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Abstract—This paper presents a sort of nonlinear backstepping-
based algorithm combining with direct power control (DPC) to a
wind turbine-driven doubly fed induction generator (DFIG) un-
der normal and especially harmonic grid voltage. First, the power
control objectives are analyzed and designed under normal and
harmonic grid voltage for the purpose of harmonic stator current
suppression; second, a unified mathematic model of a DFIG under
normal and harmonic grid voltage is founded, exploring its power
model in detail; finally, the backstepping algorithm is introduced
briefly and the backstepping-based DPC (BS-DPC) algorithm of
the DFIG is developed under normal and harmonic grid voltage.
The comparative simulation results between vector control (VC)
with resonant controller, look-up table DPC (LUT-DPC) and BS-
DPC under normal grid voltage verify that the proposed BS-DPC
realizes the decoupling control of active and reactive power of
DFIG, with better dynamic performance than VC, as well as with
better steady performance than LUT-DPC. Under the harmonic
grid voltage, further simulation results verify the effectiveness of
BS-DPC for suppressing the harmonic stator current of the DFIG
in contrast to VC with a resonant controller and LUT-DPC with
improved control objectives proposed by this paper; meanwhile,
the adaptability of BS-DPC to minute frequency derivation, har-
monic component order and distorted degree of the grid voltage
under harmonic conditions are verified as well.

Index Terms—Backstepping-based direct power control
(BS-DPC), doubly fed induction generator (DFIG), grid voltage
frequency adaptability, harmonic order adaptability, harmonic
stator current suppression, normal grid voltage.

NOMENCLATURE
Usap, Viap Stator, rotor voltage vectors.
Isap, Irap  Stator, rotor current vectors.
Ps, Qs Stator output active and reactive powers.
S Apparent power

Lg, L, Stator, rotor self-inductances.

L, Mutual inductance.

Rg, R, Stator, rotor resistances.

w Angular frequency
Subscripts

A,B,C Stator A, B, and C phase

a, b, c Rotor a, b, and c phase
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a, B Two phase stationary coordinate.
S, r Stator, rotor.

wlip Sliding difference

_fi_h, Fundamental, harmonic frequency

_ main, _ comp,
*

Main, compensation control
Reference value.

A Conjugated vector.

I. INTRODUCTION

EALIZING the value of natural resources and environ-

mental problems caused by the emissions, many nations
around the world have been making many researches and efforts
to introduce more clean energies into their power grid to share
in the role played by the traditional power generations based
on fossil fuel which are considered to be unsustainable in a
long term. In the last decades, except for hydropower, the wind
power gained a growth more significant than any other renew-
able energy in many nations, and at present, it has been playing
an important part in the modern energy supply system rather
than an ancillary. So far, among various configuration of wind-
driven generators, the doubly fed induction generator (DFIG)
equipped with a partial-scale power converter has been domi-
nating on the market due to its edges of variable speed constant
frequency operation, low converter costs, and low-power losses,
etc. However, for the two causes that the DFIG’s stator is directly
connected to the grid via step-up transformers and relative to the
total generated power, the power capacity of the grid-side and
rotor-side converters are limited, the DFIG generation system
tends to be very sensitive to any grid disturbances. Meanwhile,
with the number of nonlinear and single-phase loads increasing
more and more, the amount and sort of harmonics in the power
grid are growing. Harmonics can cause serious problems or even
damages of electrical or electronics devices including DFIG; on
the other hand, there are many standards and documents [1]—[4]
ruling that a certain degree of harmonic voltage components be
permitted to exist, DFIGs should keep in being connected to the
grid under this situation for the roles in the grid the wind power
has played, and the harmonic current poured by them into the
grid should be lower than a certain level. Therefore, a lot of
methods for elimination of harmonics distortion in the power
system are developed and implemented.

According to [5], the active and reactive power produced by
DFIG encompasses alternative components unavoidably under
the distorted grid voltage; in traditional vector control (VC),
the control strategy was carried out in the synchronous refer-
ence frame, leading to alternating components of multiple times



XIONG AND SUN: BS- DPC STRATEGY OF A WIND TURBINE-DRIVEN DFIG UNDER NORMAL AND HARMONIC GRID VOLTAGE

fundamental frequency in the controlled rotor current. Although
high performance could be achieved by the proportional inte-
gral (PI) controller with the direct variables, the effectiveness
will deteriorate significantly under alternating variables for its
limited bandwidth and gain margin. Therefore, the operating
performance of present prevailing VC and direct power control
(DPC) strategy [6] of the DFIG which adopt the PI controller
normally would be impacted considerably under harmonic grid
voltage situation.

