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ABSTRACT

This paper presents the design and simulation of adaptive Pl
controllers for doubly fed induction generators using b-spline
neural networks. The control structure is based on a back-to-
back arrangement where the interest variables are regulated by
PI linear controllers. Also, to deal with the nonlinear and
uncertain system conditions, we proposed that the control
parameters are updated online. The main task is that the
power converters operation adapt by itself during the grid
changes. Then, the basic problem consists of tuning the PI
controllers simultaneously when the system and load are
subjected to disturbances. The applicability of the proposal is
demonstrated by simulation in a three-node grid, where one
end is an infinite bus and the other connects the wind system,
between them there are two transmission lines. The results
show that the proposed controllers’ tuning is comparable to
that obtained by a conventional design, without requiring of a
detailed model, which enable optimal speed tracking for
maximum energy capture from the wind.
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1. INTRODUCTION

Now days, electric grids have limitations of power flows
transfer from conventional generation plants to electricity
consumers because the system could operate at the stability
limits. However, with the technology advanced in power
electronic devices is possible to include several generation
systems based on alternative sources near to loads. However,
an important part of the successful depends on power
electronic devices control. Electrical power generation with
wind and solar as power sources may be considered of the
most promising renewable energy sources, but the control
schemes are important issues [1]. There are extensive
frameworks of various electrical machines types and controls
algorithms that have been developed for wind generator
applications [2-3]. Among the schemes of wind energy
conversion systems (WECS), the induction and permanent
magnet synchronous machines are seen as promising elements
for energy conversion. In all cases back to back (BTB)
arrangement based on power electronics is required to get
benefits [3-5]. BTB structure is formed by two identical
voltage source converters (VSC) connected by a common dc-
link. This topology presents several advantages in terms of
power processing and allows bidirectional power flow with
quasi-sinusoidal currents. The load can be active, passive or
even another network, in such case achieve a unity power
factor is possible if it is required. The dc-link in the middle
provides decoupling between both converters; as a result, they
could be driven independently. Therefore, it is possible to
have a fast and independent control of active and reactive
power for both converters and improve the system operation
[6]. To attain simultaneously these benefits is important to
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explore control strategies, which allow obtaining the desired
regulation. Several studies that examine WECS have been
developed and make different proposals about what should be
the control scheme and the tuning methodology [4-5, 7-8].
The ref. [1] presents a review of numerous control strategies
adapted for WECS application, thus establishing that there is
great interest in getting a better algorithm for secure and
reliable system operation. Some of them considered PI
controllers for control schemes in BTB converters [4, 9]. The
linear models design can exhibit some deficiencies for
instance the controller tuning is guaranteed around an
equilibrium point, when the system is subjected to changes in
its operating condition or structure the performance is
diminished. There are also several proposed adaptive controls
to determine the controllers [8, 10]. In the ref. [10] adaptive
PID gains for each controller to achieve satisfactory
performance is proposed. The use of neural networks to
model chaotic systems and nonlinear identification problems
has attracted considerable attention in recent years [20].
Neural networks are originally inspired by the functionality of
biological neural networks, which can learn complex
functional relations based on a limited number of training
data. Neural networks can serve as black box models of
nonlinear dynamic systems and can be trained using process
data coming from the system. The usual neural network
consists of multiple simple processing elements, called
neurons, the interconnections among them, and the weights
attributed to these interconnections. The relevant information
of this methodology is stored in the weights. A B-spline
neural network (BSNN) consists of the piecewise polynomials
with a set of local basis functions to model an unknown
function for which a finite set of process samples are
available. The performance of the identification depends on an
optimization algorithm for the training of the BSNN in order
to avoid any possible local minima. The main advantage of
the B-spline functions over other radial functions e.g., the
Bezier curve, is the local control of the curve shape, since the
curve only changes in the vicinity of a few control points that
have been changed [19].

In this paper a B-spline neural network (BSNN) is employed
for two main tasks: one for Pl simultaneous tuning, taking
care of a key feature: the proposed controller must be able to
enhance the system performance; the second the online
parameters updated can be possible. The strategy is proposed
to update conventional Pl parameters for currently operating
in power converters that were tuned time ago. The main idea
is to re-tune basically the control gains through an on-line
procedure.

