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Abstract. This paper proposes a novel Doubly Fed Induction Generator (DFIG)
control approach using an optimized set of observers. Firstly, an Adaptive
Disturbance Rejection Scheme (ADRS) Model Reference Adaptive System
(MRAS) observer is applied to estimate generator speed. Secondly, a Fuzzy Logic
MPPT controller is designed to optimized power conversion. Finally to achieve
the overall sensor-less control, speed, current and DC-voltage control are
achieved using a novel version of perturbation observer while taking into account
the power loss in the system. The technique is evaluated for a 1.SMW DFIG
under variable wind speed, measurement noise, grid voltage dip and parameter
variation and compared with the conventional PI-controller.

Keywords: ADRS, Integral Backstepping Control, DFIG Control, MRAS, Fuzzy
Logic, MPPT, Extended State Observer, Crowbar, DC-chopper.

1 Introduction

The purpose of Maximum power Point Tracking (MPPT) is to optimize the operation of
the wind turbine to capture the maximum power possible. The first approach is the technique
using relative velocity, which aims to control the speed of rotation of the generator to keep the
relative speed at its optimum value [1]. This method requires a perfect knowledge of the
parameters of the turbine and the measurement of the wind speed. Meanwhile, the use of a single
anemometer leads to a local measure of wind speed that is not representative of the effective
wind speed incident on the blades. Thus, an erroneous measurement of the wind speed leads to
a degradation of the extracted power. To solve this problem of wind speed measurement, some
researchers have worked on the estimation of wind speed using different techniques. Song et al
in [2] proposed and compared two methods of wind speed estimation using different versions
of the Kalman filter. The inconvenience of this methods resides in the fact that Kalman filters
are complex and require high number of tuning parameters. In addition the stability of these
estimator is not verified in close loop with controllers to achieve the complete control of the
DFIG wind turbine. Belmokhtar et al in [3] developed a Fuzzy Logic based technique to estimate
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wind speed and control the DFIG in close loop. However, stability analysis is not given. The
second method for extracting the maximum wind power is by the Perturbation and Observation
technique which is often used in the photovoltaic system [4]. It is easy to implement, less
expensive and requires neither the knowledge of turbine parameters nor the measurement of
wind speed [5]. However, this algorithm does not give good convergence because we have to
make a compromise between the speed of convergence and performance. Other versions were
then proposed such as neural network, gradient methods to give better performances but are still
difficult to implement [1]. Optimal Torque Control (OTC) is a method which consists in
adapting the electromagnetic torque (or power) to its optimum value without the need to
measure wind speed. The disadvantage of this OTC technique is that characterization tests are
required off-line to design the look-up table. In general, the OTC method is unsuitable for
medium and large wind turbines because their inertia slows down the response during abrupt or
rapid changes in wind speed [6]. We propose therefore a method based on Fuzzy Logic
maximum power point search algorithm which is independent of wind speed measurement and
which indirectly takes power loss in the system into consideration. It depends solely on the
measurement of generator speed and output power.

Many controllers like PI-controller [7], Sliding Mode Controller [8], Backstepping [9],
Model Predictive Control [10], and Fuzzy Logic Controller [11] have been successfully
designed to control generator speed and currents in order to extract maximum power from the
DFIG turbine through Maximum Power Point Tracking (MPPT) Techniques. They are equally
employed to optimize the exchange of electrical energy between the turbine and the utility grid
through Unity Power Factor (UPF) control. These controllers are synthesized assuming that all
variables needed by the control algorithm are measurable from material and economic point of
view. However, using mechanical, current and voltage sensors increases the cost of both
equipment and maintenance, and reduces the reliability of the overall wind turbine system
because they are prone to measurement noise and faults. Several techniques to observe one or
more variables of the wind turbine system have been proposed in the literature. The authors in
[12] proposed a Luemberger observer to estimate rotor currents from voltage, speed and power
measurements. Only the RSPC control strategies is presented and the measurement of generator
speed reduces the efficiency of the overall system. In [13] a modified PLL is employed to
estimate generator speed but presented results show slow convergence of the estimator-
controller. A Fuzzy-MRAS generator speed observer is elaborate in [3] but the stability and
convergence of the Fuzzy adaptive mechanism with 25 rules are not proven.

In this paper an ADRT-based MRAS observer through modified Nonlinear Extended State
Sliding Mode Observer and Lyapunov stability theory is proposed to observe generator speed.
The observer takes into account only stator voltage measurement and observed rotor currents.