For the purpose of solving difficulty of the regulating of alter-
nating variables under the harmonic grid voltage, Ramos et al.
[7] proposed a harmonic stator current compensation method un-
der the multiple synchronous rotating coordinate system, which
transforms the fifth and seventh harmonics into direct variables
by distracting them through a low-pass filter and then achieves
astatic control by the PI controller. Liu et al. [8] proposed a res-
onant control strategy to suppress the stator harmonic current
of the DFIG. Zmood and Holmes [9] introduced the principle
of the resonant controller in detail and revealed the equivalent
conversion relationship between the proportional resonant (PR)
and PI controller. Due to its effective controlling performance
of alternating variables, lots of extensive researches around it
have been proceeding. Yepes et al. [10] carried out an over-
all performance comparative analysis of several discretization
methods of PR, providing a base of its engineering application;
Vidal et al. [11] presented a parameter tuning and optimization
method of PR considering transient response property of the
controller. Meanwhile, different application forms of resonant
control have be explored, e.g., the proportional integral resonant
(PIR) controller in [12]-[14] and the vector proportional inte-
gral (VPI) controller under the synchronous rotating reference
frame in [15] and [16]. They take the advantage of bidirectional
resonance of the resonant controller to reduce the necessary
controller numbers and there exists equivalent conversion rela-
tionship between PR, PIR, and VPI from the viewpoint of basic
principle. The above mentioned strategy manifests excellent per-
formance in case study; nonetheless, there remain several main
drawbacks in the resonant-based strategy. For one controller
could regulate at most two orders of harmonic components, the
required number of the resonant controller is infinite in the-
ory under real power grid circumstances where many kinds of
harmonic voltage components besides fraction times of the fun-
damental frequency exist, and it should also be highlighted that
several resonant controllers could pose a big difficulty on the
digital computation resources. Recently, based still on the ba-
sic principle of the resonant controller, the authors of [17]-[20]
presented a sort of repetitive controller (RC) and [21] proposed
a sort of RC even with adaptability to minute changes of the grid
voltage frequency to decrease the required number effectively,
which is still a relief on controller number difficulty rather than
a thorough solution. The instantaneous and accurate detection
of harmonic components of the grid voltage is indispensable in
such strategies, which is still a challenge at present.

Due to the shortage in traditional control strategy, it is a
worthwhile attempt to introduce other nonlinear control strate-
gies with effective regulating ability of alternating variables
to DFIG. Since the time Germany scholar Blaschke proposed
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VC in 1972 [22], it has stepped into a revolutionary stage in the
field of motor control; the following direct torque control (DTC)
proposed by Depenbrock in 1988 [23] was another milestone
in this realm. However, the complicated coordinate conversion
and rigorous field orientation needed in VC have constrained
its engineering application; the look-up table DTC has an un-
satisfied steady performance due to the adoption of hysteresis
control even if it has better dynamic performance and is eas-
ier to push into engineering application than VC. These two
strategies are put into DFIG control application in [24] and
[25] derivatively and have the above characteristics. In 1991,
Kanellako et al. presented a nonlinear feedback controlling de-
sign method-backstepping algorithm at first [26], which has
attracted much attention due to its excellent performance and
huge potential in dealing with nonlinear systems. Considering
its decoupling control capacity of nonlinear systems and no PI
controller whose bandwidth limits its modulation of alternating
variables, the backstepping algorithm is adaptive to be adopted
in a strong coupling nonlinear DFIG system which concludes
many alternating modulating components under harmonic grid
voltage situation. Meanwhile, the development direction of con-
trol strategy in recent years tends to DPC and improvement of
power quality [27], [28], which is taken into account in this
paper as well.

This paper develops a backstepping-based DPC (BS-DPC)
to DFIG under normal and harmonic grid voltage situations,
which adopt space-vector pulse width modulation (SVPWM)
in the last step to achieve the fixed switching frequency. First,
the power model of the DFIG under the harmonic grid voltage
is founded and power control objectives are devised in Section
II-A; in the following Section II-B, the detailed mathematic
model of the DFIG under the harmonic grid voltage is depicted;
the backstepping algorithm is described briefly and the final
BS-DPC of DFIG could be obtained based on above analysis
in Section II-C. It should be stated that the normal grid volt-
age could be considered as a special situation of the harmonic
voltage. Second, the proposed strategy is verified by the case
simulation besides VC with the resonant controller in [8], the
look-up table DPC (LUT-DPC) in [26] with improved control
objectives proposed by this paper, and BS-DPC under normal
and distorted grid voltage in Section III. Finally, systematic con-
clusions could be gained in Section IV on the above analysis
and validation.

