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Abstract—This paper presents a robust continuous-time model
predictive direct power control for doubly fed induction genera-
tor (DFIG). The proposed approach uses Taylor series expansion
to predict the stator current in the synchronous reference frame
over a finite time horizon. The predicted stator current is directly
used to compute the required rotor voltage in order to minimize
the difference between the actual stator currents and their refer-
ences over the predictive time. However, as the proposed strategy
is sensitive to parameter variations and external disturbances, a
disturbance observer is embedded into the control loop to remove
the steady-state error of the stator current. It turns out that the
steady-state and the transient performances can be identified by
simple design parameters. In this paper, the reference of the stator
current is directly calculated from the desired stator active and
reactive powers without encompassing the parameters of the ma-
chine itself. Hence, no extra power control loop is required in the
control structure to ensure smooth operation of the DFIG. The
feasibility of the proposed strategy is verified by the experimental
results of the grid-connected DFIG and satisfactory performances
are obtained.

Index Terms—Continuous-time model predictive control
(CTMPC), direct power control (DPC), disturbance observer, dou-
bly fed induction generator (DFIG), renewable energy.

I. INTRODUCTION

N the last few years, wind energy has been identified as the

major contributor among all renewable energy resources,
which has resulted in a strong increase wind power penetration
into the electricity supply network. Wind energy conversion sys-
tem (WECS) employs different type of electrical machines to
produce electricity with zero emission. Among them, the dou-
bly fed induction generator (DFIG) has been gradually occupy-
ing a larger market share due to several advantages, including
variable speed operation, full power control capacity, high ef-
ficiency, low system cost, and decoupled active and reactive
power control. Generally, the DFIG-based wind energy conver-
sion technology uses back-to-back power electronic converters
consisting of the rotor-side converter (RSC) and the grid-side
converter (GSC) [1]. The control of the RSC and GRC allows
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both supersynchronous and subsynchronous operations. Typi-
cally, the rating of the back-to-back converter is around 30%
of the generator capacity, resulting in cost savings compared to
the full-scale converter. Taking into account the limited voltage
of the back-to-back converter, the mechanical speed variation is
about £30% of the synchronous speed.

Traditionally, the DFIG is controlled using three approaches,
namely, vector control (VC), direct torque control (DTC), and
direct power control (DPC). The VC scheme [2] is widely used
because of its design simplicity and it is formulated based on
either stator voltage or flux orientation. As a result, the rotor cur-
rent is decomposed into active and reactive power components
in the synchronously rotating reference frame. Thus, the sta-
tor active and reactive powers can be independently controlled
by regulating the rotor current components. Various rotor cur-
rent controllers have been proposed, e.g., proportional-integral
(PD) controller [3], [4], predictive control [5], sliding mode con-
troller [6], etc. Generally, all the aforementioned methods offer a
good performance in terms of robustness and disturbance rejec-
tion. However, the main drawback of the VC scheme is that the
rotor current references highly rely on the machine parameters
and stator flux. Such limitation implies the need for additional
control loops to generate the rotor current references [2], [7].

The DTC was first introduced in [8] for controlling the
squirrel-cage induction motor. The main idea of DTC is to in-
stantaneously control the torque and the stator flux based on
a predetermined voltage vector lookup table. Such a strategy
necessitates the knowledge of the stator flux in magnitude and
angle, as well as the electrical torque. For DFIG, as the stator
windings are directly connected to the grid, the stator flux is
constant in magnitude and frequency; hence, the DTC can be
applied by regulating the rotor flux instead of the stator flux [9].
The DTC approach has several advantages, including fast tran-
sient response and low parameter dependence. Nonetheless, its
implementation requires a high sampling frequency and leads to
high and variable switching frequency, which may magnify the
current ripples. In an attempt to overcome such a drawback, the
hysteresis band, usually used in a DTC scheme, can be replaced
by a simple torque controller [10]. On the other hand, space
vector pulse width modulation can also be combined with the
DTC approach to solve the problem of variable switching fre-
quency [11]. With these improvements in DTC, good dynamic
performance can be achieved; however, for power regulation,
an external loop is still required to ensure good steady-state
performance.

