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Nonlinear Control Operation of DFIG-Based WECS
Incorporated With Machine Loss Reduction Scheme

Ifte Khairul Amin

Abstract—This article presents a novel adaptive backstepping
based nonlinear control scheme incorporated with machine loss
reduction and parameter uncertainties for grid-connected doubly
fed induction generator (DFIG) driven wind energy conversion
system (WECS). The proposed nonlinear controller is developed
to stabilize both the grid and rotor side current control loops of
direct-drive DFIG-based WECS. Traditional feedback lineariza-
tion controllers are sensitive to system parameter variations and
disturbances on DFIG-based WECS, which demands advanced
control techniques for stable and efficient performance considering
the nonlinear system dynamics. The proposed nonlinear controller
incorporates the system uncertainty and nonlinearities while en-
suring the stability of the drive system through Lyapunov stability
criteria. A machine loss reduction algorithm is also incorporated
to achieve enhanced efficiency. The performance of the proposed
nonlinear scheme is compared with conventional benchmark fixed
gain proportional-integral control and sliding mode control scheme
for the rotor-side converter controller. The proposed nonlinear
controller for DFIG-based WECS integrated with machine loss
reduction scheme is successfully implemented in real time using
DSP board DS 1104 for a prototype 350 W DFIG. The simulation
and experimental results prove the efficacy of the proposed scheme
under variable operating conditions such as wind speed variation,
grid voltage disturbances, and parameter uncertainties.

Index Terms—Nonlinear control, doubly fed induction
generator, parameter uncertainties, loss minimization, wind
energy conversion.

NOMENCLATURE
d-q axis stator, rotor, grid converter
voltages (V).

d-q axis stator, rotor, grid converter,
core resistance and magnetization
currents (A).

d-g axis stator and rotor flux-linkages
(Wb).

Stator, rotor, and core loss resistances (£2).
Synchronous and rotor electrical angular
speed (rad/s).
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P Number of pole pairs.

L,=Ly,s+ L,, Stator self-inductance (H).

L,.= L.+ L, Rotor self-inductance (H).

Lyos, Loy Stator and rotor leakage inductances (H).

L, Magnetizing inductance (H).

T. Electromagnetic developed torque (N-m).
z Estimated value of the variable x.

T; Turbine torque (N-m).

T First derivative of the variable x.

T, Tref Reference value or set point of the variable

X.

1. INTRODUCTION

O FULFILL the persistent necessity of renewable power
T sources, wind power has emerged as one of the most
popular sustainable resources throughout the world. Doubly fed
induction generators (DFIGs) have achieved a remarkable place
in wind power generation industry farms because of its ability to
extract maximum power at variable wind speed and decoupled
active and reactive power control [1]. Various control strategies
have been implemented so far by researchers for effective control
of grid-connected DFIG. The conventional vector control design
of DFIG-based wind power system involves cascaded control
loops where simple proportional-integral (PI) controllers are ex-
ecuted to regulate the currents [2], [3]. A major drawback of the
PI controller is that its gain tuning requires accurate knowledge
of system parameters. The PI control loop may lead to instable
condition due to excessive integral gain if the machine and grid
filter parameters are not precisely known in DFIG-based wind
energy conversion system (WECS). Hence, direct power control
(DPC) and direct torque control of DFIGs have been introduced
as the alternative of the conventional vector control scheme [4]—
[6]. However, large power or torque ripple and variable switching
frequency are the two major drawbacks of these approaches [7].
As feedback linearization method requires the precise value of
the model parameters and this technique often ignores some
useful nonlinearity, nonlinear control techniques have been ap-
proached as an efficient method of machine control [8]-[13].
In DFIG-driven WECS, nonlinear control is preferred be-
cause of the nonlinear coupling among generator currents and
the rotor speed as well as the presence of nonlinearity in the
torque equation. Since DFIG inherits nonlinear magnetization
characteristics, a well-developed nonlinear control technique is
necessary to achieve enhanced dynamic behavior for the control
operation of the system. Adaptive backstepping based nonlinear
control is considered as a suitable method for DFIG-based
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WECS since the method has the ability to cope with parameter
uncertainties. So far, in the wind power industry, research works
have been conducted mostly on nonlinear control operation of
permanent magnet synchronous generator based wind energy
applications [8], [9]. However, a backstepping algorithm based
power control strategy of DFIG has been presented by Xiong
and Sun in [10] under normal and harmonic grid voltage to
achieve better dynamic performance. A simulation study of
the adaptive backstepping algorithm for maximum power point
tracking (MPPT) control is outlined in [11], which includes
grid-connected DFIG-WECS. Azzaoui et al. [12] have presented
a similar approach to control electromagnetic torque and reac-
tive power by regulating the rotor side and grid-side converter
utilizing Lyapunov stability criterion. However, in these papers,
adaptive backstepping based control strategies are studied only
in simulation. Also, parameter adaption has not been evaluated
in most of these analyses. An observer-based online parameter
estimation technique for DFIG has been proposed in [13]. In
[14], FPGA-based experimentation is presented. An adaptive
pole placement control approach is integrated with adaptive
backstepping based nonlinear control system in it. The control
system utilizes Lyapunov technique to achieve MPPT along
with stable output although the control of grid-side converter
and regulation of dc-link voltage has not been studied in this
article. Resonant-based backstepping DPC strategy is developed
by Wang et al. [15]. The experimental results suggest better
control over reactive power regulation and current total harmonic
distortion (THD) under normal and harmonic grid voltage. But,
the system’s performance is not analyzed under variable wind
speed and machine parameter variations. These studies only
suggest the solutions related to the obstacles in DFIG converter
control to a partial extent. Hence, a comprehensive nonlinear
adaptive control technique is required to guarantee the global
stability of the DFIG-WECS under grid voltage fluctuation and
wind speed variation with parameter adaptation. This article
presents a thorough solution for nonlinear converter control of
DFIG-WECS considering the aspects mentioned earlier with
detailed simulation study and hardware implementation of the
design on a laboratory prototype.