II. UNIFIED BACKSTEPPING-BASED DPC DESIGN OF THE DFIG

In this paper, the entire design process of BS-DPC of the
DFIG is divided into three steps including the unified control
objective design, the establishment of the unified DFIG math-
ematic model, and the final BS-DPC design under the normal
and harmonic grid voltage. The unified control objective design
is essential, thus being the first step.

A. Power Control Objectives Design

In the stationary two-phase coordinate system, the apparent
power poured into the grid through the stator of the DFIG could
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be expressed as

S = Uil (1)
where constant amplitude coordinate transformation is adopted.
Under the normal grid voltage, U s, 3 and 5,3 only comprise
alternating components of the fundamental frequency which
could generate constant active and reactive power; however,
there would exist many different frequency voltage components
under the harmonic grid voltage, which would induce the stator
harmonic current and corresponding stator power fluctuation,
unless improved control algorithm and power control objectives
are adopted. Under any situation, the grid voltage and the stator
current could be decomposed and expressed as
Usap =

Usap_f + Z Usason (2a)

Isap = Isap_y + Z Isap n (2b)
where Ugap_f,Isap_y and > Ugap_n, > Isap_n represent
the fundamental frequency and the harmonic components of
the grid voltage and the stator current, respectively. In order
to eliminate the stator harmonic current poured into the grid,
power control targets should be set at first. Supposing that the
control strategy is effective, the stator harmonic current would

be equal to zero and the power targets could be obtained as

3 3
S = §US(L‘37fI£'\(}"@,f + 5 Z USaﬂJz I;\ar‘gff 3)

where the first item is the apparent power of principal power con-
trol targets P¢ . and Q§ . .;, Which are equal to the given
ones under the normal grid voltage, while the second is the
compensation item under the distorted voltage. Decoupling the
apparent compensation power, the following compensation con-
trol objectives can be gained:

3 3
Pg,comp = 5 ZUSa,hISa,f + 5 ZUS/’)*hIsﬁff

Qg,comp = g Z US;"’J'I,IS&,f - ; Z USa,hISﬁ,fV
“
Fundamental frequency components always have a fixed fre-
quency with very minute fluctuation; therefore, it is easy to
decompose the grid voltage as (2) using fundamental frequency
notch filters. Then, the calculation module of the compensation
power could be depicted in Fig. 1.
It is necessary to find an algorithm which could regulate
direct and alternating variables effectively but with excellent
performance.
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Fig. 1. Block diagram of the proposed improved compensation power control
objective calculation.
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Fig. 2.  Schematic diagram of the wind turbines-driven DFIG.

B. Establishment of the DFIG Model

A typical layout of a wind turbine-driven DFIG is shown in
Fig. 2 in which the voltage and current direction standard of the
DFIG stator and rotor adopts the customary rule of the electric
motor. Namely, the winding current direction is consistent with
their direction of the voltage drop.

Through constant amplitude coordinate transformation, in the
static a3 coordinate system, the voltage of the DFIG could be
expressed as

A,
Usaﬁ = RsIsaﬁ + Tj

» )
Viag = Ridlpop + r]}aﬁ - jwf"‘:braﬂ
and flux equations as
"psa@ - LsIsaﬂ + LTILIT(Yﬂ
(6a)
’d’rm’} = LrIraﬂ + LmIsa@-
,libr(yﬂ = O—Lm, IS(H" + %wsaﬁ
(6b)

’d)saﬂ = ULWIT&ﬁ + [lﬁlpraﬁ

where 0 = 1 — L,L, /L?, is the leakage factor.
From (5) and (6b), the following could be deduced: equation

(7) is shown at the bottom of the page.

AL, 1
dt O’Lm
.5 1
dt oLy, m

L , L
I — |:(Vroz3 - R7'Ira/3) - T(U,S(xx3 - RsIsa/ﬁ) +]WT (ULmIsaﬂ + staﬁ)]

Ls .WrLs Lr
(Usa[} - R:"Isa'ﬁ) - f(V7'<¥B - RrIraﬁ) - ]T(O'LmIsaﬁ + 1#5(!5)]

(N
Lm

m
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Differentiate equation (1) as follows:

dat 2

()

s 3 arl,
sa o I/\
( 0 T es T g

AU 545 )

Under harmonic grid voltage situation, the time derivative of
the stator voltage of the DFIG could be deduced as

dUsaﬁ

P JwiUgap_y + ijh, Usap_n- )

Defining u1 =) j (wp —wys)Ugap_n, then, the above
equation could be rewritten as

dUsm’i

i (10)

- jwasaﬂ + uqp.