An alternative way to tackle the need for an extra loop is
to use a control scheme that directly generates the rotor voltage
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commands based on the difference between the stator power and
its reference signal. This has been addressed in several research
works and known as DPC [12]-[16]. Similar to the DTC tech-
nique, the conventional DPC approach uses a predefined switch-
ing table to control the active and reactive power. An example
of the implementation of this strategy was presented in [12] and
revealed that the performance of such a method is mainly related
to the stator flux position, which strongly depends on the stator
resistance. The newly developed DPC approach avoids the use
of switching tables and employs robust controllers to achieve
better power quality with constant switching frequency. In [13],
a nonlinear sliding mode control approach has been applied to
calculate the required rotor voltage in the stator stationary frame.
A simple PI controller with feedforward compensator is used
in [14] to remove the steady-state error while, at the same time,
aresonant controller is embedded in the loop to compensate for
fifth and seventh current harmonics coming from the distortion
of the grid voltage. The stability analysis of the entire closed-
loop system is performed in [15] to come up with a simple PI
controller without involving flux measurement and decoupling
terms. Another variant of the DPC method is described in [16],
where the required rotor voltage is calculated based on the es-
timated rotor flux. However, exact knowledge of the machine
parameters is required to generate the reference of the rotor
flux. Combined vector and DPC were presented in [17], and
a complete overview about the control of DFIG can be found
in [18]. In the majority of the aforementioned works, some
challenges and improvements of DPC in controlling DFIG are
demonstrated by simulation results, but, it is rarely that experi-
mental tests have been conducted to demonstrate the feasibility
of the proposed approaches, e.g., [12], [13], [15], and [17]-[22].
Recently, other controllers have been proposed to realize DPC,
such as Backstepping control [23], where the performances of
the controller are mainly based on the accuracy of the model
parameters. Hence, zero steady-state error cannot be guaranteed
under model uncertainties.

The model predictive control (MPC) is widely used for the
DPC scheme, and it can provide a good overall performance. In
MPC, the required rotor voltage is selected to optimize a cost
function whose form depends on the performance specifications
such as the minimization of the difference between the stator
active and reactive powers, and their references [19]-[22], [24],
[25]. An example of the MPC approach is to evaluate at each
sampling time, the power error for all possible voltage vectors,
and select the one which gives the lowest power error value
over a predictive time [19]. For such a strategy, the predictive
time is fixed to the sampling time, and the steady-state per-
formance is enhanced by either using a small sampling time
or/and arbitrarily adding an integral action, with a larger time
constant, in the controller [5], [24], [25]. Such requirements
raise concern about the design of these parameters. This issue
is handled alternatively in this paper. To guarantee a fast tran-
sient response, while at the same time enhance the steady-state
performance of DFIGs, this paper proposes a continuous-time
model predictive DPC approach with a disturbance observer to
compensate for the offset caused by model uncertainties and
external disturbances [26]. The aim of this paper is to achieve
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Fig. 1. DFIG-based WECS using back-to-back converters, with an L-type
filter and a dc-link capacitor C.

independent stator active and reactive powers by means of sta-
tor current control. The idea behind the proposed strategy is
to use Taylor series expansion to approximate a cost function
minimizing the difference between the stator currents and their
references. Such a methodology leads to a closed-form solution
of the resulting optimization problem [27]. More specifically,
it turns out that the resultant controller is almost equivalent to
the existing MPC of DFIGs [5]; however, the prominent differ-
ence is in the predictive time being different from the sampling
time. More interestingly, an integral controller arises naturally
in the loop which is one of the salient features of this paper. A
similar methodology is adopted in [28] to design an accurate
control of a permanent magnet synchronous motor (PMSM),
where a newly defined cost function is used to directly intro-
duce an integral action in the controller. The main advantage
of the proposed controller, in comparison to that developed for
a PMSM, is that the disturbance rejection performance can be
appropriately specified by an adequate design of a disturbance
observer. Synchronous, supersynchronous, and subsynchronous
operations of a 2-kW DFIG are experimentally examined under
the proposed control scheme. Simulation results are also pro-
vided based on the parameters of a realistic WECS of 2-MW
DFIG. It is worth to mention that the active/reactive power ref-
erence required to work at a specified operating point is mainly
related to the dimensioning of the whole system including the
converters.

II. SYSTEM DESCRIPTION AND DFIG MODELING

The DFIG-based WECS considered in this paper is depicted
in Fig. 1. Assuming that the machine is balanced and using
motor convention, the machine equations in the dg reference
frame are given by [29]

d S . .

