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Integral Sliding-Mode Direct Torque Control
of Doubly-Fed Induction Generators Under
Unbalanced Grid Voltage

Si Zhe Chen, Norbert C. Cheung, Senior Member, IEEE, Ka Chung Wong, and Jie Wu

Abstract—An integral sliding-mode direct torque control (ISM-
DTC) scheme with space-vector modulation for wind-energy con-
version systems based on doubly-fed induction generators (DFIGs)
under unbalanced grid voltage is proposed. The torque and power
pulsations at twice the grid frequency caused by unbalanced grid
voltage can be minimized by the proposed ISM-DTC scheme. Com-
pared with existing control schemes of DFIGs under unbalanced
grid voltage, the parametric uncertainties are included into the
design procedure of sliding-mode controller, which guarantees the
robustness of the controller. Because the torque and reactive power
are directly controlled by the rotor voltage, the measurement, co-
ordinate transformation, and symmetrical component extraction
of rotor current are eliminated, which simplifies the structure of
the controller. Simulation and hardware implementation results
validate the effect and parametric robustness of the proposed ISM-
DTC scheme.

Index Terms—Direct torque control (DTC), doubly-fed induc-
tion generator (DFIG), integral sliding-mode control, unbalanced
grid voltage, wind-energy generation.

NOMENCLATURE
F Variable representing voltage, current and
flux.
b, Uy Stator and rotor winding current.
L, Magnetizing inductance.
Ly, L, Stator and rotor self-inductance.
L, Ly, Stator and rotor leakage inductance.

Pn Number of pole pairs.

P, Q Stator active and reactive power.
R, R, Stator and rotor winding resistance.
T, Electromagnetic torque.

U, Uy Stator and rotor winding voltage.

w1, O Phase shift for positive- and negative-
sequence components.

Ags Ay Stator and rotor flux.

We, Wr, wslip  Synchronous, rotor, and slip speed.

0c, 0., 04, Angle of stator flux, rotor, and slip.
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Fig. 1. 'WECS based on DFIG.
A Parameter deviation.
Superscripts
+, — Positive- and negative-sequence synchronous
reference frames.
Reference value for controller.

" Conjugate complex.
Subscripts
+, — Positive- and negative-sequence components.
a, 3 Stationary a—/ axis.
d,q Synchronous d—gq axis.
S, T Stator and rotor.
max, min Upper and lower limits of the parameter.
0 Nominal value of parameter.

I. INTRODUCTION

HE mainstream high-power wind-energy conversion sys-
T tems (WECSs) are based on doubly-fed induction gen-
erators (DFIGs). The stator windings of DFIGs are directly
connected to the grids, and rotor windings are connected to
the grids through back-to-back power electronic converters (see
Fig. 1). WECSs based on DFIG offer several advantages over
constant-speed WECSs, including maximizing power capture,
reducing mechanical stresses, improving power qualities, and
increasing transient stability margins of the electrical grids [1].
Comparing with synchronous generators, DFIGs are more suit-
able for high-power applications, because only a portion of the
generated energy has to be processed by the power electronic
converters [2].

WECSs are usually located in rural areas with weak grid con-
nection, in which grid-voltage unbalance may arise even during
normal operation. The grid-voltage unbalance may be caused
by unbalanced transmission line impedance, unbalanced load,
and large single-phase load. If the grid-voltage unbalance is
not taken into account in the controller design, even a small
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unbalanced grid voltage could introduce a highly unbalanced
stator current, which will cause torque and power pulsations at
twice the grid frequency. The torque pulsations will result in
acoustic noise at low level and damage the rotor shafts, gear-
boxes, and blades at high level [3].

Various schemes based on vector control to eliminate torque
and power oscillations of DFIGs under unbalanced grid volt-
age are proposed in [4]-[7]. Brekken and Mohan [4] extract the
torque pulsations at twice the grid frequency, and then gener-
ates rotor-compensating voltage to compensate for the torque
pulsations. Hence, the parameters of controller have to be care-
fully tuned to provide adequate gain for both the dc component
and the double-frequency component in the synchronous ref-
erence frame. Xu and Wang [5] investigate the impact of un-
balanced grid voltage on the torque and power pulsations, and
proposes a dual-current controller to control the rotor positive-
and negative-sequence currents in the positive- and negative-
sequence synchronous reference frames, respectively. Hu
et al. [6] propose an improved current-control scheme based on a
proportional—integral (PI) plus resonant-current regulator in the
positive-sequence synchronous reference frame and eliminates
the decomposition of the rotor current into sequence compo-
nents. The rotor-side convertor is controlled to limit the torque
pulsation, and the grid-side convertor is controlled to limit the dc
voltage ripples under unbalanced grid voltage in [7]. Two meth-
ods to separate positive- and negative-sequences components
are also introduced and compared.