There have been improvements in the machine design, utiliza-
tion of advanced materials, and construction techniques. How-
ever, generator loss reduction scheme is still largely dependent
on control strategies, particularly when the generators are driven
by low torque. It is evident that avoidance of iron losses in
DFIG model causes error in flux estimation, slip, and torque
calculation. The error leads to performance deterioration espe-
cially, in low power machine where iron power loss margin is
not negligible compared to the generated power. Only a handful
of researchers have focused on the minimization of power loss
in DFIG for wind power applications. A sliding mode control
(SMC) approach is proposed in [16] to regulate the rotor current
of a DFIG in order to maintain maximum power and reduce
copper loss. A mathematical model is developed by Chen et al.
in [17] to determine proper rotor current commands, which give
maximum mechanical power and minimum loss based on the
measured generator speed. However, all the proposed models
of DFIG loss reduction are based on analytical model and
tested only in the simulation platform. Practical implementation
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for iron loss model based loss minimization control technique
for DFIG-based WECS has not been reported in any of the
literature. Therefore, in this article, a nonlinear control algorithm
is proposed to regulate the extracted power from wind turbine
incorporating machine loss minimization technique for iron-loss
based model of DFIG. The conference version of this article
[18] manifests the simulation model of the nonlinear control of
DFIG-WECS with stability analysis and parameter adaptation.
As a subsequent extension to the work presented in [18], the
first contribution of this article is the development of an adaptive
backstepping based nonlinear controller incorporating core-loss
resistance of DFIG to ensure precise control of the system under
MPPT condition. The second attribute is the estimation of the
magnetizing reactance by utilizing the parameter update laws
through the adaptive backstepping technique. The performance
of nonlinear controller is compared with fixed-gain PI controller
and conventional sliding mode controller for RSC control. It is
found that proposed controller demonstrates better performance
compared to its counterparts in terms of speed and current
errors reduction. The third contribution is the formulation of
a machine model-based loss minimization algorithm to reduce
total resistive power loss in the DFIG-based WECS. To the best
of the authors’ knowledge, successful real-time application of
machine loss minimization based nonlinear control technique
incorporating the effect of iron-loss component for DFIG driven
WECS has not been reported before in other literature. This
article has unified all these features in the controller design and
shows effective implementation in real-time environment.

This article is organized as follows. Sections III and IV
illustrate the analytical model of the proposed WECS and non-
linear controller, respectively. Section V presents the parameter
adaptation rule. The development of loss reduction is presented
in Section VI. Section VII shows the simulation outcomes of the
proposed scheme and the real-time implementation results from
the laboratory prototype model are illustrated in Section VIII
to validate the simulation outcomes. Finally, the findings of the
investigation have been highlighted in the conclusion section.

II. DESCRIPTION OF THE WECS

In grid-connected DFIG-based WECS, back-to-back convert-
ers are connected at the rotor side and grid side.

The converters are controlled independently by the controller-
generated pulsewidth modulation (PWM) signal. A typical
model of grid-connected DFIG-WECS is employed in this ar-
ticle where the rotor-side and grid-side converters (GSCs) are
driven by the nonlinear controller. Fig. 1 illustrates the configu-
ration of overall WECS with controller blocks [18]. An MPPT
controller is incorporated in the system to maximize the gener-
ated output power. The MPPT algorithm is developed based on
traditional hill-climb search (HCS) method. The HCS algorithm
tracks the peak power point by utilizing the instantaneous wind
speed data and evaluates the corresponding reference rotor speed
for the nonlinear controller. The nonlinear controller is designed
to ensure the stability of the system under variable operating
condition. The dynamic model of DFIG is utilized to develop the
controller equations. Table I summarizes the wind turbine and
DFIG parameters for simulation and real-time experimentation.
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Fig. 1. Configuration of DFIG-based WECS with nonlinear controller.

TABLE I
WIND TURBINE, DFIG, AND LOAD PARAMETERS

Parameters Simulation Rea?—time
data Machine data
Rated turbine power 2 MW 450 W
Blade radius 42 m 0.2m
Rated generator power 2 MW 350 W
Grid voltage(rms) 690 V 120V
Grid frequency 60 Hz 60 Hz
Number of pole pairs 2 2

Winding resistance 0.187 Q 8.1Q
Leakage inductance 0.003 H 0.03 H
Magnetizing inductance 2.5 mH 0477H
dc bus capacitance 200 mF 4.2 mF
Rated dc bus voltage 1150 V 308V
Nominal core loss resistance 66 kQ 22 kQ

III. ANALYTIC MODEL OF DFIG AND NONLINEAR
CONTROLLER

The differential equations representing the model of DFIG
can be derived from the ideal three-phase, three windings
(stator and rotor) configuration of ac induction machine. The
equations representing the dynamic model of DFIG are dis-
played in (1)—(15) obtained from the state-space model in syn-
chronous rotating reference frame. The d-q transformation of
three-phase ac quantities eliminates the effect of time-varying
inductances [19].

Fig. 2 represents the d-q equivalent circuit model of DFIG in
synchronous coordinate [20]. It is assumed that all the magni-
tudes and parameters of the rotor are referred to the stator side

Vas = Rgiags + pas — wstys (D
Vgs = Rpiar + pgs + wsthas (2)
Var = Ryigr + pthar — (ws — wy) Ygr 3)
Vgr = Rrigr + pogr + (ws — wr) Yar @)
Yas = Losias + Limiam (5)

qu = Lcrsiqs + Lmzqm (6)
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Fig. 2. (a) d-axis. (b) g-axis equivalent circuit of DFIG in synchronous
reference frame referred to stator side.

d)dr = Lo‘ridr + Lmidm (7)
wqr = Lariqr + Lqum (8)
ldm = lds + idr — ldfe 9
Z.q'm - Z'qs + iqr - Z.qfe (10)
digm ) .
L ddt = Rfezdfe + wsLqum (11)
digm , .
m th = Rfezqfe — WsLimtdm (12)
J dw,
Sl =T, -1 13
P dt - (13
3PL,, .. . .
Te = 9 ('Ldmzqr - quldr) (14)
P
. r = 7 Te — T
w J( t)
P (3PL,, ,. . .
= 7 {2 (dezqr - quzdr) - Tt} . (15)