The control of the DFIG by stator flux orientation[14] stator voltage [15] or air gap flux
[16] is a technique synthesized by assuming that the grid voltage is ideal and the stator flux is
constant or vary very slowly. However, stator flux introduces high nonlinearity into the system
during network fault. In fact, the variation of the stator flux during grid voltage drop depends
on the value of the stator flux at the instance of occurrence and an exponential term [17]. Other
authors like Bhattarai et al. [18] have proposed the use of stator and current measurements to
estimate the flux in open loop. However, the accuracy of the flux estimation depends strongly
on the machine parameters. If grid voltage dip occurs, the control laws cannot therefore respond
directly and quickly to contain the disturbances generated by flux estimation incertitude and
nonlinearity during fault moments. This causes degradation of the performance of these
controllers during the voltage drop.



In this paper, an adaptive technique based on disturbance rejection is proposed to control
the speed of the DFIG, rotor current-, filter current and the DC bus voltage. It consists of
estimation followed by compensation, in real time, of network disturbances, parameter
variation, modeling error and the decoupling terms. It is a simple and unique controller design
method that has been proposed by Han [6] and improved by Gao [7]. This observer-controller
has shown an apparent efficiency and a robust performance even without the exact knowledge
of the system parameters.

2 ADRS control

Fig. 1 illustrates the complete proposed observer-based Fuzzy MPPT disturbance rejection
control of the DFIG wind turbine. Fuzzy MPPT controller extracts optimal generator reference
speed that leads to the maximization of extracted power. Two control objectives are intended to
be carried out by the ADRS technique: tracking of the reference speed and desired stator reactive
power. The MRAS observer estimates the actual generator speed from current measurement and
supplies it to the controller. At the GSPC, the control objective is to keep the DC bus voltage
constant at its nominal value and annul the reactive power generated by the filter.
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Figure 1 : Synoptic diagram of the overall control structure.

2.1 MRAS Speed Observer

The proposed MRAS speed estimator consists of a reference model (available variable) and an
adaptive model (equation of the available model with @, as variable to be estimated) as
illustrated in fig. 2. The error between both models is driven to zero by an adaptation mechanism
based on a simple Adaptive Disturbance Rejection Scheme (ADRS). The output of the reference
model v, is easily accessible at the output of RSPC controller. The adaptive model under stator
voltage orientation control is obtained from voltage and flux equations [19] and expressed in

(D).
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Fig. 3 describes the ADRS adaptive mechanism technique applied to reduce the error between
the reference and adaptive models. If the parameters of the controller are carefully chosen, the
error between the reference v,; and adaptive ¥,; models converges to zero and the controller
output is the estimate of the DFIG rotational speed. The main advantage of using ADRS as
adaptation mechanism is its robustness and high precision. This technique is chosen because it
does not require knowledge of the dynamics of the adaptive model. It is based solely on the
consideration of the adaptive model as having a general form described by (2), where 6 is an
unknown variable, b is a control constant and @y is the variable to be observed.
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The first step in the convergence of 7.4 to v,.4 is then the determination of the unknown variable
6 in order to be able to synthesize an appropriate control law. The solution then is to develop an

observer to construct 8 from v, ;. An observer for the system described by (2) is the optimized
Sliding Mode Observer (SMO) presented in (3).

Z1 =2z, + by + py (lel“isign(e) + |e|315ign(e)) + kysign(e)

Zy = Py (lel“zsign(e) + |e|325ign(e)) + k,sign(e) 3)
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where : z; and z, are the estimations of ¥,; and 8 respectively. The constants p;, p,, &1, &5,
B1, B2, k1, k, are the adjustment parameters of the observer. Equation (4) is substituted into (3)
in order to avoid chattering.

1 1
- <
sign(e) = 2 (1 + exp~Te 2)' lel <4 (4)
sign(e), le] >6

Once the estimate of the unknown variable is available, it remains to synthesize a control
technique for the tracking of the reference model. After the observation, the dynamics of 7,4
becomes (5). Application of Integral Backstepping Control thus gives (6).



The slip speed w, is calculated from the stator angular speed w; extracted by the PLL and the
observed rotor speed @, as (w. = wg — @gy). A simple integral action on the observed rotor
angular speed is applied to obtain the angle for Park transformation of stator variables.