2. MODEL

There is great interest that alternative generation systems
should be included in conventional electrical grids, however,
it is also true that further studies are required to fully
justifying the feasibility and reliability of new source
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Fig. 1. Wind energy conversion systems (WECS) based on
DFIG.

structures. From a design point of view one of the main issues
is seeking for a safe and reliable operation under transient and
steady state conditions. Therefore, before the implementation
a comprehensive analysis using simulation is required, this
allows determining system performance. Thus, it is important
to present some subsystems mathematical models that are
involved in WECS based on double fed induction generator
(DFIG), see fig. 1.

2.1 Back to Back (BTB) Model

The BTB scheme is formed by two shared VSC with a
common DC bus. Both can operate as a rectifier or inverter
depending on the power flow direction and the operation is
complementary. The VSC shown in Fig. 2 is the three-phase
diagram with three-wire connected to the AC load represented
by a Thevenin equivalent circuit by means a coupling
transformer inductance and resistance (Ly, Ry). The DC
converter terminal is connected to a shunt capacitance, Cge.
The three-phase AC side VSC voltage balancing equation is:

di di
dibc + RS I abe T I-T de;:bc + RT Iabc = VSabc - VTabc

@)

where [ pc = [l Iy IC]T;VSabc = [Vsa Vsp VSC]T;
Viabe = [Vra Vrp  Vrc]T are the three phase current,
source and terminal voltage vector, respectively. The rms
amplitude Vp,, = myVy, is obtained by the PWM modulation
index (0 < my < 1). The frequency w and phase angle @t
are PWM voltage source converter controllable variables.

The DC-side voltage dynamic expression is deduced based on
power balance between the AC and DC-side as,

Voo (Dige () = P(t) - P_(t) )

where P(t) is the instantaneous real power at point of common
coupling; P (t) includes the total power loss; and Pg=Vgcigc IS
the transferred power from the DC side to the load. The DC
current is:

dvdc H Vdc

— 49—y, - g
dc dt dc Rdc (3)

both VSCs have the same dynamic model, only one acts as a
rectifier and another as inverter.

2.2 Control Scheme

The control objectives for the BTB operation are set
depending on the application. In this paper for DFIG, we are
seeking to maintain the dc voltage at a constant value and the
wind system operation with a unity power factor, which
means that the reactive power flow towards the grid must be
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Fig. 2. Voltage source converter model.

zero. The source side converter objective is to keep the dc-
link voltage constant. The vector control method is used with
a reference frame oriented along vector position, enabling
independent control of the active and reactive power flowing
between the source and the converter [11]. The PWM signals
are obtained by current regulated scheme, with d-axis current
used to manipulate the DC voltage and the g-axis current
component to regulate the reactive power. The voltage
equations in synchronously rotating dq — axis reference frame
are [12]:

i
4 — @, Lyoreleg T+ Veg

=Ri_, +L, . —=

cd cd choke e —choke'cq

dt )
di _
ch R + Lchoke dt + a)e Lchokelcd +ch1

®)

The grid voltage angular position is calculated as

0, = Ja)edt =tan™

Veu 6)

where v, and v, are the converter source side voltage
components in stationary frame. The d-axis of the reference
frame is aligned with the grid voltage angular position 6.
Since the grid voltage amplitude is constant, v, iS constant
and v = 0. The active and reactive power will be proportional
to icq and i, respectively. Thus, the control scheme utilizes a
decoupled currents, icq and ice. The component iy is derived
from the DC voltage error through a Pl controller. ig
determines the displacement factor in the inductors supply-
side. The reference values for the grid-side converter v, and
V¢ are established with a P1 controller.