PI-based vector control is a popular and practical control
method, which is proven effective by many researchers and
industrial applications. In the control scheme, the nonlinear
cross-coupling is eliminated with feed-forward compensation.
With the compensation, the motor model becomes linear and
PI control techniques can be applied. However, since the de-
coupling procedure involves motor parameters, the resulting
control scheme is sensitive to these parameters [8]. Hence, the
performance of vector control depends on the accuracy of motor
parameters [9].

In practice, motor parameters are generally obtained by
identification experiments in which errors are unavoidable.
The parameters will also be influenced by the environment
and operating condition, for example, the resistance may vary
with temperature and the inductance may vary with magnetic
saturation.

Because of the parameter dependence of vector control, direct
power control (DPC) [9] and direct torque control (DTC) [10]
have been proposed as alternatives to vector control. Santos-
Martin et al. [11] propose a DPC scheme to achieve good
dynamic responses and control power or torque oscillations
under unbalanced voltage. The DPC scheme directly controls
the power by selecting voltage vectors from a lookup-table ac-
cording to the logic outputs of hysteresis controllers. However,
the hysteresis control has some disadvantages, such as vari-
able switching frequencies and current distortions, which will
degrade the qualities of output power [10], [12].

In order to solve the parametric robustness issue of vector
control and power quality issue caused by variable switching fre-
quency in DPC or DTC, this paper proposes an integral sliding-

mode DTC (ISM-DTC) scheme with space-vector modulation
(SVM) to control DFIGs under unbalanced grid voltage.

The essential idea of sliding-mode control (SMC) is to en-
force sliding-mode in a predefined sliding surface of the system
state space. Once the state of system reaches the sliding surface,
the structure of the controller is adaptively changed to slide the
state of system along the sliding surface. Hence, the system re-
sponse depends only on the predefined sliding surface and is
insensitive to variations of system parameters and external dis-
turbances. Interest in this control approach has emerged due to
its potential to eliminate the effects of parameter variations with
minimum complexity of implementation [8]. In recent years,
a lot of research effort has been devoted to the application of
SMC techniques to electrical drives and wind-energy genera-
tion [13]-[15].

Simulation and hardware experiment results are reported
to validate that the proposed ISM-DTC scheme can effec-
tively suppress ripples in torque and power. The experiment
results of the unbalanced control method proposed in [5], in
which two PI current controllers are used to control the ro-
tor positive- and negative-sequence currents respectively, are
obtained on the same platform for comparison. The results
show that the proposed ISM-DTC scheme has better parametric
robustness.

II. DFIG MODEL UNDER UNBALANCED GRID VOLTAGE

Based on symmetrical component theory, all unbalanced volt-
age, current, and flux vectors in the stationary reference frame
can be represented as the superposition of positive-, negative-,
and zero-sequence components. Since the neutral points of
DFIGs are not connected to grids, all the zero sequence compo-
nents are inexistent. Hence, in the stationary reference frame,
the unbalanced voltage, current, and flux vectors can be decom-
posed into positive- and negative-sequence components as

F_:a:ﬁ(t) = ﬁa‘6+ (t) + ﬁaﬁ*(t)
— ‘ﬁw+|ej(wpt+w+) + Iﬁ,g,\ej(‘“¢*t+¢*). (1)

The positive-sequence synchronous reference frame rotates
at synchronous speed, while the negative-sequence synchronous
reference frame rotates at the same speed but contrary direction.
The transformations of variables among the stationary, positive-
sequence synchronous and negative-sequence synchronous ref-
erence frame are given as

Ft —F e d(wetter) Ft — Frei2wet—iles—¢-)
dqg — (nge dqg — que e

- — B o—d(—wette) 0 + j2wet j(ps —p

Fy, = Fage F, =F, peliele ). (2)

All the unbalanced voltage, current, and flux vectors of the
stator and rotor can be expressed as the superposition of respec-
tive positive- and negative-sequence components

Fl =Ff +Fl =F

ot +ﬁd;76*12wete*.j(¢+*¢—). 3)

The model of DFIG in the positive- and negative-sequence
synchronous reference frames has been presented in [5] and
[6]. In the positive-sequence synchronous reference frame, the
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relationships among the positive-sequence variables are

ot
T, =R+ /\2‘;” F jwe s 4)
. e e .
Uggry = Brigg,, + —at J(We = pnwr)hggrs  (5)
Fagss = Lutfyey + Luify, ©)
Ad@”’ = L quer + L, qur+ (7

In the negative-sequence synchronous reference frame, the
relationships among the negative-sequence variables are

