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Abstract—This article presents a novel robust adaptive speed
control architecture that allows doubly fed induction generator
(DFIG) to operate independently of any speed sensors or position
encoders. The proposed speed sensorless control based on modified
minimum variance adaptive control based speed observer makes
the system robust to machine parameter variations and sensor
malfunctions. The observer is formulated using a rotor current
based reference adaptive system. To ensure robustness to current
sensor failure, a modified adaptive rotor side converter control
loop is proposed. The online identification for the adaptive control
logic is based on the recursive least square estimation technique
while the adaptive control law is based on an extended version
of the minimum variance control algorithm. To ensure improved
dynamic performance for the proposed control, a modification for
the terminal voltage control loop is proposed. The reactive power
reference for the vector control loop is calculated considering the
rotor current component responsible for reactive power generation.
The performance of the proposed control architecture is validated
on a 1.5 MW DFIG modeled in MATLAB/Simulink and experi-
mentally verified on hardware.

Index Terms—Adaptive control, doubly fed induction generator
(DFIG), extended minimum variance controller (EMVC),
minimum recursive least squares (RLS), sensorless control.

I. INTRODUCTION

OUBLY fed induction generator (DFIG) based wind en-
D ergy conversion systems are most prominent due to its
ability to work with a low-rated converter. The traditional ref-
erence frame-based vector control approach is widely used for
decoupled control of real power (P) and reactive power (Q) out-
put of DFIG. The vector control approach relies on measurement
data such as rotor and stator currents and speed. This highlights
the dependency of the conventional approach to devices like
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sensors that are prone to failure. Some of the earlier works in
speed sensorless operation of DFIG uses an open-loop method
for estimating the rotor current to analyze the rotor position [1],
[2]. Other approaches based on the phase-locked loop and
hysteresis controller are also discussed in the literature. But
most of these designs are based on static controllers which are
not robust to machine parameter variations. On the closed-loop
form, small-signal analysis of model reference adaptive system
(MRAS)-based sensorless control of DFIG is discussed in [3].
Furthermore, in [4] a modified MRAS-based speed observer is
proposed where slip frequency is estimated using the reactive
power-based model considering the estimation of machine mu-
tual inductance. Parameter estimation based speed sensorless
control of DFIG using slide mode control is discussed in [5].
The estimation techniques derive the rotor position and speed
during start-up and grid synchronization. A sensorless stator flux
orientated control of DFIG in which the slip angle is estimated
from air gap power is proposed in [6]. Several variations of sen-
sorless control of DFIG are discussed in [7]-[10] and parameter
estimation methods are discussed in [11] and [12]. In [13], the
need for parameter estimation technique in a sensorless approach
is discussed. Similar techniques are also proposed in [14]—-[16]
and [17]-[19].

Most of the work discussed in the literature rely on static con-
trollers, which shows deteriorated performance during dynamic
operatic conditions. To this effect, online identification based
speed sensorless adaptive control logic is discussed in [20]-
[24]. A detailed analysis of some of the existing sensorless
control techniques of DFIG is presented in [25]-[28] but these
approaches are not comprehensive. For example, a sensorless
DFIG control method based on a modified hill climb search
method is discussed in [25]. Even though the adverse effect of
L,, on reference direct component of the current is discussed,
this work does not discuss the robustness of the proposed con-
trol during machine parameter variations. In [26], rotor current
sensorless operation is discussed but as the rotor current sensor
fails the operation is affected adversely.

Considering these facts, a parametrically robust sensorless
control of DFIG based on adaptive control was proposed in
our earlier work [29]. The work introduces a recursive least
square (RLS) identification based extended minimum variance
control (EMVC) architecture. The modified minimum variance
architecture makes the sensorless system robust to parameter
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Fig. 1. DFIG-based WECS.

variations. However, the speed observer proposed in earlier work
relies on the measured rotor current to tune the adaptive model
of MRAS based observer. In this article, an extended rotor side
converter (RSC) adaptive control logic based speed sensorless
control of DFIG is proposed. Compared to the conventional
control approach, the architecture proposed here is independent
of any speed sensors and the effect of machine parameter vari-
ations. The most prevalent features of the proposed technique
include.

1) The ability to perform independently in the advent of speed

and current sensor malfunctions.