% = _Rslsdq - ]Wswsdq + VUsdq

” (1)
Trtdq = _Rrirdq - ] (ws - wr) 1l)rdq + Urdq

where 44, 544, and vyqq, are given as follows:
d)sd . Tsd Usd
¢sdq = s lsdg = | . y Vsdqg = (2)
wsq 1sq VUsq
and v,qy, 944, and v,.q,, are expressed as follows:

%z, . ’L',» (Y
un[3] e[ e[ o

Here, (Vsa,%sq), (isd,tsq), and (vsq, Usq) are the components
of the stator flux 1), current iy, and voltage vy, respectively,
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in the dq reference frame, while (¢,q,%q), (4rd,%4), and
(vrd,vrq) represent the components of the rotor flux ., cur-
rent 7,, and voltage v,, respectively, in the dg reference frame.
R, R,, and wy, are, respectively, the stator and rotor resistance,
and the synchronous angular frequency.

The rotor and stator fluxes are described in terms of rotor and
stator currents as

/wsdq = Lsisdq + Lm Z'7“dqa wrdq = Lrirdq + Lm isdq~
“4)

This leads to

. o ’(/}sdq - Lsisdq o Lr

lrdg = Lm ) ¢rdq — Lm

(wsdq - O—Lsisdq)
2 5)

whereo =1 — LP'E represents the leakage factor. L,,,, L, and
L,, represent the mutual inductance, the stator inductance, and
the rotor inductance, respectively. From (1) to (5), it follows that

dst . . Vsd Lm Urd
dt = —algq + Wsilsq + bwsd + er’L/J,sq + U[:s - O'LSLr
dis - - /1)8 L'nl UT
dtq = —Qlgqg — Wsilsd + bwsq - erd}sd + O'qu - O'LéL‘,I
(6)
where
RsL, + LR, R, 1
a= — b= , c=
olLyL, oL,L, oLy
Wslp = Ws — Wr. (N

Here, w, and wy; represent the rotor and the slip angular fre-
quency, respectively. The instantaneous active and reactive pow-
ers P; and @)y, generated at the stator side, can be written as a
function of the stator voltages and currents as follows:
3 . )

P, = Qs = _5 (Usqzsd - vsdzsq) .

(®)
If the g-axis of the reference frame is aligned with the stator
voltage, i.e., vy, = V, andvyq = 0, then, by neglecting the stator
resistance, we obtain

3 . )
_5 (Usdlsd + Usqzsq) )

Vs
1;[}3 = wsd ~ jv wsq ~ 0. &)

Moreover, the expressions of P and () in (8) can be simplified
as follows:

3. 3.
P, :_5‘/;’%(17 Qs = _51/;'15(1- (10
Thus, knowing the magnitude V; of the grid voltage, the stator
active and reactive powers can be independently controlled by
regulating the stator current components separately. Using (9),

the equations describing these components become as

disd V. Lm

dt atsq + wslzsq + W, O'LSL,. ('U'rd d)
dis . . w,lV, L
dt’l = —Wyilgg — Algg +C :ds s T:LLT ('U,,q — 5(])

(1)
where 6, and §, are additive terms that represent model un-
certainties and external disturbances. To simplify the controller
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design, it is assumed that
Jim 5q =0, Jim 5, = 0. (12)

III. CONTINUOUS-TIME MODEL PREDICTIVE CONTROL
(CTMPC)

Although CTMPC has been successfully applied to electri-
cal machines such as PMSMs [28], it has not been practically
applied to DFIG. Recent advances in CTMPC have resulted
in improving the steady-state performance [30], [31], and have
made it to compete with other robust approaches. In CTMPC,
the control objective is reduced to an optimization problem,
where the performance requirement is formulated in terms of
a cost function. For DFIG, the performance specifications can
be achieved by the minimization of the following quadratic cost
function

T, T,
%:/ (ed(t+7))2d7+/ (eq(t—l—r))QdT (13)

0 0
where T, is the predictive time. The tracking errors ¢4 and ¢,
are described in terms of the stator currents components and
their references ¢,grer and iqrer as follows:

{ €d (t + T) = Usdref (t + T) —lsd (t + T)
eq P+ 7T) =tsgrer (t+T7) —isq (t+ 7).
In CTMPC, the future behavior of each of the tracking errors
is predicted using Taylor series expansion up to the relative
degree with respect to the input. Here, the inputs are the rotor
voltage components. From (11), itis clear that the relative degree
corresponding to each output is equal to unity. By considering
Taylor series expansion up to 1, we obtain

disdrer Clisd>

(14)

€d(t+’7'):€d(t)+7'<

dt dt (15)
(t+ ) o (t) + disqref . disq
€q T)=¢€q T i at .