Zl = ZZ + b&)\g (5)
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2.2 Non Linear Extended State Observer

Here we propose a real time estimation and compensation of the coupling terms as well as other
disturbances that may occur in the system due to parameter variation, measurement noise or grid
voltage dip. To proceed, we take the disturbance into account in speed, current and DC voltage
dynamics as expressed in (7). The disturbance, in form of parametric incertitude, flux
nonlinearity or modelling error, is represented as a lumped parameter @ in speed, rotor, filter
and DC bus mathematical models. The lumped parameter, the coupling terms as well as the
nonlinearity in the models are considered as a generalized disturbance (2344, Z2rd> Zarq» Z22>
Zafa» Z25q)- EXpressions of rotor, filter and DC bus models are hence reduced and presented in

(7) where (214,45 Z1ras Zirqs Z12> Z1fas Z15q) tepresent (Wy, irq, brgs Z, iras irq)-
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The generalized disturbances in form of extended states are:
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2.2.a Disturbance Observers

A Nonlinear Extended State Observer (NESO) for the system ( dynamiccs of z;.q for example)
describe by (7) can be expressed as:
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If the observer parameters are judiciously chosen, e converges to zero therefore Z;.q and Z,.4
are estimates of z,,.q and z,.q respectively. In order to reduce the chattering phenomenon of the
Sliding Mode Observer caused by the sign function, a super twisting algorithm is substituted
into (8) where the sign function is replaced with the expression in (9). T is a parameter inversely
proportional to §.
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A careful study of the observer in (8) by [20] proposed a technique for determining the
parameters of the NESO and it is applied in this paper as follows 1 < p;, p, < +0,0.5 < a; <
1, a, = 20!1 - 1, Bl = 1/“1, ﬁz = B]_ + (a]_ - 1) and kz,kz > 0.

2.2.b Disturbance compensation

A simple error feedback control can be used to converge the current to its reference value as
used in [20]-[22]. The disadvantage of this method is that the observation error is not taken
into account in the command. This increases the convergence time or introduces a static error
between the current and its desired value. To improve on this, we will use a more robust control
technique that will ensure quick convergence to desired values.

Reference speed value w, op¢ is computed online by the Fuzzy MPPT controller and its tracking
by the controller gives the d-axis rotor current reference i4. The desired DC-bus voltage Vyerer
is the nominal value of 1150V (1 p.u) and its tracking by the controller gives the d-axis filter
current reference ir,. This consequently implies that z..; = decref /2 = 0.5p.u due to the
change of variable between V. and z.

Step 1: to control the speed of rotation of the generator and the DC bus voltage to follow the
optimal rotational speed wgy o, generated by the MPPT command and the reference voltage
Zres of the DC bus respectively, we define the tracking errors by (10).

Ewg = ZAlwg — Wy opt T ki f(ZAlwg - wg_opt) dt (10)

Era = Z1ra — lra (1D

For easy readability, we replace iy and ifqwith a,.q and ay, respectively. Following the Integral
Backstepping controller method procedures presented in [19], the final control variable that
guarsnttes the convergence of the speed to its optimal value wg 4y, is:

Vyqg = b_ (—krdgrd - uEwg - ZAZTd + drd) (12)
r



Fig. 4 illustrates the technique of disturbance observation and compensation by the Extended
State Observer and the Integral Backstepping respectively for rotational speed tracking.

3 Simulation results
To verify the performance of the proposed technique (observer-controller in close-loop), we
will present the simulation results under measurement noise and network voltage drop. Fig. 5

shows the wind speed profile with which the turbine blades are driven.
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Figure 5 : Wind speed profile.
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3.1 Simulation under Measurement Noise

In this paper, the effectiveness of the proposed technique is evaluated in the presence of
measurement noises often introduced into the system by sensors. To achieve this, noise has been
added, without filtering, to the measured variables that are not observed in this work. The
distorted measurements (fig. 6) are then introduced to the control algorithm to synthesize the
controller, the observers and the Fuzzy MPPT. For three-phase variables, only the first phases
are presented for clarity but in simulation, the same noise is added to all the three phases.
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Figure 6 : System inputs with noise introduced.