2) Ability to auto-tune and enhanced stability and reliability

over a wider operating range.

3) Robustness to the variations in physical parameters due to

temperature or other physical conditions.

The major contributions of the proposed work are as follows.

1) Modified adaptive RSC control loop that ensures reliable

operation of proposed sensorless control during rotor cur-
rent sensor failures.

2) Accurate estimation of the dynamic transfer function,

which helps operate in wide dynamic conditions.

3) EMVC algorithm that makes the architecture robust to

dynamic electrical variations.

4) Improved dynamic performance capability during param-

eter variations due to the modified terminal voltage loop.

5) Scalable and feasible for real-life implementations.

The rest of this article is organized as follows: Section II
discusses the mathematical model of the reference frame theory-
based conventional control architecture of DFIG. Section III
discusses the mathematical framework for the proposed control
including speed observer, EMVC algorithm framework for adap-
tive sensorless control, adaptive RSC control, and the modified
outer terminal voltage loop of the proposed system. Section IV
discusses the experimental results including the scalability re-
sults on the real-life grid model and Section V discusses the
conclusion.

II. MODELING AND CONTROL OF DFIG

Grid-connected DFIG based wind energy conversion sys-
tem (WECS) is shown in Fig. 1. As the name suggests, the
DFIG-based system is doubly fed with stator directly connected
to grid and rotor interconnected to the grid via back to back
converters. These power electronic-based converters are then
controlled using proper control logic implemented based on
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a dq reference frame named as vector control. This approach
enables the independent control of the real and reactive power
output. There is a common dc-link between the RSC and grid
side converters (GSC) and RSC regulates the power output to
the grid.

A. Mathematical Model of DFIG

With Vg, Las/r, and Vg, Iys/r as the stator side and
rotor side voltage and current in dg frame, the voltage equations
governing the stator side and rotor side can be represented as
given below

Vds = Rslds + pAds — whqs (D
Vqs = Rslqs + piqs + whds 2)
Vdr = Rrldr + pidr — (w — wr)Aqr 3)
Vgr = Rriqr + piqr 4+ (w — wr)Adr 4

where g/, 5/, corresponds to the d and q axis stator and rotor
flux, respectively. w represents the synchronous speed of the grid
frequency, w, corresponds to rotor speed at slip frequency, and
the stator and rotor voltages are dependent on flux dynamics.

The dynamic equations governing the stator and rotor flux
linkage in d — ¢ frame are given by

Ads = Lslds + LmlIdr 5)
Aqs = Lslqs + LmlIqr (6)
Adr = Lrldr + Lmlds (7)
Aqr = Lrlqr 4+ Lmlgs. )

Electromagnetic torque in d — g frame can be represented in
terms of currents and flux as follows:

3P

Te=—
2

(Igsids — Idshgs). 9
The output of the RSC is assumed to be oriented along the
stator flux vector. The phase of the stator flux called slip angle is
calculated from the two phase stator flux components formulated
as follows:

A astator — / (Va stator Rs Iastalor ) dt ( 1 0)

)\ﬁslalor = /(Vﬁstator + RSIBstator)dt- (1 1)

In this work, the d — ¢ reference frame is assumed to be oriented
along the stator flux. Hence, according to the assumed conven-
tion, ¢ axis stator flux and d axis stator voltage will be zero.
Hence, the stator real power output, P can be controlled by i,
and reactive power output, @ by i4,.. The stator flux angle is
calculated from (10) and (11) as follows:

)\' stator
fe = tan | 22N (12)

astator
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Conventional GSC Control.

B. Conventional GSC Control Architecture

In the conventional GSC control architecture (Fig. 2), the
voltage equations across the grid side filter is

Vainv Iainv Iainv Vag
‘/lﬁnv =R Ibinv + pL Ibinv + ‘/EJQ ( 1 3)
chinv I inv I cinv ‘/c g

where R and L are the line parameters, Vpeiny 1S the inverter
output voltage, I4pciny is the inverter output current, Vyp.g is the
grid voltage. The abovementioned equation in a synchronously
dq reference frame rotating at w, rad/s can be represented as
follows:

Vdgi = Ridg + pLidg - wCLiqg + Vdg

Vg = Rilgg 1 plilgs — wislide T Vs (14)

where w, is the angular frequency of the supply voltage, i3, and
iqg is the d-axis and g-axis current from inverter, respectively,
vae and v, is the d-axis and g-axis grid voltage, respectively,
and vggi and v is the d-axis and g-axis output voltage of the
inverter.