The symbols are defined in the nomenclature section. The
stator voltage (v, ), the rotor voltage (v,.), the stator flux (¢;),
the rotor flux () , and the equations of DFIG have been
decomposed to d-g axis equations in (1)—(8) by performing
abc-dq conversion. The derivation of the voltage, flux, and
current equations can be found in [21]. The combination of the
stator and rotor current is divided into core loss resistance and
magnetizing inductance branches. The d-g axis current compo-
nents through the core branches are defined in (9)—(12). The
mechanical dynamics of the DFIG is expressed in (13)—(15). To
maintain the stability of the DFIG system, adaptive backstepping
based nonlinear feedback control method is implemented in this
article. The complex nonlinear control problem is decomposed
into simpler and smaller ones. In each step of the controller
design, an appropriate function is derived recursively, which is
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known as virtual control. At the final stage, the true control for
the actual system is obtained by utilizing the Lyapunov function
associated with each step. One of the important features of the
backstepping design method is that parameter update laws can
be obtained simultaneously with the derivation steps of control
laws. Therefore, the problem associated with parameter uncer-
tainty can be eliminated easily. The controller design starts with
the machine motion equation to stabilize the actual rotor speed
at the reference rotor speed. The subsystem equations are ex-
ploited and new controllers are derived by defining appropriate
Lyapunov function progressively. The process terminates when
the control equations for the reference voltages are derived. The
state-space model of DFIG is obtained by modifying (1)—(15)
while d-g axis stator, rotor, and core-loss current components
are chosen as state variables. The state-space model equations
are given as follows:

digs 1 . . .
djfl - L (Vs — Rsigs + wsLosiqs — Rfezdfe) (16)
digs 1 . . .
7; = I (‘/qs - Rszqs - wSLO'SZdS - Rfezqfe) (17)
digy 1 . ) .
Z; == T (Vdr - erdr - erqus + (wsLar - err) lgr
_Rfeidfe + ermiqfe) (18)
dig, 1 . . .
CZI; = T (V;n‘ - erqr + Werzds - (UJSLUT - w'r‘Lr) dr
_Rfeiqfe - ermidfe) (19)
didfe o Vds Vdr o Rsids N ermiqs B Rridr B erriqr
dt B Los LO’T Los Lor Lor Lar
Rfe Rfe Rfe . erm, .
., T ) e T, T ) e
(20)
diqfe _ V;]s Vqr - Rsiqs wTLmids - Rriqr WrLridr
dt B Lcrs Lcrr Las Lar Lar Lar
R e R e R e\ . WT'Lm .
_<Lf _|_L7f+Lf )que_(L +0Js>2dfe~
(2D

A. Grid-Side Converter Control

The main purpose of the grid-side controller is to keep the
dc-link voltage constant irrespective of the value and direction
of the rotor power flow and to regulate the reactive power on the
grid side. The GSC is assumed as a controlled voltage source
that is connected to the grid with series grid-side resistance (R, )
and inductance (L,). We assume that the state variables of the
GSC controller are defined as

€T = [%us Z‘cd Z‘cq}

where Vi is the de-link voltage, icq and i, are d-axis and
g-axis grid converter currents, respectively.

The control inputs of the GSC controller are given by

U:[VdCch}
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where V. and V. are the d-axis and g-axis grid converter
control voltages, respectively.

The dc-bus voltage (Viys) is expressed in as follows:

dVbus
CVi w—— = P — P
o gt

where P, and P, are real power exchanged from the rotor-side
and grid-side converters.

The error dynamics for bus voltage can be defined as

(22)

€ybus = ‘/bus,ref - ‘/bus (23)

) ) ) . 1
€ybus = %us,ref - %us - Vi)us,ref - Wbus(Pr - Pc)
The tracking errors of d-g axis GSC current components are

given by (25) and (26) as follows:

(24)

(25)
(26)

o .

Cicd = leg — led
. .

Cicq = Tog — lcg

where iy, and i;,, are the reference grid converter currents.

The error dynamics for GSC control is obtained as follows:

€= [evbus €icd eicq] .

The objective of the GSC control is to ensure the convergence
of the state variables to their corresponding reference values so
that the error functions are stabilized to the equilibrium point,
e = 0. At first, the Lyapunov function for bus-voltage error is
chosen as

1

Wembus = 5612;bu5' (27)
The derivative of (27) provides
W, = €ybusubus = € Vi L (P, —P.)
e,vbus — CvbusCvbus — Cwbus bus,ref C‘/bus T c .
(28)
To nullify the dc-link voltage error, it can be assumed that
. 1
_ke,busevbus = ‘/bus,ref - Wbuq (Pr - Pc) (29)
T 1
%us,ref = /0 {C‘/bus (Pr - Pc) — k’e,busevbus} dt.
(30)

where 7 is the time when the dc-link voltage reaches the
value of Viusrer and ke pys i a positive constant. Hence, (28)
is converted into We,bus =
definite function.

The grid converter current dynamics are expressed in (31) and
(32) by investigating the connection between the grid and GSC
as follows:

—ke pus€Zpus» Which is a negative

. 1 . .
led = — (V;ic — Rgldc + WSLG'SZ(]C - Vdg)

I (€19}
: 1 : -
teq = 7~ (Vae = Rylge = wsLosiae = Vag) - (32)

g
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The current error dynamics for the converter can be defined
by utilizing (33) and (34) as

Cicd = leqg — led = _f (‘/dc - Rgldc + Wchrquc - Vdg)
g

(33)
) . . 1 . )
Cicq = leqg = leqg = I (Vage = Ryglige — wsLosiac — Vag)
g
(34)

where izd = i’gq = 0, with assumptions that the reference
grid converter currents remain constant. The final Lyapunov
candidate function for GSC is chosen as

Lo Lo Lo

Vl (evbusv €icd, eicq) = §evbu5 + ieiCd + §eicq (35)

such that V7 is a positive definite function, i.e., V1(0, 0, 0) =
07 Vl (evbus; €icd; eicq) > O, for all €vbus, €icds €icq €D~ {O}’
where D is an open and connected subset of R.