IR - d)"dqs— . ad

Uggs— = R'—“’qus— + 7 - jwfﬁ)"dqsf (®)
—— g dxc;rrf . ——

Ugyr = Rigy, + g + J(~we = Puwr)Agg— (9
)_")d_qs =L qus— + Lmldqr_ (10)
Ragr— = Lunbagee + Lty (11)

The torque and stator-side apparent power of DFIG are

T. = —1.5p, Im (X,iy)

st 2+ el
71.5pn Im[)\.dqs_‘_'lqus+ + )‘dqs—ldqs—

-— 54 o, "
; —j2wet ,—j(ps —p-)
+ )‘dqs—ldqs-‘r € €

_|_X;Is+fd;s_€j2wptej(¢+*s«h)] (12)

S - P +.]QS =1L 5”-515 =1 5[udqs+ dqs+ + udqe—qusf

S+

—j2wet =iy —p-)
+ udqs—lquJre €

+ﬁ(;:]s+qu57e.72whtej(¢+—99—)]_ (13)

III. CONTROL-OBJECTIVE ANALYSIS UNDER UNBALANCED
GRID VOLTAGE

The terms with complex exponents in (12) and (13) will result
in torque and power pulsations at twice the grid frequency. Thus,
the controller of DFIG under unbalanced grid voltage should be
designed to achieve two objectives. The primary objective is
to regulate the torque and stator reactive power independently,
which is the exclusive objective under balanced grid voltage.
The second objective is to minimize the ripples in torque and
power caused by unbalanced grid voltage.

Define positive- and negative-sequence torque as

ot S+
T(i+ = 715pn Im()"dquerqur) (14)
T, = —1.5p, Im(X gy _igqs_)- (15)
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Define positive- and negative-sequence reactive power as

S+
Q. =15 Im(udwzdw) (16)
Q =15 Im( dqs—qua ) (]7)

In the positive- and negative-sequence stator flux reference
frames, respectively, both the positive- and negative-sequence
components of stator flux have real parts only

|)_;s+|

Because of the relative high grid frequency, the voltages on
stator resistances can be neglected. According to (4) and (8), the
stator voltages have imaginary parts only at steady state

higr = hjpe =Rl Aoy =2 =0.(18)

u;er = we)”(Jirst uq_sf = _we)"d_sf u:lrs+ = ’U/d_57 = 0
(19)

Thus, (14)—(17) can be presented as
T.+ = 1.5p, ()‘:;s+i;9+) (20)
T, = 15p, (g, iy, ) @n
Qs+ = 15w, (A ds+ids+) (22)
Qs, = 71'5(")@ ()\.3972597) (23)

After stator flux oriented, the torque, stator reactive power,
and active power are

T, = 1.5pn (Mg, idyy 4+ hayigs )

+ ()»LJr Ggs— T Ags i ;L§+)cos(2wpt +or —p)

= (dgp gy — hgy_ige,)sinwet + oy — )] 24)
Qs = Lbwe[(Agy, tgyy — Mgy ig,_)

+ (Ajy gy — Ay, iy, ) cos(2wet + pp — o)

+ (hjyy e+ Agy_iney ) sin(2wet + oy — @_)] (25)
P, = 1.5w.[(A} dst 'q” Mg Tgs—)

+ (M ige — Agy_igey) cos(2wet + pp — )

 (hfyslgy =gy gy, ) sin(2wet+p —p )], (26)

According to (24) and (25), in order to minimize the ripples
in torque and stator reactive power, following equations should
be satisfied:

)”;rer ;Sf —)\;572';5+ (27
A$5+id.s - )L(;S—Z(Jirer' (28)

Multiplying both sides of (27) and (28) with )LL +Ags_»>and
rearranging, we get

2
A
L ds— .
)‘ds—lqs— = - + )‘;i:+ qa+ (29)
)“der
" 2
L ds— .
)\'ds—zds— = (}\+5 ) )"chrerstwL (30)
ds+
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Substituting (20)—(23) into (29) and (30), we get

T, =— <’\d*‘—>2T (31)
e— — + e+
)‘der
_ 2
Qs = — (“‘) Q (32)
S— T A_+ S+ -
ds+

According to (26), in order to minimize the ripples in stator
active power, following equations should be satisfied:

)\':lrerZ;sf = )‘;,y—i;er (33)
Myt s = ~hag gy (34)
Using the same deductive process as earlier, we get
2
Ags—
T, = o T.. (35)
ds+
2
M-
Qs = | = Qs+ (36)
)\der

According to earlier analysis, two controllers are required.
The positive-sequence controller implements the decoupled
control of torque and reactive power as the controller does under
balanced grid voltage. The negative-sequence controller regu-
lates the negative-sequence torque and reactive power to follow
the reference values, which are given by (31) and (32) with the
objective to minimize the ripples in torque and stator reactive
power, or by (35) and (36) with the objective to minimize the
ripples in stator active power.