Following Yang et al. [31], substituting (15) into (13), together
with (11), results in a quadratic cost function, dependent on the
inputs v4, and vy, , which gives the optimal closed-form solution
as follows:

oL,L, 3 dlsdret
=— A )
Vrd I (2Tr €d + ar + Aq | + 04 6
; oL L. 3 diggref
Urq == iﬁmL? <2Tr 6‘1 + d(;;e + AQ> + 61]
where
Vs
Ay = aigq — wslisq —b—
ws
. . wy Vs an
Ay = wyilisq + aigg — C -

Now, substituting the control law (16), (17) into (11), gives the
closed-loop system error equations as follows:

. 3 ) 3
€4 = — = €d, € =5 €

Therefore, the predictive time 7, can be selected based on the
desired rise time. As the information about the disturbances is

(18)
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not available for direct measurement, the lumped disturbance
04,4 is replaced by its estimate J4,, in the control law. Such a
requirement reveals the need for a disturbance observer.

IV. DISTURBANCE OBSERVER

A disturbance observer proposed in [26] can be considered
as an adequate candidate for estimating unmeasurable distur-
bances. For the DFIG, the disturbance observer is given by

A Lmld < disd Lmvrd
— dq +1 A
oL L, T d( a T aLer)
_ Lm

”
ly ¢ di Ly,v

(5 l sq A m ¥rq
oL,L, * tl ( et aLer>

IS8
|

where [; and [, are the observer gains. By considering (11)

and (19), the dynamics of the estimation errors e5, = dq — dg
and e;, = 0, — d, are governed by
. Lm ld - . Lm, l -
65(1:_0L8Lr66d+6(17 €6q:—0Lqur€o‘q+5q~
(20)

With the assumption (12), one can conclude that the disturbance
estimation error system can be made asymptotically stable by
choosing the observer gains such that [; > 0 and [, > 0. More
specifically, under a step disturbance, the estimate tracks the ac-
tual disturbance within a time constant of f{Lq LL” . Furthermore,
with a view to avoid practical problems that may arise because
of the time derivative of the stator current components, one can
further simplify the proposed disturbance observer. Indeed, as-
suming that §y ,(0) = 0, and substituting the control law (16),
(17) into the disturbance observer (19) yields

. 3, (!
8y = — o7 /0 eq (1) dr —ljeq (t) + lyeq (0)
31, | Y
Oy = 7213,. /e(l (T)dr —lgeq (t) +1seq (0).
0

Hence, an integral action is naturally introduced in the controller,
rather than arbitrarily adding an integral term to the rotor voltage
command. Such a modification guarantees zero steady-state er-
ror despite parameter variations and unknown disturbances. The
majority of the existing disturbance observers requires the inte-
gration of the system model to estimate an external disturbance.
In other words, the integration of the error between the actual
and the estimated measurement is usually used to generate the
disturbance estimation. In our case, the estimate is driven by
the tracking error eg 4, i.€., the error between the stator current
components and their references, which makes the composite
controller more convenient for a practical implementation.

V. STABILITY OF THE OVERALL CLOSED-LOOP SYSTEM

Neglecting the initial tracking error eq 4(0), the compos-
ite controller consisting of the CTMPC (16), (17) and the
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disturbance observer (21) is given by

oLyL, t
U =T (Kpded (t) + Kid/o eq (T)dr + Nd>

L,L, t
Urg = _ULK : <KINqu (t) + Kig eq () d7 + Nq)
m 0
(22)
where
3 Lm ld 3 Lm lq
K, = — , K, = _— 23
7 nw=5n o, @
and
3Ly lg 3L,
Kig=——7-—7, Kjg=—"9_| 24
¢ AT oL, L, " T oL, L, 24
The predictive terms IN; and N, are given by
d .S‘( T . - ‘/5
Ny = Lodret + Alsq — Wsitsq — b—
dt Wy
. (25)
N — dlsqref Wi 4 @iy — cwslv;
q dt sllsd sq W, .