Substitute (7) and (10) into (8) and simplify the equation as

L.w.,.
U,o3V) =i =L U, 30" .
ﬁ_ 3 BY rap J Lm ﬂwsud
dt 2oL, 2L, R, A L, 2
+< 3L, © R”U‘g("/’I’"”") -z, Ul
+jwsS + Iﬁwul (1D

where wyli, = wy — w, is the slip angular frequency of the
DFIG.

Ignoring the impact of the stator resistance on the stator flux,
the following could be obtained:

1 1
s =——Usassr—> j—Usupn. 12
Ysap Iy Ysass ijh B (12)

If defining us = 3 j (i _ %) U,ap.n, then, (12) could
be rewritten as '

1
1/’5@5 - _JiUsu;S + us. (13)
wy
Substituting (13) into (11), gain the following:
Lr Wsli 2
U,sVh ,— /22U,
s 3 Vras ~ L, U
dt 2oL Lyw,
" _R’!‘USO(BI‘]/"\aﬂ —J Lm Usaﬂué\
-l—ijt’S + Ir_(;ﬁul. (14)

Under normal grid voltage situation, u; and us are equal to
zero; under the distorted grid voltage, the distorted degree is so
low in general that u; is very close to zero and comparing with
other items, the items concluding uy are small enough to be
neglected, which is also under the consideration of eliminating
the need of instantaneous detection of the harmonic grid volt-
age to provide conveniences of engineering application. Then,
decoupling the apparent power, the active and reactive power
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could be expressed as
3 L, Wsli L, R,
dP 7 slip 2 r s
== U,|" —wa s Pg
at 20L,, L, wg | ) | i pQ * oL, Ly, ot
E (usa Vra +us(} vrﬂ)* ﬁ (usairnf +usﬁi7‘ﬂ)
dQs 3 L, R
= S‘iPS a7 sBUra —UsaUrp S
T A
O (v ~tsais)
5 WUsplra —Usalrg) -
20L,, "’ *

15)

C. BS-DPC Design of the DFIG

Kokotovic is the first person who proposed the backstepping
algorithm in 1991, which enables entire system to obtain overall
and asymptotic stabilization if only each Lyapunov function is
constructed to converge according to Lyapunov stability theory.
The basic method is to decompose the complicated nonlinear
system into several lower order subsystems no more than sys-
tem orders, and then begin to design Lyapunov function from
the lowest subsystem back until to the entire system step by step;
among the process, intermediary virtue control variables have
often been employed. Since the Lyapunov function construc-
tion of each step satisfies the general conditions for Lyapunov
stability, the system could be guaranteed strictly stable.

Combining backstepping algorithm with DPC technique, this
paper proposes a BS-DPC strategy of the DFIG whose target is
to ensure the active and reactive power to chase the given values
with no derivation. Thus, defining the derivation of them as

e, = P; — P
eq:Q:_Qs

if e, and e, tend to zero, the control task would be achieved.
Thus, choose ¢, and ¢, as state variable to construct Lyapunov
function of system as

(16)

1 1

V= 5612) + 56(21.

In general, the DFIG operates at a relatively smooth variation

state, meaning that the given main control objective values of

active and reactive powers could be seemed to remain constant;

therefore, their differential coefficient could be considered equal

to zero approximately. Doing derivation with (17), the following
could be gained:

(7)

av de, deg
= e L e -4
dt Pt dt
3 Lows AP
_ U1 — wa o — S_com
% Ly, Loy wvf| o — @@ dt
- _ 3R
€p 2 ) o T
20’Lm (usavm s 3U7ﬁ) 20’Lm

(usnc lra + Usp irﬁ)

3
wslippg + — (us{ivra - usavrﬁ) -

2O'Lm
ng,com
dt

- . (18)

L 20L,,

(usﬁi'r'a — Usq Zr@) -
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It could be deduced from the Lyapunov stability principle that
when V' > 0 and dV/dt < 0, the system would tend to stabilize.
Thus, construct the following relational expression:

3 L wé dPg —com

k = Uc = sliples —
P = oL Ty 10 T, a
3R,
QO'T (usa Ura + usﬁvrﬁ) QO_T (uwx lro + usd% 5)
kq €4 = Wslip —Ps + m (usﬁvr(} — Usa Ur{i) -
SR" - - ngfcom
20’Lm, (usﬁ ra Us o 7’7“{3) dt .
(19)
Substituting (19) into (18), gain the following:
av 9 9
= = —hyel — kel (20)

where k, and k, act as the modulating coefficient of the active
and reactive power, respectively. As long as k, > O and k, > 0
are set, dV/dt < 0 could be obtained; meanwhile, V' > 0 could
be deduced from (17) with ease. Thus, the stability of the DFIG
system has been guaranteed.