IV. POSITIVE-SEQUENCE CONTROLLER DESIGN
A. Controlled Plant Analysis

In order to choose appropriate input—output control pairs in
DFIG under unbalanced grid voltage, the relative gain array
(RGA) methodology [16] is used to calculate the degrees of
relevance between the input and output variables.

The RGA is calculated as the element-by-element product
of the system transfer matrix and the inverse of its transposed
matrix. A large RGA element indicates that corresponding input
and output variables are relevant, while a small RGA element
shows a low correlation between corresponding input and output
variables [17].

Substituting (6) and (7) into (5), and rearranging, we get

R\ -+ R, L\ -
—+ T T S T+
==X, - == +
udqr+ ( Lo, ) dgs+ ( Lo ) qus+

r

. - . L.\ -+
+]wslip+LamZdZS+ + JWslip+ () )quer (37

. gy
am
dt

LTII

Where L(rm - (Lm - LrLs /Lm )s and Wslier = (wrz - pnwr)-
Substituting (20) and (22) into (37), and then separating the
result into real and imaginary parts, the Laplace equations re-

lating the positive-sequence variables are

R, Ly
1 (La’m s — Lm : ) We

1.5p,we )L;H_

PnWslip+ Lam,

R, L
erm - - n
( - Lm ) P

L
Wslip+ (L) )‘ZILSJr
R\ ..
(Lm> Ads+

—WeWslip+ L(r m

+
- |;uqr+ ‘|
I
Uy

The perturbed form of (38) is

TLS'
1 <L(,m5RLm‘)w(z

1~5pn wfi)\';};+

Te+
Qs+

(38)

PnWslip+ L(rm

R, L,
<L0m5 - L> Pn

m

—We wslip+ L(fm

6Te+ _ 5“;—7,_'_
6Qur | Luj,
(39)
The RGA of the matrix in (39) is
R, L,
(Lam §— I7 ) We Pn Wslip+ an
' R, L,
—We Wslip 4 Lo'm (erm s — L ) Dn
L, ™
(Lum §— i : ) We pn,wslierLJm

% m

’ R. L,
—We Wslip+ erm (L(Tm s — L - ) Dn
_ 1
B (L(rm s — Rr Ls /Lm )2 + (wsli])+ erm )2
R, L.\ ‘
(Ln'm S — ) (wslip+ Lom )2
x 40
2 B2 (40)
(wslip+ Lﬂm) (Loms - L )

where “.x” means element-by-element multiplication.

Since the RGA is only used to analyze the DFIG model,
it is sufficient to be evaluated at zero frequency to give valid
input—output pairs at steady state [16].

If the slip speed of DFIG is in +0.2 of the synchronous
speed, substituting the parameters from the appendix, the di-
agonal RGA elements are between 0.8711 and 1, while the
values of the off-diagonal elements are between 0.1289 and 0.
The diagonal elements are much larger than the off-diagonal ele-
ments. Hence, the positive-sequence torque should be controlled
by the rotor g-axis voltage, and the positive-sequence reactive
power should be controlled by the rotor d-axis voltage. The
conclusion is consistent with the situation under balanced grid
voltage [2].
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Rearranging (38), the differential equations representing the
dynamic response of direct torque/reactive power control are

dT., ul,  R,L, TE,+
— = 1.5p, A, :
dt p d5+ (L + LO"Ian 1 5pn der
Wahp+L )‘dﬁL _ Wslip+Qs+ (41)
LamLm 1. 5W€ ds+

R L Qs+
L(Im Lm 1. 5(418 ds+

4 wslip+TP+ .
15p" ds+

dQs+ U,
E -1 )L+ r+
dt ow ds+ (L +

R )"ds+
LamL

(42)

B. Parametric Uncertainty

The parameters of the DFIG are obtained by identification
experiments in which errors are unavoidable, and furthermore,
these parameters may vary with ambient temperature and mag-
netic saturation. Considering the uncertainties of the machine
parameters, it is assumed that the parameters in (41) and (42)
are bounded as follows:

Rymin < R, = Ryg + AR, < Ry 1ax
Ly min < Ly, = Lo + ALy, < Ly max
Lgmin < Ls = Lgg + ALy < Lgax
Lymin < Ly = Lo + AL, < Ly yax

where R,.o, L;,0, Lso, and L,y denote nominal values, and R,
L,,, L, and L, denote actual values.

C. Integral Sliding-Mode Controller Design

Sliding-mode controller enforces the system state on the pre-
defined sliding surface in the system state space by adaptively
changing the structure of the controller. Hence, the system re-
sponse depends only on the sliding surface and is insensitive to
variations of system parameters and external disturbances [8].