*

Vg = Vg T (6() Lchoke cq +Vd)

O]

V:q = _VI (a) I-choke cd ) 8)

The rotor-side converter provides the excitation for the rotor.
With this VSC is possible to control the torque, hence the
Induction Generator (IG) speed and also the power factor at
the stator terminals. The rotor-side converter provides a
varying excitation frequency depending on the wind speed
conditions. The IG is controlled in a synchronously rotating
dg0, with the d-axis oriented along the stator-flux vector
position. This is called stator-flux orientation vector control.
In this way, a decoupled control between the electrical torque
and the rotor excitation current is obtained [11].
Consequently, the active power and reactive power are
controlled independently from each other. To describe the
control scheme, the induction machine model is introduced.
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Using the motor convention in a static stator-oriented
reference frame without saturation, the voltage vector
equations are [12],

dy,
dt 9)

v, =R, +

dg, .
‘/:_Jw'//r

v, =R, i +
(10)

where 175 is the stator voltage imposed by the grid. The rotor

voltage 13} is controlled by the rotor-side converter and used
to perform generator control. Under stator-flux orientation, in
dqg axis component form, the stator flux equations are:

(11)

defining leakage factor 6 = 1 - L%/LL, and equivalent
inductance as L = L%/Ls, the rotor voltage and flux equations
are (scaled to be numerically equal to the ac per-phase
values):

. di. .
Vig = errd +OLr T;_wslipdrqu
i o
qu = errq + O.Lr W‘Fwslip(l-olms +0Lr|rd)
(12)
L2 .
=", +oli
‘//rd I—S ms rird
V/rq = OLrirq (13)
where the slip angular speed is wgjip = ws— o,
. . di
vrd = errd + GLr TT
: . di
Vg =R+, -
dt (14)

To ensure good tracking of the rotor dg - axis currents,
compensation terms are added to v’ 4 and v’ to obtained the
reference voltages v 4 and v  according to

Vig =V — a)slipd‘rqu
Vo=V +a, (L +oLi
rq rqr Sllp( m'ms r rd) (15)
The electromagnetic torque is
Te = _§ p |m{l/75r*}= _§ pLOimsirq
2 " 2 (16)
where i’
- 2T 2T
Iy =~ £ =—__¢ a7
3pLolns 3Py,

The reference values for the rotor-side converter v*4 and v*
are established with a PI controller, respectively. Also a Pl
controller for i" is needed. One important issue is how we
can select the best Pl parameters for the seven linear
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controllers, three for grid side and others for rotor side, thus
fourteen parameters are required. Usually, this procedure is
carried out based on linear analysis.

3. RESULTS

The proposed can be achieved adding a B-spline neural
network to update all gains in only five Pl controllers, rotor
and source sides. Thus, k, and k; are updated from a B-spline
neural network at every sampled time. With this purpose, ten
BSNN are assembled in the control scheme. The B-spline
neural networks are a particular case of neural networks that
allow to control and model systems adaptively, with the
option of carrying out such tasks on-line, and taking into
account the power grid non-linearity. Through BSNN there is
the possibility to bound the input space by the basis functions
definition. Therefore, not all the weights have to be calculated
each sample time, thus reducing the computational effort and
time.

The BSNN’s output can be described by [13],

y=a'w a8)

where

w=[w, w, .w]T

(19)
a=[a a, .a,]

where w; and a; are the i-th weight and the i-th BSNN basis
function output, respectively; p is the number of weighting
factors.

In this paper, it is proposed that k, and k; can be adapted
through one B-spline neural network, respectively, for each
voltage source converter. The error signals are the same of PI
controllers. Then the dynamic control parameters for back to
back system can be described as follows:

K, = NN, (e, w,) 0
where NM,, denotes the B-spline network which is used to
calculate k, and k;; w, is the corresponding weighting factor,
m = 1,2,3 number of PI controllers. Fig. 3 depicts a scheme of
the proposed B-spline neural network.

The appropriate design requires the following a-priori
information: the bounded values of e,, the size, shape, and
overlap definition of the basis function. Likewise, with this
information the BSNN estimates the optimal weights’ value.
The neural network adaptive parameters, equations (18)-(20),
are created by univariate basis functions of order 3,
considering that e, are bounded within [-12, 12]. In this paper,
the BSNN is trained on-line using the following error

input basis weight output
functions vector

Fig. 3. Proposed BSNN for adapting control parameters.
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correction instantaneous learning rule [13]:

wi®) = wit = 1) + e ai() (21)
where 7 is the learning rate and e;(t) is the instantaneous
output error. Respect to the learning rate, it takes as initial
value one point within the interval [0, 2] due to stability
purposes. This value is adjusted by trial-and-error. If 7 is set
close to 0, the training becomes slow. On the contrary, if it is
large, oscillations may occur. In this application, it settles
down in 0.051 for k;, and 0.0016 for ki. The BSNN training
process is carried out continuously on-line, while the weights’
values are updated.