III. PROPOSED ADAPTIVE RSC CONTROL WITH SPEED
ESTIMATION FRAMEWORK

The adaptive control framework discussed here is an extended
version of minimum variance control (MVC), viz., EMVC. The
architecture is illustrated in Fig. 3. It consists of a proposed speed
estimation, outer voltage control loop, and adaptive RSC control
framework.

A. Proposed Speed Estimation Framework

1) Speed Observer: The speed observer is based on an
MRAS technique which estimates the rotor current. The esti-
mated value of the rotor current is then compared to the actual
current that is measured and the error is reduced based on an
online algorithm. The measured rotor current [, can be derived
as follows:

(‘Ps + Ll S)
Ly,
where 6, is the rotor position measured with respect to the

stationary reference frame.

Correspondingly the estimated rotor current based on the
estimated angle 6. can be represented as follows:

(‘Ps + LsIS)
L,

I, = exp 79" (15)

exp” jOrest

(16)

I rest —
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The currents (estimated and actual) match when the angular po-
sitions are within the threshold represented by an error function
e. This can be expressed as the angle between dot and cross
products of the estimated and actual rotor angles [29].
I X Trese Sin Oepy

L @ 1o €08 Oery {an
where 6., is the angle difference between actual and estimated
rotor current.

2) Identification Methodology: The proposed adaptive con-
trol approach utilizes an online RLS technique for identification.
The details are discussed in [29] and [30]. The discrete Z domain
representation of the identifier can be defined as follows:

em(k) bzt + byz2
West () 1+ a1z +ayz=2"

(18)

RLS identifies the coefficients a;, a,, by, and b, at every instant.
The dynamic system transfer function as defined by (18) will
identified at every instant. The output of the transfer function
model error at any instant k is defined as follows:

em(k) = —aje(k — 1) — are(k — 2)

+ blwresl(k - 1) + b2wresl(k - 2) (19)

3) EMVC Framework: Considering a second-order transfer
function for the speed observer in (18), a control auto regres-
sive moving average model representation for the error can be
represented as follows:

B(q")
A(g™)

where ¢(k) represents the model output which is the error in
rotor angle, wyes (k) represents the estimated speed which is the
input to the model and model error or noise is represented in the
form of E (k).

From (20) the model error E(k) with d as the time delay of
the process can be represented as follows:

Alg™e(k) — Blg™) (g )wres (k)

e(k) = X Wrest (k) + ———=% (20)

E(k) = ) 1)
If
Cla) _ oy, Glah)
FI R R T >
then
(k) = Gl + F (™ EW) + S ER). @3
From (23), using algebraic identities
_ -1 Gl
e(k) = F(q)E(k) + C(q,l)é(k‘)
+ gEZBF(q‘)wre“(k). (24)

The proposed control algorithm defines the controlled output
wrest- The variance of the abovementioned equation is minimum
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when B. Proposed Outer Voltage Control Framework
G(g™h " B(q™) Pl B =0 s The d — ¢ axis based control architecture of RSC control
Clq) e(k) + Clq) (47 Jwrest () = (25) loops allows the independent control of real and reactive power.
For reactive power control, the outer stator terminal voltage con-
where trol loop derives the reactive power reference. As the machine
1 G(g™h i 2% parameter varies, the estimated rotor speed differs from actual.
wrest (k) = — B(gY)F(q") e(k). (26) Since the vector control approach relies on measured values of
) ) rotor current and speed, any form of parameter variation can be
With this the controller output becomes said to affect the performance capability of conventional vector
e(k) = F(g ") E(k) 27) control approach. Reactive power on stator side is given by
: i = Vystas — Vasigs. 32
with the polynomials defined as follows: @s gstds = Vdsiqs (32)
4 According to the convention, d — ¢ reference frame is assumed
F(g7) =1 (28) o be oriented along stator flux. Thus, the abovementioned
G(qil) = (el — al)(qil) 42— a2)(q72). (29) reactive power equation can be modified as follows:

The controlled input to the plant, wye is estimated based on the
current value and past values of the output and error signals as
given by

(cl —al)(g") + (2 —a2)(¢?)

wrest (k) = — bl(g~1) +02(q72) e(k)  (30)
blwresl(k) + b2wrest(k - 1) = a16(k) + aZG(k - 1)
—cre(k) — cre(k — 1) 31)

Q _ V:]sql)ds + V:]sLm,i

T L Ls
A portion of this total rotor current is responsible for maintaining
terminal voltage through reactive power generation while the
other part contributes toward magnetization. The effect of Lm
on rotor current and hence the reactive power on stator is shown
in (33). The ability of the proposed architecture is that it ensures
superior dynamic reactive power support capability even during
parameter variations.

dr- (33)
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C. Proposed Adaptive RSC Control Framework

The dq reference frame based RSC control aims at providing
independent control of the active power and reactive power
output from stator. The rotor voltage equations that govern the
design of RSC control is given by

/37 / /
v =1+ pULrldr — wy ULeri _ rsL; iy
drc ridr W, slip Lm qs Lm s
/37
v =r1i —|—pULrlqr —
qre riqr W,
oLL.. L. ,
e wslip lds — — (Vqs + I‘slqs) (34)
L L
L'Lg — L2 . .
where o = % The abovementioned equation can be
SHr
represented as two components
/ n n
Vdre = Vdre + Vdre (35 )
' "
Vare = Vs T Ve (36)

and

ol/
I/ / ro\ ./
Vire = <rr + p ) Lar
Wh

’ ’
mo oLgLi . relis .
Vdre = —Wslip lgs — 1ds

L., L.,
oL\ .
Vgrc = (r; +p w;) lilr

oL L. L; .
Vgr,C = —Wslip <—rlds + — (Vqs + rslqs)> (37

Lm L

where vg,. and vy, are the control input sequence from conven-

tional RSC control that regulates the output active and reactive
power of DFIG.

As the abovementioned sensorless approach is dependent on
current sensor measurements [29] and its performance can be
impacted due to defective current sensors, the RSC control
architecture is modified with an adaptive control framework to
improve the robustness of the controller. For this design, the RSC
adaptive control loop input sequence Vg, (k) is generated based
on (38) with A and B matrix identified between the input Vg (k)
and ep (k) as the output error using RLS identification detailed
in Section ITI-A2. The output error can be the rotor speed error
in active power control and reactive power error in the reactive
power control loop. This can be represented as follows:

Viga(k) = gtg x e (k) (38)
where
Az ep(k) = B(z™)Viga(k) (39)
with
Az ) =14az  +az 24+ +a,z ™  (40)
Bz ') =biz l4+biz 24+ - +byz ™ (41)

andk=n+1,n+2,..., t, t being the time index.

) )
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The main advantage of the proposed architecture is that it pro-
vides a wider operating range and improves the overall stability
margin. Also, the approach provides convergence properties in
the wake of sensor malfunction or dynamic grid events due to
the better estimation of V. (k).

Now the modified RSC control with adaptive input sequence
assumes the following form,

"

' § n "
Var = Vire + Vdra + Vdre

(42)

! "

" "
Vqr = Vqrc T Vqra T Vqrc'

(43)

The stator real and reactive power output for the modified
RSC control is given by

P. — Lqus V(,q,rc + Vgra
s =
L oLy
Ir+p
Wp
VgsWas . LmVgs Vgrc + Vgra 44
QS - L L UL ( )
i o\ ntp—
Wh

Equation (44) shows that stator real and reactive power output
of a DFIG can be controlled by properly defining the vgr and
v/], components of rotor voltages from both conventional vector
and adaptive control architectures.

IV. EXPERIMENTAL RESULTS

For the experimental results, we use a GE 1.5 MW wind
turbine (WT) model in the real-time simulator (OPAL-RT
platform) and a 2 KW WTG (4 quadrant dc motor drive
and a wound rotor induction machine- Lab-Volt 8013-A,
https://youtu.be/pFkJSz9IFDg) for the hardware-in-the-loop
(HIL) test set up that characterizes the GE 1.5 MW model. The
specifications are included in Tables IIT and IV, respectively. The
models and the hardware WTG is integrated with the simulator.
The RSC and GSC are also integrated into the controller that
is designed using the real-time simulator. For sensing, a data
acquisition kit (OP 8660) is used. A three-phase power supply
integrated with the simulator is used to connect with the grid
as a rigid infinite source for the first set of experiments. For the
second set of experiments, the rigid source is controlled by an
external signal derived from the real-time grid model (IEEE 123
bus system) designed in the real-time simulator. The details are
shown in Fig. 4. This is a fully integrated HIL (both power and
control) testbed.