The sliding surfaces are chosen as

t

STet = TTet + 0/ Tret (2)d2rey =0 (43)

=
(44)

SQs+ = LQs+ +C/ TQs+ (Z)dZQ5+ =0

—00

where c is the coefficient of the sliding surface, z7.y, zQs+
are the dummy variables for the integration, and state variables
XTe4, XQs+ are the errors between reference values and real
values

- Te+
- Qer-

In order to guarantee complete robustness during the entire re-
sponse, the system states can be set in the sliding surfaces with-
out the reaching phase, which will be achieved by choosing the

(45)
(46)

*
TTe+ = Te+

TQs+ = Q4
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initial conditions of the integrators as

0 _ TTe0+
13Te+(2)dZTe+ T 47
' dzgey = — 2250+ 48
zQs—O—(Z) 2Qs+ — - (48)
—00

where x7.04 and xq404 are the initial conditions of x7. and
XQ S+ -

The outputs of the sliding-mode controllers consist of equiv-
alent controls and switching controls

+ o eat

Ug = ugh — Aug (49)
+_,eat

Uy = Uy — Dt (50)

The equivalent controls are used to control the nominal plant
model, and the switching controls are added to ensure the desired
performance despite parametric uncertainty.

By using the condition of the equivalent controls as s = 0,
the equivalent controls are derived as

eq+ _ Lom() dz—'(*+ L(77nOC$T(+ RTOLSO T(’+
et 1. 5pn ds+ dt 1. 5pn ds+ Lo 1. 5pn ds+
L70 Wsli +Qs+
+ ——wslip+ Apyy + Lomo———— 51
Ly 00 et IOy B O
eq+ _ Lom() thJr + 0771(]C$QS+ RTOLSO QS+
are L. 5“]" ds+ dt L. 5(4)(; ds+ LmO L. 5(4)(; ds+
R WblierTs+
— —_— . 52
Lm ds+ om0 1. 5 )»ISJF ( )

The switching controls are

= Kre1+Z7e+SIU(STet Tret ) + Kreoqsign(sres )

(53)

+
Aug, .

AuZIFH = KqQs14+2Qs+5ign(5Qs+ 2Qst ) + Kqs21sign(sqs+)-
(54

The constants K in (53) and (54) are determined by the Lya-
punov stability condition as

5Tﬁ+éT€,+ <0 (55)
SQs+ éQs_g_ < 0. (56)
The constants to satisfy the inequality given in (55) are
KT@1+ > max 7(Larn0 - Lam) (57)
L5pahg,
(L(rm() - Lcrm) dT:—O—

Krpeoyr > max

L. 5p” ds+ dt

RT‘LS RrOLsU
()

TP+
L5pn kg,

LmO
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Wslip+
+
1.5, we

LT‘O Lr ) +
-+ — — | Wslip+ A s
(LmO Lm SUPt s+t

The constants to satisfy the inequality given in (56) are

+ (erm() - Lﬂm) Qs+

. (58)

C
K, s > PR Lam _LO'm 59
Qui+ > max | nns (Lomo e

(LamO - L(rm) dQ:Jr

LbweAy,  — dt

RI‘LS RT'OLSO
+ —
Lm Lm 0

KQSQ_A,_ > max

Qs+

L5weAy,

Wslip+
1.5p A

ds+
RrO Rr
— AT
* (Lm() Lm) ds+

In (58) and (60), T}, /dt and dQ}, /dt will be infinite if the
reference values are abruptly changed, and hence, K7.9 and
K24 cannot be determined if parametric uncertainty is con-
sidered. Therefore, the rising and falling rates of input reference
signals should be limited. Practically, in practical engineering
implementations, rate limiters are also need to avoid large stress
on mechanical and/or electrical components.

The switching actions in (53) and (54) will result in chattering
phenomenon. It can be conquered by boundary layer solution,
which replaces the sign functions with saturation functions in a
small vicinity of the sliding surface. Hence, control discontinu-
ities and switching actions in the control loop are avoided.

Parametric uncertainties defined in Section IV-B are included
in the design process of sliding-mode control scheme as ex-
plained here. The nominal parameters are used to generate
equivalent controls given as (51) and (52) to control the nominal
plant model. The bounds of parametric uncertainties are used
to determine the coefficients of switching controls to guaran-
tee that Lyapunov stability conditions given in (55) and (56)
are fulfilled, when parametric errors exist. The coefficients of
switching controls are determined according to (57)—(60).