3.1 Electrical Grid

In order to demonstrate the feasibility of this proposition, an
electrical grid with a WECS system is employed. Matlab-
Simulink are used for simulation, the proposed tuning
performance is exhibited. The step time integration was
defined variable due the simulations present slow and fast
disturbances. To analyze the results, simulations are
developed under different scenarios with Pl controllers tuned
by BSNN (dynamic parameters), ANNPI, and fixed
parameters (static), FXPIl. Some operating conditions are
taken into account. To examine the results three situations are
presented. The systems data are: for the source 120 KV, 60
Hz and the WECS is at 575 V, 9 MVA; in terminals a 500
MW load is connected. Two transmission lines at 25 KV are
connected to both systems. The first condition exhibits some
control parameters training. In Fig. 4 four Pl parameters are
shown k, for DC link control scheme; k, and k; for vq
reference value in current regulator grid side; k, for reactive
power controller in rotor side converter; finally, k; for DC bus
control is presented, see Fig. 5. In these cases the parameters
have a typical initial condition for this regulator purpose, after
that, each one attain the better value in grid operation
condition. In this case a 10 percent load at WECS terminals
was increased.

Once the control parameters are first tuning the updating
procedure goes on based on learning on-line rule. The second
situation is a slow perturbation when the wind speed changes
from 8 to 14 m/s in 6 seconds. After that, the parameters are
retuned to reach better performance in this new operation
condition. The Fig. 6 shows that the dynamic behavior of the
proposed scheme is better than that of the conventional Pl
with fixed parameters in DC voltage when the system is
subject to wind speed change, similar transient characteristics
in reactive power exchange is observed, see Fig. 7.
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Fig. 4. Gains in controllers for vy, vq and Q.
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The third case validates the appropriate system evolution
when the load is increased in WECS terminals in 200 percent,
from 500 MW to 1500 MW. The Fig. 8 exhibits the DC
voltage evolution; about 0.02 seconds to achieve the
stationary state are needed, otherwise, for FXPI the overshoot
and settling time are larger. Active powers in WECS terminals
and the electrical grid middle are presented in the Figs. 9-10.
The results showed are in accordance with the case 2. In the
Fig. 10, one can appreciate that the source-side instead receive
6.2 MW, only obtain 5.2 MW due one load are added. As
shown in the Figs. 6-9, the adaptive controller parameters
performance can decrease the oscillations amplitude and
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Fig. 6. DC link voltage performance, case 2.

transient time under different operating conditions, respect to
the behavior with fixed control parameters. Similar
performance is exhibited with other variables in the cases 2
and 3 for instance vg, Q and, ig. In this paper, we integrate
only five adaptive parameters. The PI controller parameters in
steady state after case 3 are: grid side (Vqc,Va,Vq) [0.0897,
8.8267, 0.5978, 1.0011, 1.2542, 2.0286]; rotor side (i, i)
[0.7045, 56.3987, 2.0417, 47.7654], k, and k;, respectively.
The parameters are updated every sampled time by BSNN. It
is clear that the tuning scheme adapts by itself for different
operation conditions, thus guarantying the satisfactory electric
net operation. In order to attain such purposes a B-spline
neural wetwork-based control is proposed. We can see from
the simulation results that the system with the proposed
control method has a stable operation at various load
conditions.
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Fig. 10. Active power flow between source and WECS sides
connected by two lines, case 3.
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4. CONCLUSIONS

The aim of this paper was to show the performance of
adaptive Pl parameters as a mean to tune linear controllers in
WECS system. In order to attain such purposes a B-spline
neural network-based is proposed. With this neural adaptive
scheme, the possibility to implement the on-line updating
parameters is potential due to it has learning ability and
adaptability, robustness, simple algorithm and fast
calculations This is desirable for practical hardware
implementation in power stations. Unlike the conventional
technique, the B-spline NN exhibits an adaptive behavior
since the weights can be adapted on-line responding to inputs
and error values as they arise. Also, it can take into account
nonlinearities, un-modeled dynamics, and un-measurable
noise. Simulations on electrical grid under different
disturbances and operating conditions, demonstrate the
effectiveness and robustness of the proposed strategy.
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