The performance of the proposed architecture is validated
based on two sets of experiments:

1) The first experimental test set analyzes the performance of
the system in a real-time simulation platform with a hard
grid (single machine infinite bus mode). We call this a test
set 1.

2) The second set is to analyze the performance on a scaled
test system with a power grid connected to the WTG. We
call this as the test set 2.

Authorized licensed use limited to: University of North Carolina at Charlotte. Downloaded on November 28,2022 at 14:35:05 UTC from IEEE Xplore. Restrictions apply.
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Fig.5. Case A: Rotor angle (rad) for 1.5L,,, increase.
A. Test Set 1

In this test set, five cases are performed. Case A evaluates the
performance due to machine parameter variation. Case B tests
the performance of the proposed controller with a change in
terminal voltage. Cases C and D validate the dynamic reactive
power support capability during faults and the LVRT, respec-
tively. Case E analyze the robustness of the proposed speed
observer to rotor current sensor failure.

1) Case A: Performance Validation With Change in Mutual
Inductance: The robustness of the proposed adaptive architec-
ture during parametric changes is evaluated in this case. The
performance comparison is with MVC architecture. The test
case is performed with a 50% increase and a 30% decrease of
machine mutual inductance from its nominal value. The rotor
angle estimated with 1.5L,,, is shown in Fig. 5. Fig. 6 shows
that the £6° offset in the MVC architecture is eliminated by
the proposed architecture which is one of the major features of
the proposed framework. The percentage rotor speed estimation
error in Fig. 7 shows the efficiency of the speed estimation by
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Fig. 7. Case A: Rotor speed estimation error for 1.5 and 0.7 L,,, change.

TABLE I
RELATIVE ERROR COMPARISON

Lm Change MVC Proposed
Architecture  Architecture
Angle Offset Error(deg) 0.7Lm -6 0.055
Angle Offset Error(deg) 1.5Lm 6 -0.0003
Speed Estimation Error(%) 0.7Lm +0.2 +0.005
Speed Estimation Error(%) 1.5Lm +2.5 +0.0022
g —MVC Architecture
11 =) —Proposed Adaptive Architecture
E) L T ‘ T T
21.05 o1
o 3
g 1 x
o o !
0.95 Z
> B
5 <
10 20 30 40 50 10 20 30 40 50

Time(s) Time(s)
(a) (b

Fig.8. (a)Case B: Stator terminal voltage. (b) Case B: Comparison of reactive
power supplied.

the proposed architecture. A comparative analysis is presented
in Table I. The results indicate the ability of the proposed
architecture to track the rotor angle effectively.

2) Case B: Performance Validation With Change in Terminal
Voltage: The ability of the modified terminal voltage loop is
analyzed for a given terminal voltage profile. The terminal
voltage variations demanded by a dynamic grid condition are
shown in Fig. 8(a). The proposed modified adaptive control
architecture can meet the additional reactive power demand to
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IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 56, NO. 6, NOVEMBER/DECEMBER 2020

-

Reactive Power(p.u)
o

s MVC Architecture
Proposed Adaptive Architecture

Fig. 12.

10

15 20 25
Time(s)

Case D: Reactive power offered during ride through.

T

T

T

7172
60.02
T 60.01
3
c 60
3]
o
.
o 59.99 MVC Architecture
w- Proposed Adaptive Architecture
59.98 : :
10 20 30 40 50
Time(s)
Fig. 9. Case B: Frequency variations of stator terminal voltage.
— Vector Control
— Proposed Adaptive Architecture ——Proposed Adaptive Architecture
—_ —~ = Vector Control
31— g
30.95! ‘g 0.5
o) =
809 g0
20.85 005
8
Time(s) x Time(s)
(a) (b)
Fig. 10. (a) Case C: Point of common coupling (PCC) voltage during three

phase to ground fault. (b) Case C: Reactive power support during fault.

