/s
Fig. 5. Flowchart of the DFIG SFOC strategy showing individual signals possible spectral content definition.
4
10
~ 7
Encoder, § R 32£Hz 72
Om, @ 10710 Y
'm,Om = . Hz 648y Hz
£ 10
Z
=10
A
10°
Vs,Is 0 100 200 300 400 500 600 700
| dSPACE CP1103 |« Iy Frequency [Hz]
T Om, com a. Simulation results
Ps* Os* 1 4
=l ° oA A 12 7[
Fig. 6. DFIG experimental test-rig layout. 2 M 32/3',3 Hz 648.5 Hz
= vB A A
< 107 "B v A+
g ¥ \J \] ¥
o 0 [/l Wk A
. . &, 107 M) el A U T
controller embedded signals such as the PI controller inputs & AR L A il i
and finally the rotor voltage signals. The test rig was fully in- 107

strumented for monitoring the relevant DFIG electrical signals
(i.e., stator currents and voltages) using LEM LA 55-P current
and LEM LV25-600 voltage Hall effect transducers. The rotor
mechanical speed was measured by a 1024ppr incremental en-
coder. The simplified layout of the laboratory test-rig is shown
in Fig. 6.

V. EXPERIMENTAL STUDY AND VALIDATION

The validation of the DFIG harmonic model and the derived
expressions to represent both the fundamental and higher order
MMF harmonic effects in the spectra of the controller signals,
and the stator and rotor signals, as well as the experimental
investigation of the DFIG controller signals embedded interhar-
monic effects, will be presented in this section. The underlying
purpose of the presented analysis is not only to validate the
proposed DFIG harmonic model and presented expressions, but
to also facilitate an improved understanding of the wide band
interharmonic spectral content of the SFOC signals. For brevity,
the rotor variables from a single phase (phase-a) were chosen
for the presentation of results. However, it is to be noted that
practically the same results were observed in the other phases.

The DFIG harmonic model time domain results were pro-
cessed using a Fast Fourier transform (FFT) function with a
2!7 point rectangular window length. The measured experimen-
tal results were imported into MATLAB, where they were also
processed using FFT analysis. A 2'° point FFT routine was im-

0 100 200 300 400 500 600 760
Frequency [Hz]

b. Experimental results

Fig. 7. FFT spectrum of the stator acive power signal.

plemented on the recorded experimental time-domain signals
due to the sampling time limitations of the real time dSPACE
platform. This phenomenon has been previously discussed in
greater detail in [34]. Although a different number of data points
for the Simulink DFIG harmonic model and the experimental
data were used, both of their spectral analyses gave the same
resolution (< 0.1 Hz) for consistency.

A. Validation Study

The validation of the DFIG harmonic model and the derived
expressions is presented in this sub-section. The model and
experimental results are for a typical super-synchronous oper-
ating speed of 1,620 rpm. Closely similar spectral patterns to
those observed for the presented operating point were identified
throughout the operating range, but are not shown for the sake
of brevity. The DFIG harmonic model and the laboratory test-
rig were operated with active and reactive power demands of
—6.5 kW and 0 var, respectively.

The predicted (blue, (a)) and measured (red, (b)) SFOC
scheme signal spectra are shown in Figs. 7 to 20. The spec-
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TABLE II
CALCULATED FREQUENCY COMPONENTS FOR AN
OPERATING SPEED OF 1,620 RPM
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Fig. 8. FFT spectrum of the stator reactive power signal.

tra are explored in a bandwidth of 0-700 Hz, as this is where the
most pronounced spectral effects of interest were identified. In
this spectral bandwidth, the air-gap magnetic field pole number
values for k = 0, 1 and 2 are applied in the expressions given
in Table I, and the calculated results are presented in Table II
for the examined operating speed.

Figs. 7-20 show the wide band interharmonic effects of the
predicted and experimentally measured controller signals. The
investigated frequency components are labeled in the figures
using the nomenclature given in Table II, in order to enable
straightforward comparison and validation of the calculated,
predicted and experimental results. Figs. 7-20 show that f; is
generally the dominant component for the controller signals (0
Hz) and the reference a-axis rotor voltage and current (~4 Hz).
However, the dominant component for the outer and inner con-
trol loops error signals is f;, as seen Figs. 9, 10, 15 and 16.