Do integration with dV/dt < 0 as

/ " (av/dtydt =

It could be deduced from (17) that V' (co
the following:

V(o) — V(0) < 0. @1)

) > 0, thus gaining

— V(0) < V(0) = V(0) 0. (22)

Therefore, it could be known that the integration
Jo7 (dV/dt) dt exists and has a certain bound; according to
Barbalat theorem in [29], the equation thm dV/dT = 0 could

o0
be deduced; considering (20), then, further lim ep =0 and
hm e, = 0 could be obtained. In conclusion, the backsteppmg

algonthm could achieve the accurate chase of given value with
zero derivation.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 6, JUNE 2016

() ¢

sabe L Optical encoder SSS K
0

r

GRID

€D | o

T

lsabc

u

‘35/25 ‘ |3S/ZS |

’@—- SVPWM
1 saff| Usaﬂ ki eraﬁ Q

*

a, s _comp
d/dt

k.
. PS Backstepping Ps comp

Tr power dd -

5 controller: * t *
calculation: 5 P + :
. equation s a S g

equation(1) Q (23) m N\ *
S Qs +f\ Qs_main

N

+

Fig. 3. Block diagram of BS-DPC for wind turbines-driven DFIG.

Solving (19), the modulating input voltage value needed by
SVM of the DFIG rotor-side converter under the stationary two-
phase coordinate system could be gained as (23) is shown at the
bottom of the page.

Based on the above detailed analysis and design, the control
scheme of BS-DPC strategy applying in a DFIG system under
normal and harmonic grid voltage situation could be described in
Fig. 3. The measured three-phase stator voltage and currents are
directly transformed into the stationary two-phase coordinate
system, which could be utilized to calculate the instantaneous
active and reactive power by (1); the given power values Pg and
Q% including main and compensation targets, together with the
above gained Ps, QQg, Usq s and Ig, 3, as well as the differen-
tial coefficient of Pg ., jand Q§ ., are all inputted into the
BS-DPC controller using (23) to calculate the output reference
voltage values under the stationary two-phase coordinate sys-
tem; after transforming from stator reference to rotor reference
coordinate of the DFIG rotor, it acts as input values of SVM
module to produce the switching signal of rotor-side converter
legs: S, Sy, and S.. The only two adjusting coefficients k, and

S_comp

L,R,P, 7

dQS -comp

kpuse (P{ — Py) —
20L,, Jrkqusﬁ(Q: - Q) —
Upa =
3|U, |2
| S| +Wslipusa Qs + Usq
_wslipus‘@PS + Usp
ks (P; — P.) —
_kqusa (Qt - Qé) -
20 L,,
Urﬂ - 2
3 |U"| +wslipusﬁQs + Usp
+Wslipuso¢ P@ — Usa

L,R,P, 7
Col2

L, R, Qs
L'wslip

T 12 r Ws
ULW +R 1o+ I Usq
AP{ _comp mWf

dr

dt

(23)

ol?,

L'r Rs Qs
O-Lgn Lrwslzp

. R.I,
dP + o Tonos

s_comp

dt

dt
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Fig. 4.

Simulated results of VC with an additional resonant controller, LUT-DPC with improved power objectives proposed by this paper, and BS-DPC under

the normal and harmonic grid voltage. (a) Three-phase stator voltages (in p.u.). (b) Three-phase stator currents (in p.u.). (¢) Three-phase rotor currents (in p.u.). (d)
Stator active power (in p.u.). (e) Stator reactive power (in p.u.). (A) STR. A: VC with additional resonant controller [8]. (B) STR. B: LUT-DPC [26] with improved

power objectives proposed by this paper. (C) STR. C: Proposed BS-DPC.

k4 required in proposed BS-DPC strategy give big advantages
in engineering implementation, in contrast to five adjusting pa-
rameters of strategy proposed in [8]. Furthermore, together with
the sufficient decoupling control of k, with active power and
k, with reactive power, it is very simple of the coefficient ad-
justing regulation of BS-DPC that the dynamic performance is
improved with the increasing of power adjusting coefficients,
while the steady performance is improved with the decreasing
of power adjusting coefficients, leading coefficient adjustment
to just making a compromise between transient and steady per-
formance of the DFIG. Meanwhile, as Fig. 3 shows, not only

does BS-DPC require the similar amount of coordinate trans-
forming calculation to the DPC proposed by [6], but also the
control scheme of BS-DPC strategy is very concise.