The derivative of V; in terms of error dynamics can be
expressed as

‘/1 = eq)busévbus + eicdéi,cd + 61',(:qéicq
1

2
= - ke,buseybus +€icd \—
Lg

(V:ic - Rgidc +ws Losiqc - Vdg )}

1 . .
+ €icq {_L (V:]c - Rglqc — wsLosiac — VQQ)} :
g9

(36)

The control voltages are chosen as
Vie = k1€icalg + Rgiac — wsLgsiqe + Vag (37)
Vie = k2€icqLyg + Ryige + wsLosiac + Vog- (38)

It is assumed that k; and ko are positive constants. After
replacing the terms Vg, and V. in (36) by utilizing the cor-
responding voltage control from (37) and (38), the derivative of
the Lyapunov candidate function becomes

Vl = _ke,busezbus - klezzcd - k2€2 (39)

icq”

With the choice of e us, k1, k2 > 0, the
function, Vl(evbus, Cicds Cicg) <0 on the domain D =
R3 — {0}, i.e., is a negative definite function. Therefore,
the equilibrium point, e,pys = 0, €5cq = 0, €54 = 0 is globally
asymptotically stable, which ensures the dc bus voltage and
reference current tracking requirements are met.

B. RSC Control

The DFIG provides the feasibility of controlling the generated
power for both of the super-synchronous and subsynchronous
operation modes. The rotor-side converter (RSC) regulates the
slip speed and controls the air-gap power of the induction ma-
chine. During the derivation of the RSC controller for adaptive
backstepping based nonlinear control, it is assumed that the grid
voltage remains constant. As a result, the stator current remains
unchanged in balanced condition for stator voltage oriented
control scheme. Therefore, the d-q axis stator current compo-
nents (iqs,%4s) are considered as constants and this assumption
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will not affect the grid converter control because the rotor and
grid converter works independently. It is also assumed that the
voltage across the magnetization branch of the DFIG and the
core-loss resistance are fixed at rated grid-voltage supply. Hence,
the core-loss current components (igse, 74 fe ) are also considered
as constants in the RSC controller design.

The adaptive backstepping controller design starts with the
state equation for speed error function as follows:

P (3PL,, .. .
€ = j { D) (_dezqr + quldr) + Tt}
3P?Ly, . ‘ ‘ ‘ ‘ . PT;
= 2P (g — g far — (s — iage) i} + I
(40)

In the first stage, the error function for the adapted value of
the magnetization inductance is expressed as

er1 = Ly — L. (41)

The actual and first estimation for the magnetizing induc-
tances are given as L,,, and L,,;, respectively. The Lyapunov
candidate function for stabilization of rotor speed is chosen as

1
V,==-e2 + 562“ (42)

Vw = ewéw + eLléLl

P2L,, PT,
= e {2 i tage) i =i i) +

+er1 (—ffm1)

3p? <€L1 + f/ml)
2J

{<iqs - iqfe) ldr

= ew
. , . PT, R
- (st - dee) Zq'r'} + Tt +er1 (_Lm1>

P2L,, PT,
= ey {32J1 {(igs—iqre) iar—(ias —idfe) iqr}+Jt}

3P%¢,
2J

+6L1 |: {(iqs_iqu)id’r‘_(ids_idfe) iq'r’}_-i/m1:|
3P°Lypt . . o
YT o7 {(igs —igge) (igy — €iar) — (ids — idfe)

. PT, 3P2L,,
X (g — €igr) } + thl}

3P%,
2J

{(iqs _iqfe) Ldr — (ids _idfe) Z.qr} _iml] .
(43)

+er1 l:
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_ 3P%Ly1 g(s ; ; ; . follows:
We assume, —k, e, = =572 {(igs — igre)iy, — (ids —idfe)

- PT, 1 1 1

lgr} + 77 Vep =V + §6fdr + 56?‘” + %3%2' (46)
z 3P%e, N L . . . .
Ly = 57 {(igs = igfe) iar — (ids — idfe) igr} It is assumed that ¢}, remains unchanged during operation

and [ is a positive constant with the assumptions
e .
Cidr = lgy — ldr

é’d _ Z* ;L.d _k?)eidr = - L {Vdr - Rridr - wri/inqs
wdr — bdr T ' or
_ ZZ o 1 {Vd - R id —w.L iq + (wsLa'r - err) iqr - Rfeidfe + ermZiqfe
r Lo-r r rldr rimilqs A
3P% Lt (igs — g te) €w
+(wSLgT —UJTLT) tgr—Ryetafe —‘erLmiqfe} - m ( 5} qfe) (48)
Cigr = lgp — lgr 1 PTie,,
—k;eirz ; ; - is_i eidr
. - . . 1 . ' 4Ciq (ids — iafe) { L?nl‘]Q {(iq afe)
Cigr = lgr — lgr = lgp — T {V;]T - erqr +wrLpias
. . . — (Uds — Udfe) tgr§ — ~ - =
- (WSLUT - wT‘LT) dr — Rfeque - Werdee} . / a 3P2Lm1 JL72n1
With these assumptions, (43) becomes X {(igs — lgfe) tar — (lds — ldfe) lgr}}
o . 1 -
Vw = Cwlw T er1ér - T {‘/qr - Rriqr + erm27;ds
3P2i/m1 (ids - Z‘ai 'e) €wCigr ~
= — kel + Y B — (@sLop—wrLy) iar = Rpeigse—r Lmaige |
3P2 Ly (igs — i wei 3P2 L (igs — i "
. ml (Zq(QJ que) €wCidr ) (44) + nl (’;d:s] dee) € (49)
The derllvatlve gf the Lyapunov function 12 (4.14) isa negative 1 CidyWriqs — ——CigrWriqfe — —— Cigririds
semidefinite function. The reference current é;,. is obtained from Lo Ly L
the assumption as follows: ;
. 1 ) ) . 27, 2k, €. + Teiqrwrzdfe - 7ﬂ =0 (50)
g YT e g T e
ds ™ Rdfe ml m% is where k3 and k4 are positive constants.
Taking the derivative of i;r’ we get We obtain control laws by utilizing (48) and (49) as
1 oT i e Vd*r = kSEierar + Rridr + wrim2iqs - (wSLUT‘ - err) iqr
- . . o tLim1 wCw
Lor = 72 . (ZS_ZfE)ZdT_ = ~ ~ 27 P
q (iqs — dee) { q q 3PL?nl‘] 3P2L,., + Rpvigge—or Lmsig e 3P LmlLo'T2(<Z]qS que) €w
R 51
kaewLml ( )
3P212 I
‘/;I*T’ = k4€iquar + +
1 PTie, (oa—io o) iar— (e —iare)or) (iqs — tdfe)
= 3 = Lgs —lgfe) tdr — lds —Udfe) Lqr
(ias—iape) | L2, g2 ' tofelidrm s el e PTyew .
~ 72 o Was ~iase) dar = (ias —iare) igr}
ml

2k %e, kyeu?