The presented data show good agreement between the pre-
dicted and measured results, both of which follow the spectral
content patterns defined by the closed form expressions derived
from first principles in Table I. In addition to the expected fun-
damental supply and MMF harmonic induced spectral content,
the examined electrical signals are seen to contain a number
of additional interharmonic components, whose frequencies are
accurately predicted by the proposed DFIG harmonic model
and analytical expressions, and match those observed in the
corresponding experimental spectra.
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Fig. 9. FFT spectrum of the stator active power error signal.
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Fig. 10.  FFT spectrum of the stator reactive power error signal.

The labeled frequency components in Figs. 7-20 may appear
in the spectra of the controller signals irrespective of what con-
dition the DFIG operates, since these frequency components
originate from the design of the WRIM. Therefore, it is impor-
tant to fully understand their manifestation. For the examined
operating point, the wide band interharmonics are calculated as
324 Hz and 658 Hz using the derived expressions. These are
provided in Table II and are identified in Figs. 7-20 as f; and
f2, respectively. It can be seen from Figs. 7-20 that f; and f, are
generally more pronounced in the g-axis signals spectra, since
the reference reactive power was O var.
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Fig. 11.  FFT spectrum of the reference d-axis rotor current signal.
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Fig. 12.  FFT spectrum of the reference g-axis rotor current signal.

It is to be noted that the experimentally measured data con-
tains additional frequency components to those predicted by
the developed DFIG harmonic model. Some of these additional
components are due to the effects of the higher order supply
harmonics mapped at integer multiples of the supply frequency.
These have been identified and labeled as ‘A’ in Figs. 7-20.
Furthermore, the RSC switching harmonics, exhibited at 6ksf
frequencies, in the controller signals have also been identified
and labeled as ‘B’ in Figs. 7-20 [10]. Additional effects are also
expected to be present due to inherent electrical and mechanical
unbalances but are not investigated or identified in this study
for brevity. None of these additional frequency components are
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Fig. 13. FFT spectrum of the d-axis rotor current signal.
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Fig. 14.  FFT spectrum of the g-axis rotor current signal.

seen in the simulation results, since the sources of these effects
were not modeled or considered during the simulations. The
effects of these phenomena in the controller signals of DFIGs
are presently being investigated and will be presented in future
publications.

Figs. 11 and 12 show that, as expected, the outer PI controllers
act as low-pass filters and suppress the magnitudes of the wide
band interharmonic components coming from the error signals
of the outer controllers seen in Figs. 9 and 10. This is also
the case for the inner loops (Figs. 17 and 18). This attenuation
effect is however more pronounced in the outer loops, since their
bandwidth is significantly smaller than that of the inner loops.
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Fig. 16.  FFT spectrum of the g-axis rotor current error signal.

B. Representation of Higher Order Space Harmonic Effects

The ability of (5) and thus, the DFIG harmonic model to
represent the MMF fundamental, as well as the higher order
space harmonic effects in the spectra of the controller signals, is
presented in this sub-section using Figs. 21 and 22. For brevity,
only the d- and g-axis rotor currents are chosen for the analysis
of the presented results, as practically identical effects were
observed in other controller signals.

Figs. 21 and 22 show the spectrum of the d- and g-axis ro-
tor currents, respectively, by comparing the calculated signals
when only the fundamental frequency (red) and also when the
higher order MMF (i.e., coupling inductance) harmonics (blue)

0 100 200 300 400 500 600 700
Frequency [Hz]

b. Experimental results

Fig. 18.  FFT spectrum of the reference q-axis rotor voltage signal.

are considered. As Figs. 21 and 22 show, there is a significant
difference when more than just the fundamental frequency is
considered for the coupling inductance calculation presented
in (5). However, the higher order MMF harmonic effects in
the spectra are not represented when only the fundamental fre-
quency MMF (i.e., harmonic inductance) is considered, and
are identical to what would be obtained by application of a
conventional two-axis dynamic (dq) electric machine model.
The inclusion of the higher order harmonic effects is seen to
provide a more accurate insight into the spectral signatures of
the controller signals from DFIGs.
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C. P; and Qs Demand Levels Influence Study on
Interharmonic Magnitudes

The effects of changes in the active and reactive power de-
mands on the examined controller signals interharmonics mag-
nitudes are experimentally investigated in this sub-section. To
understand these effects, two experiments were conducted.

In the first experiment, three step load levels were applied
to the active power demand: 33.3%, 66% and 100%, whilst the
reactive power demand was kept constant at O Var. The results of
this experiment are presented in Figs. 23 and 25. In the second
experiment, three step load levels were applied to the reactive
power demand: 33.3%, 66% and 100% whilst the active power
demand was kept constant at 0 W. The results of the second
experiment are presented in Figs. 24 and 26. The test-rig was
operated at 1,340 rpm during both experiments.