+ (Lam - LamO) Te+

. (60)

V. NEGATIVE-SEQUENCE CONTROLLER DESIGN

Substituting (10) and (11) into (9), and rearranging gives

- _ Rr e RTLS -
udqrf - Tm )‘dqsf - Lm qusf +

. - R L, -
+ .]Wslipra'm qus— + JWslip— (.[/7) )‘dqsf (61)

dquk

Lam
dt

where wyiip— = (—we — Ppwy).
Substituting (21) and (23) into (61), and then separating the
result into real and imaginary parts, the Laplace equations re-

lating the negative-sequence variables are

1
L5ppwedy,
R.L,
(Lam s — - ) We _pnwslipram
X m BRI
_wewslipram - (Lams - LT - ) Pn
m
L, s=
Tﬁ, u;r, Wslip— Lm ds—
. = - (62)
Qs- Ug, & A
Lm ds—
The perturbed form of (62) is
1
1.5ppwed
R.L,
(Lam s — - ) We _pnwslipram
X m BRI
_wewslipram - (Lams - LT - ) Pn
m
0T, _ ou,,.
. R " (63)
5Q,- Suy,
The RGA of the matrix in (63) is
L
(Lom s — ng - ) We —Pn wslipram
m L )
_wawsliprn'm - (Lam s — R/ = ) DPn
L, AN
(Lams - R[: - ) We _pnwslipr(fm
X m
: L,
_wcwsliprrfm - (Lams - R]; - )pn
_ 1
- (Lcrm s— R, L, /Lm )2 + (Wslip—Lam )2
Lo\?
(Lom S — R7 ul ) (wslipram )2
x L RLA2 (64)
(wsliprom )2 (Lom S — L )

If the slip speed of DFIG is in 0.2 of synchronous speed, sub-
stituting the parameters from the appendix, the diagonal RGA
elements are between 0.0529 and 0.0770, while the values of the
off-diagonal elements are between 0.9471 and 0.9230. The oft-
diagonal elements are much larger than the diagonal elements.
Hence, the negative-sequence torque should be controlled by the
rotor d-axis voltage, and the negative-sequence reactive power
should be controlled by the rotor g-axis voltage, which is dif-
ferent from the positive-sequence case.

Because there are no transient terms in the off-diagonal el-
ements of (63), only integral controllers shown in (65) and
(66) are adequate to achieve first order dynamic responses in
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Rotor
Converter
\ r
Ripple
Minimized
Strategy 1
31) & (32) )
or slip+ (9
(35) & (36) Slip P
§— Caleulat @, | Encoder
T 7 a)sh_m_ alculate | I
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Fig. 2. Proposed ISM-DTC scheme of DFIG under unbalanced grid voltage.
closed-loop system 1
F, (t)= §[F(l (t) + Fs(t — m/2w,)] (69)
- g 1
Ugp— = KTg— / (Te— Te_)dt (65) Fb,(t) — i[Fg (t) _ Fa (t _ 71'/2(4)5)]. (70)
U, = Kgs— — — Q:_)dt. 66 . .
"= Qs / (@ = Q) (66) Fig. 2 shows the block diagram of the proposed ISM-DTC

VI. SYSTEM IMPLEMENTATION

The proposed control scheme requires fast and accurate de-
composition of positive- and negative-sequence components.
There are usually two methods [7]. The first one is using filters
to bypass dc components and suppress double-frequency com-
ponents in positive- and negative-sequence synchronous rotating
reference frames. The second one is based on signal delay can-
cellation. The positive- and negative-sequence components are
calculated by adding or subtracting the present real-time signal
with the signal delayed for a quarter of period in the station-
ary a—( reference frame. The second method is adopted in this
research, and the decomposition algorithm is given as

Ex'Jr (t) =

[E! (t) - E3 (t - 71'/20.}5)] (67)

N | =

Fo(t) = 5lFs(0) + Falt —m/20)]  (69)

scheme of DFIG under unbalanced grid voltage. The positive-
and negative-sequence components of stator flux, torque, and
reactive power are calculated in the stationary a—( reference
frame using respective positive- and negative-sequence compo-
nents of stator voltage and current as follows

)Laﬂszt - /(uaﬁs:ﬁ: - Rsiuﬁsi)dt (71)
,‘Tei - 1-5pn ()‘-asiiﬁsi - )\ﬂsiiasi) (72)
Qsi = 1-5(u6siiasi - uasiiﬂsi) (73)

As mentioned in (18), in the stator flux reference frame, the
d-axes flux equals to flux magnitudes and the g-axes flux is zero,
hence the flux magnitudes and angles have to be evaluated with
(71). The control algorithms shown in (43)—(54), (65), and (66)
do not include stator d—q axis voltage and current, and the torque
and reactive power feedback is calculated in the stationary a—(3
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reference frame, hence the coordinate transformations and d—g
decomposition of stator voltage and current are eliminated.