3P2L,,, JL2,

{(iqs _iqu) ldr — (ids _idfrf) iqr}} :

ka2ew kwew?

3P2L,,, JL2,

{(iqs _iqfe) Gdr—(ids _ide) iqr}}
In the second stage, the error for magnetization inductance is

defined as + Rriqr - wr-i/m2ids + (wsLa'r - WTLT) idr

ers = Ly — Lina ) 3P2L Ly (igs—iage) €
R ' . N + Rfeiqfe + er7n2idfe+ ortiml ( ds dfe) w.
where L, is the second estimated value for the magnetizing 2J $
inductance. Next, the final Lyapunov function V,, is defined as (52)
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Hence, the derivative of the final Lyapunov function is ex-
pressed as (53) after replacing the terms Vg, and V. in (47)
shown at the bottom of this page by utilizing (51) and (52) as

Vip = —kwel — kaely, — kael,,. (53)

Vi, becomes a negative semidefinite function with positive
feedback constants k,, k3, k4, and S. In the controller design,
the nonlinearity effect of the machine appears due to the
presence of the term 44, %, in the machine torque equation.

The nonlinear terms are often ignored in linear controller design
and system disturbances are avoided to eradicate complicacy in
the cost of design accuracy. Linearization of the DFIG-WECS
model cannot predict the nonlinear dynamics and nonlocal
behavior far from the operating point for the overall system.
Hence, the nonlinear controller in the proposed design helps
to achieve fast dynamic behavior, which improves the transient
response of the grid-connected DFIG, particularly under wind
speed fluctuation and voltage disturbance.

. . ) ) 1 )
“Vep = Vi + €idr€iar + Cigrligr + BeL2eL2

L

Var — Ryigr — wrLipigs + (ws L
L q

=V, + €iar {Z:;T —

or — WTL']-) iq’l' - Rfezdf(i + w',-Lmiqfe}}

. 1 . ) . ) . 1 4
 eiar {qu Lo {Vqr B Rﬂqr +wrLimids — (wsLU’” - wTL?“) Ldr — Rfezqf‘3 - ermdee}} + BeLQ (7Lm2)

LO’T

3-P2-z-/m1 (ids - Z’dfe) €wCigr - 3P2i¥m1 (iqs - Z.qfe) €wCidr

= —k,e?
€w T 27 27

1
+ €idr {_ {Vdr - R'ridr - WTLmiqs + (wsLar - w’I"LT) Z’q'r - Rfeidfe + WTLmiqfe}}

Lo

2k e, ke

3P2L,,, JIL2,

{(igs —iqye) dar—(ias — igse) iqr}}

1 PTtew . . . . . .
+ €idr | 7 - —= tgs —tafe) bar — (Tds — bdfe) tar F —
d (st_dee){ Lfmﬂ{(q afe) iar — (ids — lafe) iqr}
1
- T {Vqr - Rriqr + wr Liniqs — (wSLO'T‘ - WTLT) Tar — Rfeiqfe - ermidfe}:|

+

3P2£m1 (ids - /édfe) €wCigr -

3P2 L1 (igs — fgfe) CwCidr

€r2 <_Em2> = _kwei + i
1

X

(tas—idfe) a ﬁfnlﬂ

1 { PTe,,

1
B
X {_ T {Vdr - Rridr - Wri/m27f'qs + (wSLO"I‘ - w’I‘LT) iqr - Rfeidfe + wrfmeiqfe}} + Cigr

{Gas—iqse) tar—(ias —igre) dgr} =

27 + €idr

2k, 2%e, ko eu>

3P2L,,, JL2

ml

{(igs —iqfe) iar — (ias—tage) iqr}}

1 .
- 7 {Vqr - Rriqr + erm2ids - (wSLO"I" - err) idr - Rfeiqfe - erm2idfe}:|

LO’T'

1 2 1 ) 1 .
+ BeLZ <_Lm2) + TeidreLQWTqu — 7 €idr€L2Wrlgfe —

or LO”I"

. 1 .
T €iqrer2Wrlds + 7—€igreLaWrldfe
LG’T LO’T

1 . s . . A
= *kwei + €idr |: {Vdr - erdr - ermQqu + (wsLa'r - err) lgr — Rfezdfe + WerQque}

LO’T’

 3P?Liny (igs — fdgge) €w

+ €igr

2J

(igs — tdfe)

2k, %e, kyeun?

PTie, . . . . ) ) .
{ﬁg tJQ {(lqs - que) idar — (lds — dee) qu}
ml

3P2L,,, JL?

1 . A . . .
- T {‘/(17 - R7'7'q'r + w‘I'L’VVLQZdS - (wsLa"r - w‘I'LT') ldr — Rfeque - W’I'L'mQdee
or
1 , . 1 :
+er2 Tweidrwrzqs - Lgr CidrWrlgfe — Tweiqrwrzds +

{(igs —iqfe) dar — (ias — igfe) iqr}}

m1l

[ } + 3P2[A’m1 (ids — Z.dfe) Cw
2J

1 L
Tweiqrwridfe - /32} (47)
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IV. ADAPTATION OF MACHINE PARAMETERS

For control purpose, usually the nominal values of the ma-
chine parameter are utilized. For a grid-connected DFIG, the
stator and rotor winding resistance and leakage reactance are
considered to remain unchanged as the supply frequency is
constant and the temperature variation is insignificant. However,
the magnetizing inductance value may alter at a different level
of magnetization. At variable wind speed, the RSC regulates
the speed and flux of the machine and the level of magneti-
zation too. Thus, it necessitates the adaptation of magnetizing
inductance during operation [20]. The magnetizing inductance
is updated online to cope with the variations. The update
rule for the inductance is defined in (54), which is obtained
from (50)

CigrWrlds

eidrwriqfe -
Lar

X 1 )
Lo = 6 <eidrwrlqs - T

LO’T

(54)

1 .
+ %eiqrwrldfe) .

Since the error variable ey is absent in (53), only the bound-
edness of the state variables is proven from the abovementioned
derivation. The system is assumed to be autonomous. So, we can
use LaSalle’s theorem to check whether the equilibrium point is
asymptotically stable.

Let us assume, Vpp =0.

Utilizing (53), we get, e, = 0, €4, = 0, €jqr = 0.