III. SIMULATION RESULTS ANALYSIS AND VERIFICATION

Simulation researches based on MATLAB/Simulink have
been conducted on a 2-MW wind turbine-driven DFIG to verify
the proposed BS-DPC strategy under the normal and harmonic
grid voltage. The system parameters are described in the Ap-
pendix. For the purpose of contrast analysis, the traditional VC
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TABLE I
PERFORMANCE ANALYSIS OF SIMULATION RESULTS
Normal grid voltage conditions Harmonic grid voltage conditions
time 0~0.3S 0.3~0.4S 0.4~0.5S
Performance Pg step Qs step Pg Qs Is 4 THD Pg Qs Is 4 THD Pg Qs Is 4 THD
items response response pulsation pulsation (%) pulsation pulsation (%) pulsation pulsation (%)
time (S) time (S) (p.u.) (p-u.) (p.u.) (p.u.) (p.u.) (p.u.)
STR. A 0.005 0.004 +0.003 +0.003 0.87 +0.03 +0.042 2.1 +0.017 +0.083 9.3
STR. B 0.0022 0.0009 +0.025 +0.025 2.45 +0.033 +0.07 9.4 +0.063 +0.05 12.55
STR. C 0.0015 0.0008 +0.005 +0.005 1.61 +0.067 +0.117 3.31 +0.017 +0.037 10.97

STR.A: VC with additional resonant controller [7]; STR.B: LUT-DPC [21] with improved power objectives; STR.C: Proposed BS-DPC.

with an additional resonant controller proposed by [8] (STR.
A), the traditional LUT-DPC by [26] with improved compen-
sation power control objectives proposed by this paper (STR.
B), and BS-DPC proposed by this paper (STR. C) have been
tested under the same operating circumstance. In the first 0.3 s,
the DFIGs are operating under the normal grid voltage, while
during 0.3-0.5 s, they are operating under harmonic grid voltage
condition, but from the time of 0.4 s on, the additional resonant
controller of VC and the improved compensation control objec-
tives of LUT-DPC and BS-DPC are shut down. Under the normal
grid voltage, the reference value of the active power is given a
step from O to —0.5 p.u. at 0.1 s, while the one of the reactive
power is given a step from 0 to —0.35 p.u. at 0.2 s; afterward,
the reference value of active and reactive remain unchanged in
all the following simulations including under the harmonic grid
voltage with 10% of negative sequence fifth order and 8% of
seventh-order harmonics. The simulation results of the proposed
BS-DPC strategy with contrast to two other strategies under the
normal and harmonic grid voltage can be observed from Fig. 4,
and the performance analysis and comparison are also listed in
Table I.

The adjusting coefficients of STR. A are: proportional co-
efficients k,q = k,, = 5, integral coefficients k;q = k;; = 100,
and resonant coefficient k, = 200. The adjusting coefficients
of STR. C are: active power coefficient k, = 53 and reactive
power coefficient k, = 53.

A. Simulation Results Analysis Under the Normal Grid
Voltage

As Fig. 4 and Table I show, under the normal grid voltage,
BS-DPC has steady performance close to VC, for they both
adopt the SVPWM method at the last step which could enable
the converter to obtain comparatively fixed switching frequency.
The result of LUT-DPC has less satisfactory steady performance
than the other two, with bigger active and reactive pulsation and
slight power chasing the steady-state error due to the utiliza-
tion of hysteresis control. The total harmonic distortion (THD)
comparison analysis of the stator A-phase current also mani-
fests that the current poured by LUT-DPC has more harmonic
component than by the other two, VC and BS-DPC, whose
THD of current are at similar level. Nonetheless, LUT-DPC has
much faster step response speed than VC, and BS-DPC also
manifests excellent dynamic performance close to LUT-DPC

(d)

‘o.' |- T T T T T -l
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®

Fig. 5. Simulated results of BS-DPC adaptability to under variable wind
speed. (a) Three-phase stator voltages (in p.u.). (b) Three-phase stator currents
(in p.u.). (c) Three-phase rotor currents (in p.u.). (d) Stator active power (in
p-u.). (e) Stator reactive power (in p.u.). (f) Generator speed (in p.u.).

as simulation results show. Thus, it can be concluded from the
performance comparison under the normal grid voltage that the
BS-DPC not only inherits excellent dynamic performance from
traditional DPC but also has excellent steady performance close
to VC, such as less harmonic current, less power pulsation, and
constant switching frequency, etc.; meanwhile, BS-DPC has no
need of complicated coordinate transformation and rigorous flux
orientation in VC strategy.