For the closed-loop system analysis, substituting (22) into the
system dynamics (11) gives

K . oLsL,
id f(f eq (1) dr + Kpgeq (t) + €4 (t) = — 7 5,
K;, [ : oL,L,

iq fo €q (r)dr + Kpqeq (t) + éq (t) = — 5y

m

(26)
The poles associated with the above closed-loop error equations
are given by

3 Ll L1,
S = —— S = - S = - :
Wha) = Top AT TUTT M T TGLLL
27

Since the predictive time and the observer gains are positives, the
closed-loop system is stable, indicating that the tracking errors
are bounded. Additionally, the assumption in (12) guarantees
that the system output tracks its reference with an error, which
eventually converges to zero as time tends to infinity. More
specifically, the reference-to-output transfer function H (s), for
a constant set-point, can be expressed by

(3 + 54 ) o + ot
24 (o + o) s+

Remark 1: The parameters of the composite controller can
be chosen according to the desired pole locations (27). In fact,
in order to have a fast transient response, the predictive time 7}
should be chosen as small as possible to ensure a good tracking
performance, while the observer gain [, , should be chosen large
enough to guarantee a fast disturbance rejection. From a prac-
tical standpoint, either decreasing 7). and/or increasing [, , will
eventually correspond to an amplification of the measurement
noise. Therefore, a tradeoff should be made when designing the
parameters of the composite controller to prevent large magni-
fication of the measurement noise.

Remark 2: The required rotor voltage is calculated based on
the predictive current model over the specified predictive time.

H(s) = (28)
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Fig. 2. Block diagram of the proposed controller for a DFIG-based WECS.

Unlike the conventional MPC of DFIG [5], [24], the predictive
time is not fixed to the sampling time, and it can be chosen based
on the desired settling time. Moreover, the integral controller can
be specified by setting the observer gains to correspond to the
desired disturbance rejection performance, which is different
from the existing MPC for DFIG, where a relatively large time
constant is usually selected for the integral action.

Remark 3: As the initial tracking error eq ,(0) is not con-
sidered in the composite controller (22), the nominal transient
performance, defined by (18), may not be preserved when deal-
ing with a step input because of the introduction of the integral
action. More specifically, the transient performance, in response
to a step input, will be governed by the transfer function given
by (28). To guarantee a good dynamic response, the power ref-
erence can be realized using a first-order low-pass filter to have
zero initial tracking error, i.e., eq 4(0) = 0. Such a strategy al-
lows exploring the capability of the controller to achieve a good
tracking performance, while at the same time, to reduce the
magnitude of the rotor voltage during transients.

VI. COMPUTER SIMULATIONS
A. Control Loop Diagram

Simulation studies have been carried out using MAT-
LAB/Simulink software package to verify the performance
of the proposed controller compared to the conventional VC
scheme. A block diagram for the implementation of the pro-
posed CTMPC-based DPC is depicted in Fig. 2. In this configu-
ration, a phase-locked loop (PLL), as described in [32], is used
to compute the reference angle 0, for the synchronous reference
frame. The stator currents are measured and transformed to dg
frame in which the controller is designed. The stator current
references are computed directly from the desired active and
reactive powers, and the magnitude V; of the grid voltage, with-
out involving the machine parameters or the rotor currents. The
required rotor voltage is calculated based on the stator current
error and, then, transformed into the rotor reference frame. Fi-
nally, a PWM technique is used to control the semiconductor
switches of the RSC based on the rotor voltage commands.

By controlling the current flowing through the line filter, the
dc-link voltage is maintained constant and is regulated at a
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Fig. 3. Block diagram of the VC scheme for a DFIG-based WECS.

desired voltage reference. The controller of the GSC consists of
a conventional cascaded scheme using two PI controllers [7].
Such a control scheme is not described here, as the main focus
is given on the control of RSC of DFIG. It is noticed that all
simulation tests, given in this section, were performed using 2-
MW DFIG with the rotor speed 2, = 1200 r/min. In addition,
sinusoidal PWM technique is adopted to realize the rotor voltage
commands. The system parameters of 2-MW DFIG are listed in
Table I in the Appendix.

The sampling frequency is set to be equal to 6.25 kHz, while
the switching frequency is chosen equal to 3.125 kHz. A time
step of 5 us was used to discretize the DFIG model. The pre-
dictive time can be selected based on the performance specifi-
cations. Following the above remarks, the predictive time 7 is
set equal to 5 ms. The observer gains [, and [, are both set to
be 0.005 so that the time constant of the disturbance observer is

equal to 7, = ;T[LiLL = 28 ms.
4.qLm

B. Dynamic Performance Under Nominal Parameters

First test was performed to compare the proposed controller
CTMPC with the conventional VC scheme, which is given in
Fig. 3, under nominal parameters. The VC scheme uses a PI con-
troller to regulate the stator active and reactive powers through
the control of the rotor current components. To have a fair
comparison, the parameters of the PI controller are tuned using
internal model control [33] so that both controllers provide sim-
ilar current closed-loop bandwidth under nominal parameters.