The dg-axis rotor currents, as well as the dg-axis rotor currents
error signals are presented here for the sake of brevity, as closely
similar behavior was observed in other controller signals but is
not shown due to space restrictions. Furthermore, the frequency
components that were investigated in Section V.A are presented
in this sub-section for consistency.

Figs. 23-26 show that the magnitudes of the interharmonic
components of the inner controller signals generally increase
with increasing active and reactive power load levels. This is
caused by an increase in the air-gap magnetic field strength with
increasing load. Therefore, the highest magnitudes for each of
the investigated interharmonic components are generally identi-
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fied for 100% of active and reactive power load levels. However,
the magnitude can sometimes decrease such as f1-Ird in Fig. 23
with increasing active power load levels. This may be caused by
inherent supply and machine winding unbalances, which could
cause suppressions of the magnetic fields.

VI. CONCLUSION

This paper investigates the DFIG controller embedded signals
wide band spectral nature with a focus on interharmonic effects.

The paper first presents the development of a novel, computa-
tionally efficient, DFIG harmonic model and its implementation
procedure in the widely used Simulink environment. This work
also reports closed form analytical expressions, derived from
first principles, which define the possible wide band spectral
content of the SFOC signals as a function of DFIG operating
point parameters.

The performance of the developed DFIG harmonic model
and the derived expressions were evaluated and validated us-
ing a purpose built grid connected DFIG experimental test-rig
facility. To this end the controller signals spectra were exam-
ined and cross correlated using the derived expressions, model
predicted and test-rig experimentally measured results. The in-
fluence of the generator air-gap MMF harmonic effects on the
wide band spectral frequency content of the controller signals
was investigated in detail, and their associated interharmonic
spectral nature clarified. In general the WRIM MMF harmonics
effects in the controller variables were observed at frequencies
that are orders of 6(1 — s)f;. The presented data shows that
there is good agreement between the calculated, simulation and
experimental results and thus, confirming the validity of the
proposed model and closed from expressions.

The developed DFIG harmonic model and the derived ex-
pressions enable a clear representation and understanding of
the spectral nature of DFIG controller signals, and can be used
to underpin studies of controller embedded and other related
spectral effects in DFIG drives to further the understanding of
their behavior. Furthermore the reported model presents a ver-
satile tool for analysis of harmonic effects in DFIG drives that
can be expanded to cater for other spectral phenomena of inter-
est such as inverter switching harmonics or grid imposed time
harmonics. The presented conclusions are obtained from anal-
ysis undertaken on a typical academic scale DFIG system and
would be expected to be applicable on a wide range of general
DFIG designs. However, further research studies encompassing
different commercial designs would be needed to confirm the
generality of the observed phenomena.

APPENDIX A

‘WOUND ROTOR INDUCTION MACHINE PARAMETERS

PARAMETERS VALUE UNITS
Stator voltage 120 Vrms
Stator current 56 A
Full-load power 30 kW
Full-load speed 1470 rpm
Stator / Rotor resistance 0.09 /0.066 Q/phase
Stator leakage inductance 0911 mH/phase
Rotor leakage inductance 0.459 mH/phase
Magnetizing inductance 44.6 mH/phase
Effective turns ratio 1.33 -

APPENDIX B

The electric machine geometry and the number of conduc-
tors in the slots are important variables for the calculation
of electric machine inductances using the CDFA, since this
method is based on the spatial distribution of winding conduc-
tors [11]. The CDFA for an arbitrary n'™ stator or rotor coil is
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defined as [28]:

where:

enly)= Y Che/hy (20)
V=—00

~ 2N7’L v Jket

Ch = —i ki kb el v Q1)

In (21): vis the space harmonic order number (v=1,2,3,...),
y, is the position of the center of the n'" coil [m], &, is winding
conductor distribution wave number of the v harmonic, N,, is
the number of conductors in a slot, d is the mean air-gap diameter
[m], &k} is the v harmonic slot mouth width factor, and, k, is

the

v harmonic pitch factor of the ' coil of a winding.

k, is calculated as:

k, = 2v/d (22)
4 is calculated as:
k,b k,b
LY — v / v 2
b b1n< > > < > ) (23)
and,k}j is calculated as:
kY = sin ( k“20‘"> (24)

where: b is slot mouth width [m], and, «, is coil pitch of the nh
coil.
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