Since the torque and reactive power are directly con-
trolled by rotor voltage, the rotor current is not present
in the control arithmetic, which eliminates the measure-
ment, coordinate transformation and sequence decomposi-
tion of rotor current. Hence, the control algorithm is sim-
pler than the cascaded PI control scheme proposed in [5], in
which the rotor current should be measured, coordinate trans-
formed and decomposed into positive- and negative-sequence
components.

VII. SIMULATION RESULTS

The proposed ISM-DTC scheme is simulated with MAT-
LAB/Simulink. The nominal parameters of DFIG are shown in
the Appendix. The rising and falling rate of positive-sequence
torque and reactive power reference input is limited at 425
N-m/s and £5000 var/s, respectively. The value of sliding sur-
face coefficient c is chosen as 20. To determine the switching
control, the bounds of parametric uncertainties are assumed as
0-5R7’0 < R'r < I'SRTO’ O~5Lm0 < Lm < 1-5Lm0’ 0~5Lr0 <L
< 1.5L,,and 0.5Lsy < Ls; < 1.5L5(. Under these assumptions
and according to (57)-(60), the constants in (53) and (54) can
be chosen as K7.14+ = 0.152, Kp.0o =45.15, K514+ = 0.001,
and K424 = 75.95. The constants of the integral controllers in
(65) and (66) are chosen as K7, = 1624, Ko, = 10.34.

In all the simulations, the voltages of phases A and B are
kept at the rated values and the voltage of phase C is reduced
to provide a three-phase unbalanced supply voltage. The ratio
of negative-sequence to positive-sequence voltage is 10%. The
torque reference value is step-changed from 0 to—5 N-m at 0.1 s,
while the reactive power reference is kept at 1000 var.

Fig. 3 shows the simulation results with the torque and re-
active power ripple-minimized strategy. The torque of DFIG
tracks the reference value and the stator reactive power remains
almost unchanged. The average value of the stator active power
changes with the torque. The ripples in torque and reactive
power are effectively minimized, but the active power pulsa-
tions are at twice the grid frequency. Because the magnitude of
the generator torque increases, the generator decelerates from
super-synchronous speed to subsynchronous speed, which does
not influence the control performance. Fig. 4 shows the simula-
tion results with the active power ripple-minimized strategy. In
contrast with Fig. 3, the ripples in active power are effectively
minimized, but the torque and reactive power pulsations are at
twice the grid frequency.

To show the parametric robustness of the proposed ISM-DTC
scheme, the magnetizing inductance of the DFIG is set to 50%
and 150% of nominal value, respectively. The simulation re-
sults are shown in Fig. 5 with torque and reactive power ripple-
minimized strategy, and in Fig. 6 with active power ripple-
minimized strategy. Even with so large inductance error, the
ripples in torque and power are still effectively minimized by
corresponding control strategies, and there is hardly any differ-
ence in the responses. The rotor winding resistance of the DFIG
is also set to 50% and 150% of nominal value, respectively.
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Fig. 5. Simulation results with torque and reactive power ripple-minimized

strategy under magnetizing inductance errors.

The responses of both control strategies shown in Figs. 7 and 8
verify the parametric robustness of the proposed scheme again.

VIII. HARDWARE EXPERIMENTAL RESULTS

Fig. 9 shows the configuration of the hardware experimental
system. The rotor shaft of the DFIG is mechanically coupled
with a separately excited dc motor, whose armature and field
voltages can be manually adjusted to emulate a variable-speed
prime mover with linear torque—speed characteristics. The A-
phase and B-phase stator windings of the DFIG are directly
connected to the three-phase grid, and the C-phase stator wind-
ing is connected to the grid through an autotransformer. The
autotransformer is manually adjusted to reduce the voltage to
provide a three-phase unbalanced supply voltage. The ratio of
negative-sequence to positive-sequence voltage is 10%. The ro-
tor converter is an integrated power module (IPM) based inverter
controlling the voltage applied to the rotor winding of the DFIG.
The dSpace DS1103 is a prototyping card installed in a PC. It
acquires stator voltages, stator currents, and rotor position from
the sensors and the encoder at a rate of 5 kHz, and processes
them with the proposed control algorithm. The card then gen-
erates 10 kHz space vector pulsewidth modulation (SVPWM)
switching signal for the rotor convertor control. The operating
conditions and signals are displayed and stored in the PC in
which the prototyping card is installed. The parameters of the
DFIG are shown in the Appendix.
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Fig. 10 shows the experimental results with the torque and
reactive power ripple-minimized strategy. The torque reference
value is step-changed from O to -5 N-m at 0.1 s, while the
reactive power reference is kept at 1000 var. The torque of DFIG
tracks the reference value and the stator reactive power remains
almost unchanged. The ripples in torque and reactive power are
effectively minimized, but the active power pulsations are at
twice the grid frequency. Fig. 11 shows the experimental results
with the active power ripple-minimized strategy. In contrast with
Fig. 10, the ripples in active power are effectively minimized,
but the torque and reactive power pulsations are at twice the
grid frequency. The experimental results are very similar to
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Fig.10.  Experimental results with torque and reactive power ripple-minimized
strategy.

corresponding simulation results, which prove that the practical
characteristics are identical with theoretical derivations.