T T T T

= 1
e \
]
5] 08
=505 :
>
3
o L s MIV/C Architecture |
0 | e Proposed Adaptive Architecture
5 10 15 20 25 30
Time(s)

Fig. I1. Case D: PCC voltage during ride through.

maintain the desired voltage irrespective of the variations in the
physical parameters as shown in Fig. 8(b). The superiority of
the proposed system to tightly maintain the frequency within
+0.15% is shown in Fig. 9.

3) Case C: Reactive Power Support During Faults: The
ability of the modified terminal loop to perform proper reactive
power support during grid faults irrespective of any variations in
the parameter is analyzed in this case study. The faster response
of the proposed system for three-phase fault applied at 10 s
when compared with the vector control approach is visible from
Fig. 10(a). The reactive power support from the proposed system
is showcased in Fig. 10(b). In contrast to the vector control loop,
the proposed control loop showcases excellent dynamic stability.

4) Case D: Performance Validation With Low Voltage Ride-
Through (LVRT) Capability: The LVRT capability of the pro-
posed architecture is analyzed for 1.5L,, in this case study
and the comparison is presented with MVC architecture and
the conventional voltage control scheme. The stator terminal
voltage following a low voltage is showcased in Fig. 11. The
modified loop brings the terminal voltage back to the nominal
value faster following a disturbance. A small 4% overshoot of
terminal voltage is observed from the nominal value which is due

Speed Estimation Error(%)
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Fig. 13. Case D: Speed estimation error during LVRT with a L,,, change.
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Fig. 14. Case E: Terminal voltage during rotor current sensor failure.

to the additional dynamic power support offered by the proposed
control loop. The reactive support is within the permissible
limit (see Fig. 12). The ability of the proposed architecture to
effectively estimate the speed during a grid event is depicted by
the speed estimation shown in Fig. 13. The graph has some peaks
which are caused due to angle offset estimation error (observed
to have a zero impact on DFIG operation as the error is low
in magnitude -less than 5% and has a faster ramp- less than
milliseconds), yet shows the advantages of proposed control
(less than 4%) speed estimation error over conventional MVC
based control which has almost 15% error.

5) Case E: Performance Validation During Rotor Current
Sensor Failure: Performance efficiency is analyzed using a rotor
current sensor failure scenario created at 10 s for a duration
of 1 s. With no rotor current measurement data available, the
performance of the proposed control architecture is compared
to our earlier work [29]. As the proposed control loop can dy-
namically adjust the variation in feedback current due to current
sensor failure, it was observed that the proposed approach can
still maintain a stable operation as shown in Fig. 14.

Fig. 15 shows the stability property of the proposed control
architecture without any current feedback. It can be seen that the
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Fig. 16. Case E: Comparison of rotor current in alpha frame during rotor

current sensor failure.

TABLE II
SCALABILITY TEST RESULTS

Value
Case A Speed Estimation Error(%) +0.005%
Case B Voltage profile Improvement(%)  +0.66%

vector control loses its stability after 10 s which can disconnect
DFIG from the grid. Thus, the proposed approach can be eco-
nomical by avoiding uncontrolled WT downtimes due to sensor
failures. Fig. 16 shows the alpha component of the rotor current
during the sensor failure. In Fig. 16, when the actual rotor current
value is zero due to sensor failure, the proposed control is still
able to estimate the rotor current by properly defining the control
input sequence to the RSC loop. This assures the robustness of
the proposed control to sensor failures. It was also observed
that the speed estimation error shows a 50% improvement when
compared to vector control.

B. Test Set 2: Scalability Test

The performance evaluation of the proposed architecture
connected to a real-life grid is validated using a scalability test
performed on the 123bus system with HIL. Fig. 17 shows the
one-line diagram of the test system used to perform the test
cases. Case A analyses the performance of the controller during
parameter variation. Case B analyses the performance during
a sudden load change. Table II summarizes the results of the
scalability test. The reason for testing with the real-grid is to
evaluate the performance when the dynamics are realistic as
opposed to a rigid voltage source.

1) Case A: Performance Validation With Parameter Varia-
tion: This case validates the ability of the controller to nullify
the effects of parameter variations in a real grid environment. All
the test results are presented for the proposed system with a 50%
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Fig. 17.  One line diagram of the test system used to perform scalability test.