Fig. 7.a shows the rotational speed, its estimate and the reference generated by the Fuzzy Logic
MPPT controller. It is clear that despite the noisy inputs, the adaptive speed observer (MRAS),
using the ADRS technique as an adaptation mechanism, rejects the noise and observes the speed
with very good accuracy. We observe the same robustness on the normalized DC bus voltage
(Fig. 7.b). The noises are rejected and the real state converges towards the reference (0.5 p.u).
Fig. 7.c-f present the measured currents (currents coming from the noisy three-phase currents),



reference currents and the currents actually transmitted to the control algorithm by the observer.
It is obvious that the disturbance observer rejects the noise and eliminates its effects on the
control as the noisy currents are filtered by the observer. Reference currents are also noisy
because they are generated from noisy quantities. However, the currents track their references
while at the same time rejecting the noises.

Fig. 8 shows the output power, power coefficient and output currents of the wind turbine. We
note that the active and reactive powers evolve without being disturbed by measurement noise.
Likewise, the power coefficient evolves around the maximum possible efficiency of 50%. The
currents follow wind speed profile without any overshoot above the nominal value of 1 p.u.
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3.2 Simulation under Deep Grid Voltage Dips

Simulations in this section are performed to verify and compare the capability of the proposed
ADRS and PI-controller to satisfy the strictest scenario of LVRT requirement of the German
grid code. According to the code, wind turbine generators are required to remain connected to
the grid for at least 0.625s at the occurrence of grid voltage dip of up to 85%. A three-phase
short-circuit fault is introduced to the grid at at the point of DFIG connection to the grid. The
three phases of the grid voltage drop to 5% (95% dip) of their nominal values at t=10s and the
dip lasts till t=10.625s.

Two DFIG protection schemes are included in the DFIG set-up. The first is the active crowbar
which is activated when rotor current or DC bus voltage exceed their respective thresholds to
limit inrush rotor current during fault. The second is the DC-chopper connected in parallel with
the DC-link capacitor to limit DC voltage swell. It is activated at the same instance as the active
crowbar. The deactivation of both protection circuits occurs simultaneously when both DC
voltage and rotor current return below their thresholds. 1.35p.u and 1.2p.u are chosen as
thresholds for DC voltage and rotor current respectively.

Fig. 9 shows that grid voltage is the same under both controllers, dips to 0.05p.u and its recovery
is rapid with neither overshoot nor oscillations.

According to fig. 10.a, stator current overshoot poses no threat as it is limited below 1p.u at the
instance of voltage rising under both controllers. However, significant stator current surge of
125% can be observed during voltage falling under PI-controller, which far exceeds admissible
stator current. Under ADRS technique, stator current is limited around its admissible value of
1.2p.u during voltage rising.

In fig. 10.b, rotor current surge and settling are admissible during grid voltage recovery under
both controllers as it is limited within the safe operating zone of the back-to-back converters.
Unfortunately, rotor current evolution during voltage falling is identical to that of the stator
current, it surges far above the save operating limit of the power converters up to 2.75p.u for the



PlI-controller. The proposed approach using ADRS controller was able to keep the inrush current
at 1.25p.u around the save operating area of the converters.

Comparing the DC voltage under PI and ADRS controllers, fig. 11 shows that the DC bus
experienced a voltage swell during the network voltage drop under both controllers. Under
control by the PI technique, the overvoltage exceeds 1.35p.u admissible for the safety of the DC
bus and reaches 1.75p.u whereas under the control by ADRS, the surge reaches only 1.3p.u,
which is just below the admissible voltage across the DC capacitor.
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Figure 9: Grid voltage under short-circuit fault.
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Conclusion

The application of a novel MRAS observers in this paper does not only reduce the cost of
installation, it also increases the reliability of wind turbine installations, eliminates measurement
noise and reduces the complexity of control circuit setup

A precise measurement of the decoupling terms of the direct and quadrature components of
the rotor currents and the filter is necessary for the good performance of the wind turbine control
techniques. We have estimated decoupling terms by treating them as another state of the system.
An IBC based on Lyapunov stability theory taking into account the integral of the error is then
used for tracking current references.

The robustness the ADRS to measurement noise and grid fault has been demonstrated. The
1.5MW wind turbine connected to the infinite network is controlled by the PI and ADRS
controllers. The comparative results under MATLAB / SIMULINK show that the ADRS is
better able to reduce wind turbine rotor and stator overcurrent, thus increasing the safety level
of bidirectional converters with respect to overcurrent caused by network voltage drop. In
addition, the DC bus voltage is limited below its safe operating limit under control by ADRS,
protecting the DC bus from overvoltage.
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