The performance under the variable wind speed from subsyn-
chronous to super-synchronous speed (from 0.8 p.u. at 0.25 s
to 1.2 p.u. at 0.45 s), is verified under the normal grid voltage
in Fig. 5. It should be stated that the relationship between the
electromagnetic power and the rotor speed does not strictly ac-
cord with the aerodynamical relation for maximum power point
tracking, for research of this paper is focused on electromagnetic
relationship of the DFIG.

B. Simulation Results Analysis Under the Harmonic Grid
Voltage

The excellent dynamic and steady performance of BS-DPC
under the normal grid voltage has founded the base to its further
research under harmonic grid voltage conditions. After the grid
voltage becomes distorted since 0.3 s, these three strategies, VC
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Fig.6. Simulated results of BS-DPC adaptability to minute frequency change,
distorted degree, and harmonic order of the grid voltage. (a) Three-phase stator
voltages (in p.u.). (b) Three-phase stator currents (in p.u.). (c) Three-phase rotor
currents (in p.u.). (d) Stator active power (in p.u.). (e) Stator reactive power (in

p.u.).

~25 THD= 4.59%
-k
= E15
$2
SE8!

=05

bl s J,AL .

1000 2000 3000 4000 S000  &0000  TOO0 3000 9000 10000
Frequency (Hz)
(a)
THD= 18.51%

Mag (% of
Fundamental )
o0

16 “ -
14

12

10

6

4

2

0 —_ . |

1000 "U(]U mnn 4000 5000 6000 TO00  BOOO 9000 10000
Frequency (Hz)

(b)

Fig. 7. Stator A phase current spectrum of BS-DPC adaptability to minute
frequency change, distorted degree, and harmonic order of the grid voltage.
(A) With harmonics suppression strategy (0.3-0.4 s). (B) Without harmonics
suppression strategy (0.4-0.5 s).

with additional resonant controller, LUT-DPC with improved
power objectives proposed by this paper, and BS-DPC, could all
suppress the stator harmonic current effectively and by contrast,
the stator current becomes seriously distorted after those three
harmonic current suppression strategies are shut up since 0.4 s.
Nevertheless, as Fig. 4 and Table I show, STR.C has manifested
the rapid transient response speed evidently as soon as the grid
voltage becomes distorted and steady effectiveness of stator har-
monic current suppression close to STR.A, while STR. B has the
worst steady harmonic current suppression performance even if
it does have somewhat effectiveness, as well as STR. A has the
most excellent steady performance and the worst transient re-
sponse speed in harmonic current suppression. But in contrast
to a resonant controller aiming at two typical orders harmonics
suppression, it should also be highlighted that BS-DPC could
operate with no typical order, magnitude, and number limits of
harmonics, and has a certain adaptability of the grid voltage
frequency as shown by the simulation results in Figs. 6 and 7.
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Fig. 8. Simulated results of BS-DPC at rated condition and the stability of
system during the transient state under the presence of harmonics. (a) Three-
phase stator voltages (in p.u.). (b) Three-phase stator currents (in p.u.). (c)
Three-phase rotor currents (in p.u.). (d) Stator active power (in p.u.). (e) Stator
reactive power (in p.u.). (f) Stator phase A harmonic current components (in
p.u.). (g) Stator phase A fundamental frequency current component (in p.u.).

The adaptability simulation of BS-DPC in Fig. 6 is carried out
under similar circumstance to above other than the grid voltage
frequency of 51 Hz, and more arbitrary harmonic orders and
bigger magnitude, 20% of the 3.3th, 20% of the 9.1th, 8% of
the 13.7th, 5% of the —7th, 3% of the —9.1th, and 2% of the
17th-order harmonic voltage. It could be observed from Fig. 6
that the outputting stator current of the DFIG remains very sinu-
soidal when using harmonic suppression strategy; meanwhile,
as Fig. 7 shows, corresponding harmonic current of 3.3th and
9.1th orders are suppressed sufficiently from 13% to 2.3% and
from 16% to 2.7%, respectively. It should be noticed that the
distorted degree and pulsation amplitude of the active and re-
active power might be different as shown during 0.3-0.4 s in
Fig. 6, which depends on the initial phase difference between
the resultant vector of different frequency harmonic grid voltage
and fundamental frequency current vector of the DFIG stator.
Instantaneous and accurate detection of harmonic components
and phase positions of the grid voltage would still pose a chal-
lenge for the engineering application at present especially under
distorted grid voltage situation, which have not been adopted in
the above test of BS-DPC and LUT-DPC.