S €igr =0, éiqr = 0.

Applying the control voltages from (51) and (52) into the state
error equations, we obtain

€idr = —ks€idgr + er2 (quwr — lgs€w — Wplgfe T ewzqfe)

= —ks€iar + €12 (lgswy — lgs€w — Wylgfe + €uigfe)
(55)

€idr = —kaigr + €2 (lgsw) — ids€w — Wiidre + €wldfe)

= _k4€iqr +er2 (stw: - 7:dsew - w:idfe + ewidfe) .
(56)

Applying e, = 0, €jqr = 0,€iq- =0 in (55) and (56), it
is found that ey, =0, under the conditions of i4s #
igfe and igs # iqfe. On the contrary, by plugging the error
variable values in (44), no decision can be made about the
convergence of the error variable er,. Therefore, it can be
concluded that the equilibrium point (e, €;qr, €iqr, €r2) =0
is globally asymptotically stable. Also, the estimated magneti-
zation inductance L, will converge to the rated value. Hence,
by utilizing the adaptive backstepping based nonlinear control,
the stability of the rotor converter control loop is achieved. The
equation for the estimation of the magnetization inductance is
also obtained from it.

V. L0SS MINIMIZATION ALGORITHM

The loss minimization algorithm for the proposed model
of DFIG is evaluated based on stator voltage oriented control
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scheme, i.e., vqs = 0. At steady state, from Fig. 2(a) and (b), it
can be derived that

. WsLp . :
ldfe = Rf (de - qu) (57)
) wsLim . .
lqfe = ?n ('Ldm + qu) . (58)

By utilizing the d-g axis equivalent circuit for the stator
voltage oriented control scheme, the following equations are
obtained:

Vs - wsLmidm

gy = 48— Wslmldm 59
14 R. (59)
SLm‘ m
igs = — % (60)
2 sLm . sLm. m

fgr = <1 + 7S;f ) g + smldm - L 61)
. . Rfeiqfe

=, — —delafe 62
td ta wsLm ( )

By utilizing (9)—(12) and (57)—(62) and performing the dif-
ferentiation, the following equations can be obtained:

dids - wSLm didm
didr B Rs didr (63)
digs W L digm

S 64
didr Rs didr ( )
digy 28Ws L, \ digm — SwsLiym digm
ke 4 65
diay ( "R ) iy Ry dig ©3)
di dfe Ws Lm did'rn
—— =1 —1
digy * ( Ry ) di gy (66)
didfe WsLm dde
—— =1 —1 67
didr +( Rs > didr ( )
digge SwWs Ly dtgm 28ws Ly, wsLp, \ digm

= - 68
iy Rpe dig ( R;. R, ) dig.
dign _ (2R diaw )
d’Ldr Rfe — RS dZdr

By assuming Ry, > wsL,,, the following equation is
derived:

didm _ Rs
didr B Rs + WsLm .

The overall resistive power loss in DFIG is defined as

(70)

Hoss - Rs (Z?zs + ’LZS) + RT (’LZT + er) + Rfe(ilzife + ngE)

(71)

The loss will be minimized when 4fles= — (. Thus,

dig di di

Rs ] sis ] S L Rr ] ' ' 'rl
(ld didT‘ +Zq didT> + <Zd +Zq d?:dm)
o digre . digfe

Rye { idfe e—HE ) =0. 72
+ Ry (de dis, +iqf dis (72)
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TABLE II
SIMULATION PARAMETERS FOR PI AND NONLINEAR CONTROLLERS

PI Controller Simulation Nonlinear Simulation
Controller
Parameters data data
Parameters
Kp,vbus’ Ki,vbus -104,-3 X 105 k],kz 30, 50
Kyiar, Kiiar 1.3 x 10%,350 ks,k4 80, 100
Kp,iqn Ki,iqr 4.5 x1 02,55 km,kebus 50530
Kp,ids;Ki,ids 003,03 B 1.4% 10_12
Ky igs:Kiigs 0.289,3.2

By replacing the machine parameter terms with constants

di.dm _ Ry "y SwWs Ly, _B, wsLim
dldr Rs + wsLm Rfe Rs
2R,
C =D
’ Rfe - Rs

Equation (72) can be simplified as
Rs(—CAigs — CDAig)+ R, (igr+igr (1 +2B) DA+BA))

. . Rsidr_vs
+Rfe<(lds+ldr—m){(C—l)A+1}
(i 4 YBa 2B -y DA) =0

1+ ) e
(73)

Finally, the condition for loss reduction model obtains the
following form:

RyCA(igs + Digs) — Ry (ige (14 2B) DA + BA))
(ids + RJF%) {(C=1)A+1}
o T (68t i} {BA+ 2B - CYDA
= Ro+ Ry (C— 1) A+1) (1 A)

(74)

The control signal 7}, is dependent on d-g axis stator current,
g-axis rotor current component, supply voltage and frequency,
which can be obtained from current, voltage, and speed sensors.
The machine ratings and adaptation rules provide the required
resistance, inductance, and constant parameters. The inclusion
of iron loss component in the proposed controller ensures pre-
cision in the loss reduction model.

VI. SIMULATION RESULTS

The performance of the proposed nonlinear controller in-
tegrated with machine loss reduction for DFIG-based WECS
is investigated in simulation at different operating conditions
with MATLAB/Simulink model. The nonlinear controllers are
designed to force the error function of the state variables to the
null point and thus, stabilize the machine about the desired equi-
librium state. The simulation results of the proposed controller
are compared with the conventional PI controlled converter and
sliding mode converter control operation in DFIG-WECS. The
simulation parameters of the designed controllers are presented
in Table II.
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Fig. 3. Comparison of simulation performances between controllers for RSC
control of DFIG under variable wind speed. (a)—(d) Comparison between PI and
nonlinear controller: (a) Variation in wind speed. (b) Rotor speed error (rad/s).
(c) d-axis rotor current error. (d) g-axis rotor current error. (e)—(h) Comparison
between the SMC and the nonlinear controllers. (e) Variation in wind speed.
(f) Rotor speed error. (g) d-axis rotor current error. (h) g-axis rotor current error.