TABLE III
DFIG PARAMETERS

Parameter Value
Rated Capacity 1.5 MVA
Rated Voltage 575 V L-L
Stator resistance (rg) 0.0071 p.u.
Stator ref. rotor resistance (r}) 0.005 p.u.
Stator leakage inductance (L) 0.1714 p.u.
Stator ref. rotor leakage inductance (L{ )  0.1563 p.u.
Mutual inductance (Lm) 5.8 pu.

Number of pole pairs (p) 3

Inertia Constant (H) 05s
Simulation Time Step (T's) 50 us
Identification Time Step (T};) 5 ms
MVC Time Step (T¢) 2 ms
Grid coupling inductor 1mH
Grid frequency 60Hz

TABLE IV
PARAMETERS OF WOUND ROTOR INDUCTION MACHINE (WRIM) USED IN HIL

Parameter Value
Rated Capacity 2 KW
Rated Voltage 120/208 V
Rotor Winding Voltage 624 V L-L
Stator resistance (rs) 0.6 Q
Rotor resistance (ry) 43 Q)
Power factor 0.72

Number of pole pairs (p) 2
Simulation Time Step (T's) 50 us
Rated frequency 60Hz

increase and a 30% decrease in mutual inductance. Fig. 18(a)
shows the ability of the controller to efficiently estimate the
speed with an error as low as +0.005%. Fig. 18(b) shows that
the proposed system can effectively estimate the rotor speed
even in a scaled system without being impacted by side effects
of parameter variations.

2) Case B: Performance Validation With Sudden Load
Change: Case B analyses the performance of the system during
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Fig. 18. (a) Case A: Speed estimation error during an L, change. (b) Case

A: Estimated rotor speed during an L,,, change.
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Fig. 20. Case B: Reactive power during sudden load change.

a sudden load change initiated at 10 s for a very short duration
with a 50% increase in machine mutual inductance. The test
results compare the performance of proposed architecture first
with MVC based on normal voltage control loop and no Lm
estimation, and, second with MVC based on modified volt-
age loop and Lm estimation. Figs. 19 and 20 show the PCC
voltage and reactive power support offered by the system during
the event. It can be noted that the proposed system can maintain
the terminal voltage faster to the desired nominal value with
minimal reactive power support. Also, larger oscillations are
observed on MVC control without a Lm estimation. This clearly
shows the importance of parameter estimation to improve power
quality. The reactive power output in Fig. 20 shows that MVC
with no Lm estimation demands more reactive power to main-
tain the PCC voltage to the desired value. Fig. 21(a) compares
mutual inductance. It can be seen that the estimated inductance
is close to machines inductance during a Lm increase with 2%
precision. Fig. 21(b) compares the angle estimation error for all
three controllers. It can be seen that the proposed controllers
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Fig. 21. (a) Case B: Estimated mutual inductance used by outer voltage loop
during sudden load change. (b) Case B: Comparison of rotor angle estimation
error for proposed adaptive architecture with and without Lm estimation based
MVC architecture.
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Fig. 22. Comparison of speed estimation error for proposed adaptive archi-
tecture with Lm estimation based MVC architecture.

show very close to zero angle error depicting the accuracy of
estimating the rotor angle and speed during parameter variations.

V. CONCLUSION

This article proposes a novel adaptive control and speed
estimation technique. The proposed estimation based speed
observer technique can overcome the angle offset error due to
parameter variation of DFIG. The modified reactive power refer-
ence generation loop ensures accurate reactive power reference
irrespective of the variations in mutual inductance. The modified
adaptive RSC loop ensures the robustness of the proposed archi-
tecture to current sensor failure apart from mechanical sensors
mentioned in earlier work. Moreover, the proposed system does
not demand any additional control loop to estimate parameters
which considerably increases the accuracy of estimation. Fig. 22
shows the proposed methods have speed estimation error as low
as 0.001% while the normal MVC with Lm estimation shows
up to 2% error. The use of an identification based self-tuning
controller ensures a wider operating range, faster performance,
and improved reliability in comparison to static controllers. The
experimental validations based on real-time simulations as well
as the scalability test validates the superior performance features
of the proposed modified controller and estimation technique.
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