Figs. 4 and 5 compare the dynamic performance of both con-
trollers using the nominal parameters. In Fig. 4, the active power
was suddenly stepped up from zero to 0.75 per unit (p.u.), while
the reference of the reactive power was kept equal to zero. In
Fig. 5, the active power was maintained equal to zero, with the
reactive power stepped up from zero to 0.75 p.u. From the re-
sults, it can be concluded that both controllers are capable of
producing a fast dynamic response, within the specified settling
time. However, it is clear that the use of a filtered reference al-
lows achieving a good dynamic performance under the proposed
controller, as mentioned in Remark 3.

C. Steady-State Performance Under Model Uncertainty

This test was performed to compare the steady-state perfor-
mance of the proposed controller with that of the VC scheme
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Fig. 4. Response to a step change in active power under nominal model, and

with Q, = 1200 r/min using 2-MW DFIG, where VC and CTMPC denote
VC and CTMPC, respectively. (a) Active power. (b) Current response under
CTMPC.
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Fig. 5. Response to a step change in reactive power under nominal model,

and with ©,, = 1200 r/min using 2-MW DFIG, where VC and CTMPC denote
VC and CTMPC, respectively. (a) Reactive power. (b) Current response under
CTMPC.
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VC and CTMPC denote VC and CTMPC, respectively. (a) Active power. (b)
Reactive power.

under model uncertainty. To this end, the mutual inductance L,,
and the stator self-inductance [, were incorrectly set in both con-
trollers, and their values were set to be equal to 150% and 50%
of their nominal values, respectively.

Moreover, two simulation tests were performed to compare
the performances of both controllers. First, the active power
was stepped up from zero to 0.75 p.u. at £ = 0.1 s, while the
reactive power was kept null, and the corresponding results are
given in Fig. 6(a). The second test consists of stepping up the
reactive power, while maintaining the active power equal to
zero as shown in Fig. 6(b). Fig. 7 represents the power tracking
error for both controllers. As seen, a larger steady-state error is
observed with the VC scheme, especially, for the reactive power
control. This is because the VC scheme cannot guarantee the
zero steady-state error under parameter variations. As shown
in Fig. 3, the steady-state performance of the VC scheme can
be improved by adding an external loop to generate the rotor
current components based on the power error. However, such a
modification may impact the closed-loop bandwidth, and may
complicate the design process.

VII. EXPERIMENTAL RESULTS

Fig. 8 shows the test bed setup used to experimentally verify
the effectiveness of the proposed approach. The system com-
prises a 2-kW DFIG coupled to a controlled induction motor that
plays the role of a wind turbine emulator. The system parame-
ters of 2-kW DFIG are listed in Table II in the Appendix. An
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Fig. 8.  Experimental setup for testing the 2-kW DFIG system.

incremental encoder is employed to measure the rotor posi-
tion/speed. The stator windings are directly connected to the
grid, whereas the GSC is supplied through a line filter from
the grid. Both RSC and GSC are controlled by a dSPACE
DS1103 DSP board, which is equipped with Power PC 750GX
(Master processor) running at 1 GHz, and a Texas Instruments
TMS320F240 DSP (slave processor) running at 20 MHz.

The sampling and the switching frequencies are chosen
similar to that used for the simulation of a 2-MW DFIG. The
observer gains /; and [, are chosen so that the time constant of
the observer gain is about 41 ms, while the predictive time is set
to be equal to 1 ms. Hence, following (28), the active/reactive
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power will need about 2.3 ms to reach its reference. The
switching actions for both RSC and GSC are generated using
the third harmonic injection PWM technique [34]. Several
tests were conducted to experimentally verify the performance
of the proposed controller. However, only some simulation
results with 2-kW DFIG are provided to be compared with the
experimental results, using the same scaling, in order to show
the consistency between the simulation and the experimental
results. Moreover, it is noticed that only the CTMPC is tested
experimentally, as it is clear that the VC scheme given in Fig. 3
suffers from a lack of robustness to parameter variation,
although it can offer a good dynamic performance.