A. RSC Control Performance

The RSC control is used to track the reference rotor speed
generated by the MPPT controller. The RSC control block
produces control voltages ( V. and V) according to (51)
and (52). The performance of the proposed nonlinear controller
for RSC control is compared with the traditional PI controller
and displayed in Fig. 3(a)—(d). It is evident from Fig. 3(b) that
the rotor speed error exhibit less fluctuation for the proposed
nonlinear controller as compared to the PI controller. For d-g
axis rotor current errors, it is found that for d-axis rotor cur-
rent, the nonlinear controllers demonstrate better performance,
whereas, the current errors from the PI controller are less than
its counterpart for g-axis rotor current. The performance of the
nonlinear controller is also compared with the sliding mode
controller as shown in Fig. 3(e)—(h). The wind speed variation
is shown in Fig. 3(e). The red and blue dotted lines specify the
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error variables for the nonlinear control and the sliding mode
control (SMC) operation, respectively. The detailed model of
SMC for the RSC control of DFIG-WECS can be found in [22].
In practical applications, sliding mode controllers are affected
by the undesirable oscillatory phenomenon, which is known as
chattering. It is evident that the rotor speed error [see Fig. 3(f)]
and the d-axis and g-axis rotor current errors [see Fig. 3(g)
and (h)] from the nonlinear controller are much smaller than
those of the sliding mode controller. The fluctuations from the
SMC are relatively high due to its chattering effect. The error
minimization feature proves the distinctiveness of the proposed
nonlinear controller. By following the reference speed produced
by the MPPT controller, the proposed controller ensures maxi-
mum power extraction from the wind turbine.

B. GSC Control Performance

The target of the GSC control is to regulate the dc-link voltage.
The controller forces the error function (€ypys, €icq and €;¢q)
to converge to zero. Fig. 4 displays the comparative analysis
between the nonlinear controller and PI controller based GSC
control operation. The dc-link voltage error is asymptotically
diminished as shown in Fig. 4(a). The converter current error
functions depict better asymptotic convergence for the proposed
controller compared to the PI counterpart [see Fig. 4(b) and (¢)].
To design the RSC and GSC control, the constants k1, ko, k3, k4,
k., and f3 are deliberately chosen as given in Table II to ensure
that the desired error functions are minimized.

Fig. 5 exhibits the comparative analysis between the virtual
control inputs for the proposed nonlinear control and conven-
tional PI control of the RSC and GSC. Fig. 5(a) and (b) show
the d-q axis rotor control voltages for nonlinear and PI controlled
RSC, respectively. The variation of g-axis rotor control voltage
(V) is affected by the change of wind speed and corresponding
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generator torque whereas the reference d-axis rotor current en-
force the alteration of d-axis rotor control voltage (V). Fig. 5(c)
and (d) depict the d-q axis virtual control voltages for the GSC
for proposed nonlinear and PI controller, respectively.

The nonlinear controlled system differs from the PI controlled
converters in terms of three reference parameters, €.g., Vius,ref
iyy> and 4. In Pl controlled system, the de-link reference voltage
is stabilized at 1150 V, whereas it is determined by (30) in
nonlinear control. Similarly, the g-axis rotor reference current
can be obtained according to iy, = %{W for PI control
while (45) provides iy, for nonlinear control.

Likewise, the d-axis grid converter current (47, ) is different for
respective controllers. Moreover, adaptive backstepping based
nonlinear controller has high gain values. Due to the effect of all
these factors, the control input voltages of PI controlled DFIG-
WECS differ from the adaptive backstepping based nonlinear
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controlled module for the grid-side and rotor-side converters.
One of the typical sources of instability, which might unsettle a
grid-connected system, is grid voltage fluctuation. Distortion at
grid side can be originated from the addition of reactive power
compensation equipment, nonlinear load condition or by sudden
phase voltage failure. A nonlinear controlled RSC is a suitable
option to handle the grid voltage fluctuation, which prevents the
machine from running into the failure zone. Fig. 6 illustrates
the ability of the proposed nonlinear system to settle down if
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the DFIG undergoes under any abnormality at grid voltage.
The system is simulated for 10% increase and decrease in grid
voltage for 0.5 s [see Fig. 6(a) and (d)]. It is observed that the
DFIG rotor speed [see Fig. 6(b)] and stator power [see Fig. 6(c)]
has been recovered quickly after transitory fluctuation caused
by the sudden rise of grid voltage. The variation in rotor speed
is also negligible due to the symmetric voltage dip at the grid
end [see Fig. 6(e)] and stator power [see Fig. 6(f)] decreases
according to the variation of the grid voltage. The simulations for
abnormal grid-voltage conditions are performed in rated wind
speed with reference rotor speed selected at the synchronous
value. The parameter update law in (54) provides the estimated
value of magnetizing inductance. Fig. 7 demonstrates the esti-
mated output at the rated condition. The estimated magnetizing
inductance stays very close (L,,= 2.5 mH) to the rated value at
steady state.

Finally, the loss minimization block is activated to reduce
the total power loss of the machine. Fig. 8 illustrates the block
diagram and performance of the loss reduction scheme. Fig. 8(a)
demonstrates the block diagram for the calculation of d-axis ro-
tor reference current that executes the machine loss minimization
scheme. The wind speed is varied to observe the performance
of the loss reduction block at a variable rotor speed. Fig. 8(b)
illustrates the efficacy of the loss minimization scheme. The
machine loss is compared by activating and deactivating the
loss minimization block for different rotor speeds of DFIG. It is
observed that the power loss reduces significantly for the entire
range of speed variation while the loss minimization module
is activated. Thus, the proposed scheme provides power sav-
ings and economic operation of the DFIG-driven WECS. From
Fig. 8(c), it is perceived that average machine loss is reduced by
1.7% from its initial value after the loss minimization algorithm
is activated at rated wind speed. The changes in reference rotor
currents are shown in Fig. 8(d) and (e) to illustrate the effect
of the activation of the loss reduction block. The sensitivity of
the loss reduction model has been tested for the variation of
rotor resistance (R,). The core loss in a generator is almost
constant with fixed stator flux, whereas the copper losses may
vary under variable load or grid demand condition. The variation
in rotor speed and temperature can affect the rotor resistance,
and any change in rotor resistance will reflect proportionally to
machine power loss. Hence, machine loss minimization models
are sensitive to the variation in rotor resistance.
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reference d-axis rotor current. (¢) Reference g-axis rotor current.