To compare the proposed ISM-DTC scheme with tradi-
tional control schemes, experiments of two cascaded PI control
schemes are also carried out on the same hardware system.

First, the experiment of the cascaded PI control scheme with-
out positive- and negative-sequence separation, as proposed
in [2], is carried out. The PI controllers of inner current loop
and outer torque/reactive power loop are both designed to obtain
first-order closed-loop responses, whose time constants are 10
and 50 ms, respectively. Fig. 12 shows the harmonic spectrum of
torque, reactive power, and active power of the DFIG operating
with a torque of —8 N-m and a reactive power of 1000 var. With
traditional control scheme proposed in [2], the magnitudes of
the 100 Hz ripples in torque, reactive power, and active power
are 93%, 76%, and 76% of their respective average values. With
torque and reactive power ripple-minimized strategy, the cor-
responding ratio is reduced to 3%, 3%, and 18%, respectively.
With active power ripple-minimized strategy, the corresponding
ratio is reduced to 21%, 21%, and 2%, respectively.

To understand why the torque and power ripples are so drasti-
cally reduced with the same PWM and switching frequency, we
can refer to (20)—(36). If the relationship between the positive-
sequence and negative-sequence torque satisfies (31) and the
relationship between positive-sequence and negative-sequence
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reactive power satisfies (32), the terms periodic changing at
twice the grid frequency in (24) and (25) equal to zero. Hence,
the torque and reactive power have only zero-frequency com-
ponents. Similarly, if (35) and (36) are satisfied, the periodic
changing terms in (26) equal to zero, and hence, the active
power ripples are eliminated.

Second, the experiment of the cascaded PI control scheme
with positive- and negative-sequence separation, as proposed
in [5], is also carried out. Both the positive-sequence and
negative-sequence current loops are designed to obtain first-
order closed-loop responses with 10 ms time constant. The
torque/reactive power loop are designed to obtain first-order
closed-loop responses with 50 ms time constant. Fig. 13 shows
the active power harmonic spectrum with active power ripple-
minimized strategy when the DFIG operates with a torque of
—8 N-m and a reactive power of 1000 var. When the value of
magnetizing inductance used in the controller equal to the ac-
tual machine parameter, the cascaded PI control scheme shows
similar ripple-minimized effect with the proposed scheme, as
shown in Fig. 13(a). To compare the parametric robustness, the
value of magnetizing inductance used in the controller is set to
+50% departing from the actual value. Fig. 13(b) and (c) shows
that the ripples are almost the same when the proposed ISM-
DTC scheme is used, but increase when the cascaded PI control
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scheme proposed in [5] is used. Hence, the proposed ISM-DTC
scheme shows better parametric robustness.

IX. CONCLUSION

An ISM-DTC scheme with SVM is proposed to control the
WECSs based on DFIGs under unbalanced grid voltage. Differ-
ent control objectives can be achieved, including minimization
of ripples in torque and stator reactive power, or minimization
of ripples in stator active power.

Compared to existing control schemes of DFIGs under unbal-
anced grid voltage, the parametric uncertainties are included into
the design procedure of sliding-mode controller, which guaran-
tees the robustness of the system. Furthermore, because the
torque and reactive power are directly controlled by rotor volt-
age, the measurement, coordinate transformation, and sequence
decomposition of rotor current are eliminated, and the coor-
dinate transformations of stator voltage and current are also
eliminated, which simplifies the structure of the controller.

Simulation and experimental results verify that the proposed
ISM-DTC scheme can effectively minimize the ripples in torque
and power of the DFIG under unbalanced grid voltage, even if
parametric errors exist.

APPENDIX
MACHINE PARAMETERS

Stator rated voltage: 380 V.

Stator rated current: 4.5 A.

Rotor rated voltage: 120 V.

Rotor rated current: 10 A.

Operating frequency: 50 Hz.

Synchronous speed: 1500 r/min.

Magnetizing inductance (referred to the stator): 0.2987 H.
Rotor leakage inductance (referred to the stator): 0.0186 H.
Stator leakage inductance: 0.0186 H.

Rotor winding resistance (referred to the stator): 5.8985 ().
Stator winding resistance: 2.6596 €.

Stator-to-rotor turn ratio: 3.1667.
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