A. Dynamic Performance Under Nominal Model and Change
in Active and Reactive Powers

This experiment was performed to verify the dynamic perfor-
mance of the closed-loop system under the proposed controller.
Two experimental tests were conducted, separately, with a step
change in active and reactive powers. In the first test, a step
change in the active power was applied as P; = 0 — 0.75 p.u.,
while the reactive power remained null, and the corresponding
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and with Q, = 1200 r/min, i; (2 A/div), i, (2 A/div), and Q5 (0.5 p.u./div).
(a) Simulation results. (b) Experimental results.

results are given in Fig. 9. In the second test, the active power
was kept equal to zero, while the reactive power () was stepped
up from zero to 0.75 p.u., as shown in Fig. 10. It can be observed
from the experimental results that the active and reactive powers
took about 3 ms to reach their references with zero steady-state
error, which is consistent with the theoretical analysis. More-
over, the current waveforms confirmed the simulation results
shown in Figs. 9(a) and 10(a).

B. Dynamic and Steady-State Performances Under Model
Uncertainty and Change in Active Power

Here, the dynamic performance of the system using the pro-
posed controller was tested in response to a step change in
active power at different DFIG operating speeds including the
synchronous speed. In this case, the d-axis stator current ref-
erence was kept null, while the g-axis stator current refer-
ence was suddenly stepped down from zero to —3 A, i.e.,
Ps = 1.5 kW = 0.75 p.u. In addition, to test the robustness
of the closed-loop system, the resistances and the inductances
of the DFIG model used in the controller are set to be 75%
and 50% of their actual values, respectively.
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As seen from Figs. 11-13, the g-axis stator current rapidly
reaches its new steady-state value in response to a step change.
The stator current components are with neither steady-state error
nor overshoot. The settling time is within a few milliseconds,
which is consistent with the theoretical analysis. Also, the results
show that the d-axis stator current is maintained equal to zero,
meaning that the stator reactive power is well controlled. More
interestingly, it can be observed from these plots that a decoupled
control of active and reactive power is outstandingly achieved. It
is worth noting that, under synchronous speed, the rotor current
is constant, as the slip frequency is null. However, a significant
reduction in the rotor current observed in Fig. 12, after applying
a step change in active power, is caused by an abrupt drop in
rotor speed. Such a transient behavior indicates that the active
power is viewed as a load torque that is suddenly applied on
the wind emulator. As a result, the speed of the wind turbine
emulator decreases and returns back to its steady-state condition.
Furthermore, Fig. 13 shows that the experimental results are
almost similar to that obtained with the simulation. It is noticed
that the fluctuation observed with the experimental results are
due to the measurement noise.
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C. Dynamic and Steady-State Performances Under Model
Uncertainty and Change in Reactive Power

Tests under changes in reactive power have also been con-
ducted with the active power maintained equal to zero, and
Figs. 14-16 show the corresponding results for supersyn-
chronous, subsynchronous, and synchronous speed, respec-
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tively. In this experiment, the resistances and the inductance
are set to be equal to 150% of their actual values. As seen, the d-
axis stator current reference was stepped from zero to —3 A to
regulate the stator reactive power at (), = 1.5 kVar. Obviously,
the g-axis stator current is regulated to zero.

From the results, it can be seen that the active power is robust
to changes in reactive power, and clearly, the d-axis current
jumps suddenly from zero to the desired steady-state value,
meaning that the change in reactive power can be realized almost
instantaneously, which can be treated as an ancillary service for
a wind turbine. Similar to the previous test, it is clear that the
proposed approach results in a decoupled active and reactive
power. Also, Fig. 16 illustrates the consistency between the
real-time implementation and the numerical simulation.

D. Performance Evaluation Under Rotor Speed Variation

In this test, a step change in reactive power is examined with
a rotor speed variation, while at the same time, the DFIG keeps
supplying the grid with a constant active power of 1.5 kW. A
step change in reactive power was done at the instant when the
speed crosses the synchronous one. In fact, the d-axis stator
current is suddenly changed from 3 to —2 A. This allows testing
the proposed approach for both inductive and capacitive reactive
power exchange with the grid, depending on whether the DFIG
operates at subsynchronous or supersynchronous speed. The
rotor speed change takes place at t = 0.4 s, and it reaches its
new steady-state value at £ = 1.6 s. Here, the observer gain is
taken equal to 0.05. From Fig. 17, it is clear that both steady
state and the transient performances are satisfactory. The current
behavior produced with the numerical simulation is also closely
matched with experimental results.