In this article, the rotor winding resistance sensitivity on the
loss reduction model is tested in simulation. Fig. 9 demonstrates
the effectiveness of loss reduction model in simulation with the
variation of the rotor winding resistance. It is observed from
Fig. 9(b) that when the loss reduction model is activated at t =
5 s, the power loss reduces significantly and settles after 12.5 s.
The rotor resistance is increased by 50% of its rated value at
t = 14.65 s [see Fig. 9(a)], but the increase in corresponding
power loss is only 1.6%, which is very insignificant. To clarify
the result, the zoom-in view of Fig. 9(b) is plotted in Fig. 9(c).

VII. REAL-TIME IMPLEMENTATION AND RESULTS

A prototype for the proposed nonlinear controller based
DFIG-WECS has been assembled to observe the performance
in real time. The experimental setup for the prototype 480 VA
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Fig.9. Parameter sensitivity analysis for proposed loss minimization scheme.
(a) Increment of rotor resistance by 50% during simulation at t = 14.65 s.
(b) Overall machine loss in watt when loss reduction model is activated at t =
5.5 s. (¢) Zoom-in view for power loss in watt at the instant of the change in
rotor resistance.
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Fig. 10.

Experimental setup for the proposed DFIG-based WECS.

LabVolt series DFIG-based WECS is shown in Fig. 10, where
the wound rotor induction machine is utilized as the DFIG.
The dynamometer module comprises the wind-turbine emulator
facilitating the variation of turbine torque with the change of
equivalent wind speed. The GSC control is avoided to reduce
the complexity of the system. A three-phase full-wave diode
rectifier is used as the GSC, which provides fixed dc-link voltage.
During the experiment, the wind speed is varied from the input
control panel to observe the variation of control variables of the
proposed nonlinear controller model. The PWM is generated by
the DSP board DS1104 to control RSC.



AMIN AND UDDIN: NONLINEAR CONTROL OPERATION OF DFIG-BASED WIND ENERGY CONVERSION SYSTEM

7043

9-4 315
m/s att

34|
A
3.2m/s

Y scale: 1 unit=5 m/s Y scale: 1 unit=100 watt

M 2505 M 2505

() (b)

M Pos: 0.000s ¥

Tek  Jl

@ Stp
+

Rotor speed error

Y scale: 1 unit=30 rad/s Y scale: 1 unit=5 rad/s

H2 500mY M 250s M 2508

(© (d

Fig. 11.  Experimental performance of the proposed nonlinear controller based
DFIG-WECS. (a) Variation in wind speed generated by the turbine emulator.
(b) Corresponding power produced by the DFIG. (c) Reference and actual rotor
speed. (d) Rotor speed error.

¥
Y scale: 1 unit=0.15 Amp
e

iqr

¥
Y scale: 1 unit=0.15 Amp

€idr

F'WM.

Wi 3
oy Pyl . -
Pl ™ | e
V|

M 2505 CH2 100 M250s
(a) (b)

CHZ 5.00v

Fig. 12.  Experimental performance of the proposed nonlinear controller based
RSC of DFIG. (a) Reference and actual d-axis rotor currents and corresponding
error. (b) Reference and actual g-axis rotor currents and current error.

Fig. 11 illustrates the variation of wind speed and the power
generated by the machine [see Fig. 11(a) and (b)]. The wind
speed is emulated to vary in between 3.2 and 9.4 m/s. The HCS
algorithm based MPPT controller provides the rotor reference
speed for the controller, and the DFIG reacts accordingly to
follow the speed. Thus, the controller ensures the maximum
power extraction by minimizing the rotor speed error under
variable wind speed as demonstrated in Fig. 11(c) and (d). The
graphs suggest that the proposed nonlinear controller is capable
of minimizing the speed error under variable wind speed. The
performance of the nonlinear controller depends on the elimina-
tion of d-q axis current error functions. Fig. 12 demonstrates the
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Fig. 13. Experimental performance of the machine loss reduction model.
(a) Total power loss before and after the activation of loss reduction algorithm.
(b) Corresponding change in d-axis rotor current of DFIG.

performance of the nonlinear controller designed for the RSC.
The d- and g-axis rotor currents follow the reference values
competently while the wind speed is varied according to the
wind profile displayed in Fig. 10(a). The d-axis rotor current
error fluctuates around zero axis [see Fig. 12(a)], whereas the
g-axis rotor current is precisely nullified by the controller action
[see Fig. 12(b)].

Fig. 13 demonstrates the performance of the proposed ma-
chine loss reduction algorithm developed for the doubly-fed
machine. After the activation of the loss reduction algorithm,
the average estimated copper power loss of the DFIG is reduced
by 1.8% from its initial value for input torque of 0.9 N-m [see
Fig. 13(a)]. The loss reduction is significant for large scale
industrial wind turbine generator. The variation in d-axis rotor
current is caused by the change of the corresponding reference
current to reduce the machine losses [see Fig. 13(b)]. The suc-
cessful implementation of loss reduction block ensures enhanced
efficiency of the overall DFIG-WECS.

VIII. CONCLUSION

A novel nonlinear control strategy incorporated with loss min-
imization and parameter uncertainties for DFIG-based WECS
has been proposed in this article to ensure stability and en-
hanced dynamic performance of the wind energy system. The
state-space model of a DFIG is developed incorporating iron
loss component to minimize the losses. The nonlinear control
scheme utilizes the adaptive backstepping algorithm to generate
the control voltages separately for both the grid side and RSCs.
The proposed controller guarantees the convergence of error
functions of the state variables to the null point and affirms max-
imum power extraction through reference rotor speed tracking.
Considering the uncertainty of magnetizing inductance under
dynamic operating condition, a parameter estimation model is
formulated. Furthermore, a loss minimization algorithm incor-
porating iron loss has been devised to enhance the efficiency
of DFIG by reducing the total power loss. The performance of
the proposed DFIG-based WECS has been tested and compared
with the benchmark tuned PI controller and SMC controller
under different operating conditions such as variable wind speed,
grid voltage disturbance, and parameter uncertainties. The sim-
ulation and experiment results demonstrate that the proposed
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control scheme exhibits better grip over the rotor side and GSC
control compared to the conventional PI controller and SMC by
diminishing the error function. Besides the proficiency of the
proposed loss reduction model is also verified by the experi-
mental results for the prototype model of the DFIG-WECS.
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