The performance of the DFIG controlled by the new scheme
at rated condition and the stability of system during the transient
state under the presence of harmonics under rated conditions is
verified in Fig. 8. During the first 0.1 s, the performance of the
DFIG controlled by the new scheme at rated condition agrees
with the performance in Fig. 4 under the normal grid voltage.
Since 0.3 s on, the 20% of the third-order harmonic voltage
which exists in the real grid more often has been added. As the
simulation during the last 0.1 s shows that the harmonic current
components of stator phase-A are decaying from large to small,
and close to zero within 0.014 s after the proposed strategy
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is added, means that the transient state under the presence of
harmonics is stable.

IV. CONCLUSION

This paper has presented a nonlinear backstepping DPC strat-
egy of the wind turbine-driven DFIG operating under normal
and harmonic grid voltage situations. Simulation research on a
2-MW DFIG wind power generation system validates the pro-
posed control strategies and the following conclusions can be
gained as well.

1)

2)

3)

Under the distorted grid voltage, the active and reactive
power produced by the DFIG include alternating compo-
nents unavoidably; through detailed analysis of control
objectives, this paper divides these power components
into main control objectives equal to given reference val-
ues and compensation ones which depend on the voltage
distorted degree, and develops a way to draw compen-
sation control objectives. It should be highlighted that
those control objectives are adaptive under the normal grid
voltage, thus establishing the uniform calculating module
of power objectives under the normal and harmonic grid
voltage. This also could be adopted by some existing con-
trol strategy without PI controller (e.g., LUT-DPC, etc.),
which has also been verified by simulation results.

As a nonlinear control design method, the backstepping
algorithm could achieve decoupling control of the active
and reactive power of the DFIG without any PI controller,
leading to its potential to regulate alternating variables
effectively. It could be concluded from the simulation
results under the normal grid voltage that its operating
performance is excellent with steady performance close
to VC and with dynamic performance similar to LUT-
DPC. In contrast to traditional VC, due to no complicated
coordinate transformation and less adjusting parameters,
the proposed backstepping algorithm is much easier to put
into engineering application.

According to the simulation results under the harmonic
grid voltage, the BS-DPC of the DFIG could achieve
sufficient control of alternating components with stator
harmonic current suppression performance similar to the
resonant-based controller. However, it should be high-
lighted that one resonant controller could only operate
under one or two typical harmonic orders with the help of
accurate and instantaneous detection of grid voltage har-
monic components, while the BS-DPC is carried out with-
out any concrete harmonic order limit and phase detection.
This helps to form a comprehensive control strategy under
any distorted grid voltage condition rather than under par-
ticular harmonic orders, leading to its huge engineering
application value. Although the grid circumstance may be
different (under the normal and harmonic grid voltage,
or different distorted degree grid voltage), the BS-DPC
algorithm itself is the same set, so is the control objective
calculations. This could also help to establish a uniform
and comprehensive control algorithm of the DFIG. Its ex-
cellent adaptability to minute frequency change, distorted
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degree, and harmonic order of the grid voltage are verified
by simulation results as well. Combining adaptive control
with the backstepping algorithm to improve its robust-
ness against system parameter turbulence is one research
direction in future.

APPENDIX

TABLE I
PARAMETERS OF THE SIMULATION SYSTEM

Rated power 2MW  Rotor resistance 0.1286 p.u.
Rated grid voltage 690V Stator resistance 0.0959 p.u.
Rated frequency 50Hz  DFIG rotation rate 0.8 p.u.
Pole number 2 DC-link voltage 1200V
Stator/rotor turns ratio 1.9485  Mutual inductance 3.6757 p.u.
Stator leakage inductance 0.1169 p.u. Rotor leakage inductance 0.1169 p.u.
Convertor switching frequency 2.5 KHz  LUT-DPC sampling frequency 10 KHz
VC sampling frequency 5KHz  BS-DPC sampling frequency 5 KHz
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