E. Disturbance Rejection Under Sudden Change in Rotor
Speed

This test was performed to investigate the influence of the dis-
turbance observer of the composite controller and its behavior
in response to an abrupt uncertainty in the speed measurement.
In other words, the speed measurement was suddenly and in-
correctly set in the controller to mimic an abrupt disturbance,
which allows evaluating the disturbance rejection capability of
the composite controller. This is because it is not possible to
realize practically a sudden change in the rotor speed. In such
a situation, the steady-state values of the rotor voltage com-
ponents, provided by the composite controller, should be kept
constant under speed measurement error to guarantee accurate
control of the active/reactive power. This test permits also to in-
vestigate the transient response of the disturbance observer and
how it adapts to improve the steady-state performance. More-
over, two values of [; , are used to illustrate the consistency
between the experimental results and the theoretical analysis.
The experiment was performed under a constant active power
of 1.5 kW, ie., 75 = —3 A, with 2, = 1200 t/min. The ro-
tor speed value is suddenly increased in the controller from
1200 — 1300 r/min.

As shown in Fig. 18, a large steady-state error is observed in
the g-axis current response just after introducing an uncertainty
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Fig. 19. Response to a sudden change in the rotor speed in the controller,

with €, = 1200 r/min, and [; , = 0.5. (a) dg rotor voltage and disturbance
estimation, v,.4 (50 V/div), v, (50 V/div), 64 (10 V/div), and 6, (10 V/div).
(b) current behavior, 75 (2.5 A/div), i, (2.5 A/div), and i, (3 A/div).

on the speed measurement due to the absence of a disturbance
observer. However, it can be seen from Figs. 19 and 20 that
the steady-state error is quickly eliminated. This is because the
estimated d,4 , converges to a stable steady-state condition that
keeps the rotor voltage components constant by compensating
the effect of the speed measurement uncertainty.

More interestingly, by considering the limited accuracy of the
model parameters, it can be observed that the estimate reaches
its new steady-state status within a time constant that is approx-
imately equal to ZiLq—LLm’ which is consistent with the design
process of the disturbance observer.

VIII. CONCLUSION

A robust continuous-time model predictive control
(RCTMPC) for DFIG has been presented. The proposed ap-
proach directly calculates the rotor voltage commands based on
the predictive stator current in the synchronous reference frame.
The base line controller is derived based on the minimization
of a quadratic cost function consisting of the error between the
stator current components and their references. The RCTMPC
has been combined with a disturbance observer to enhance the
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Fig. 20. Response to a sudden change in the rotor speed in the controller,

with Q, = 1200 r/min, and l; , = 1. (a) dg rotor voltage and disturbance
estimation, v,.4 (50 V/div), v,, (50 V/div), 64 (10 V/div), and 6, (10 V/div).
(b) current behavior, i (2.5 A/div), i, (2.5 A/div), and i, (3 A/div).

steady-state performance in the presence of model uncertainty
and external perturbations.

The performance of the closed-loop system under the pro-
posed controller is experimentally validated using a grid-
connected DFIG. The proposed controller offers excellent
behavior under synchronous, subsynchronous, and supersyn-
chronous modes and also works very well under model uncer-
tainties. Unlike the existing MPC for DFIG, the predictive time
is not fixed to the sampling time, and it depends on the desired
dynamic performance. Moreover, an integral action arises natu-
rally in the composite controller, rather than directly introducing
it into the control loop. Under suitable design parameters, good
transient and steady-state performances can be obtained without
having additional current control loop as for the VC scheme.

APPENDIX

The parameters values of the tested DFIGs are given in the
following table.
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(71
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(91
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TABLE I
PARAMETERS VALUES OF THE 2 MW DFIG

Rated power 2 MW
Stator voltage 690 V
stator/rotor turns ratio, m 3

0.001518 ©

Stator resistance, R ¢

Rotor resistance (referred to stator), R, 0.002087 Q2
Stator self-inductance, [ 0.059906 mH
Rotor self-inductance (referred to stator), [, 0.082060 mH
Mutual inductance, L, 2.4 mH

Pole pairs, p 2

Angular frequency, w 314.5 rad/s
Synchronous rotor speed, 2, 1500 r/min
DC-link voltage, v, 1200 V

TABLE II
PARAMETERS VALUES OF THE 2-KW DFIG

Rated power 2 kW
Stator voltage 415V
stator/rotor turns ratio, m 3
2.46 Q

Stator resistance, R ¢

Rotor resistance (referred to stator), R, 1.767 Q2
Stator self-inductance, [ 4 20 mH
Rotor self-inductance (referred to stator), I, 20 mH
Mutual inductance, L, 325 mH

Pole pairs, p 2

Angular frequency, w 314.5 rad/s
Synchronous rotor speed, €2, 1500 r/min
DC-link voltage, v4. 720 V
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