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Maximum Torque per Ampere Control of Brushless Doubly Fed
Induction Generator Using Variable Structure Approach for
Wind Turbine Applications
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Abstract. In this paper, a variable structure controller is
proposed to control the torque of brushless doubly fed
induction generator with considering maximum torque per
Ampere (MTPA) strategy. Based on this control approach,
a sliding mode controller with a PI is designed in order to
reduce the torque pulsations during steady-state behavior
while the fast response and robustness merits of the classic
DTC are preserved. Also this method decreases the copper
losses with minimizing the magnitude of power and control
windings currents without deteriorating the dynamic
performance. The presented method, guarantees maximum
power point tracking (MPPT) with a desirable operation.
The simulation results verify an accurate, quick and robust
operation of the brushless doubly fed induction generator
for wind turbine applications.
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1. Introduction

Brushless doubly fed induction generator (BDFIG) is a
single frame and brushless machine which has two 3-phase
windings that are set on the stator. One of them is power
winding (PW) that is directly connected to the grid. Most of
power is exchanged between the BDFIG and grid through
this winding. The other winding connected to the grid
through a back-to-back converter with less capacity than
the generator, is called control winding (CW) [1]. The
converter at generator side has the duty of speed control
and controlling the reactive power of generator but the
converter at grid side, controls the voltage of DC link and
regulates the terminal voltage by absorbing or supplying
reactive power [2]. It must be mentioned that the control
winding capacity is dependent on the desired speed range
and reactive power requirements [3].

Because of some advantages like elimination of brushes
(high reliability and low maintenance) and the use of a
fractionally-rated frequency converter, BDFIG have been
paid attention to use in some industrial operations like wind
— power generation [1].

The special rotor structure of this generator increases the
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complexity and produces undesirable spatial harmonics
which decrease machine efficiency [4].

Due to limitations of efficiency improvement through the
machine design, in recent years, several publications have
been released in the field of ac machine drives optimization
techniques [5]-[7], but few papers have been reported
regarding access to maximum efficiency for BDFIG.

For high performance drives, it is desirable to achieve
optimum operation at MTPA. MTPA strategy is a smart
answer to the call for efficiency. In principle, the target of
MTPA strategy is to deliver the electromagnetic torque
with the lowest current magnitude. In this way, copper
losses are minimized and the overall system efficiency is
increased, at least as long as copper losses are dominant [8].
It should be mentioned that the core losses in a BDFIG are
not offered yet, so it is impossible to formulate all loss
components and analyzed them, numerically [9]. Therefore,
in this paper, core losses are neglected while the stator
currents are minimized under the constraint of constant
torque at a certain speed.

In this research, a nonlinear controller is introduced on
the basis of Linear and Variable Structure Control (LVSC),
to drive the BDFIG in wind turbine systems, considering
the MTPA control strategy. The proposed method improves
the operation of control system by capturing the maximum
torque from wind and hence increases the efficiency of
wind turbine. Also, without deteriorating the dynamic
performance, the presented MTPA approach decreases the
copper losses with minimizing the magnitude of power and
control winding currents.

2. Introduction to BDFIG
A. BDFIG Operation

The stator of this generator has two windings which have
different numbers of pole pairs to prevent direct coupling
between them. Also, in order to reduce the electromagnetic
forces on the rotor, the difference between pole pairs must
be greater than one [10]

o —p.|> 1. (1)

where p, and p,are PW and CW pole pairs, respectively.

The rotor of this generator is designed with a special
manner. The most conventional structure used in the rotor
of this generator is nested-loop. The number of nests which
is the number of rotor poles is equal to the sum of PW and
CW pole pairs so as to cause indirect coupling between CW
and PW [2].



Owing to special structure of rotor, there will be different
modes of operation for this machine. But the best operation
of BDFIG is achieved in synchronous mode. In this mode,
the frequency of induced voltage in PW, due to indirect
coupling with CW, is equal to grid frequency. This situation
leads to generation of two fields that turn at the rotor speed.
Also, according to the number of rotor poles, in order to
establish the indirect coupling between PW and CW, that is
fundamental of torque generation in this machine, the
direction of rotation of PW magneto-motive force (mmf)
respect to the rotor, will be in opposite direction of CW
mmf. In this condition [10]

o~ p o =—(a, -
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So, the synchronous rotor speed is determined as follow:
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where @, and @, are PW and CW angular speed,

respectively.
If the CW current is dc, the natural speed will be achieved
as[11]
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= 4
" b+ p, 4)

The slips for the two windings are defined as [11]
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where s and s, are PW and CW slips, respectively.

The BDFIG can be modeled as two induction generators
in a common frame. The equivalent circuit of machine is
depicted in Fig. 1. The parameters of mentioned circuit are
referred to PW side and the power losses are neglected.
This circuit is valid for all operation modes of BDFIG
including synchronous mode [12].

B. BDFIG Model

The generator model in PW flux frame is expressed by
the following [1]

dy,
Vi =Rl +— " + jow, (7)
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Fig. 1. BDFIG Referred Per-Phase Equivalent Circuit [12].
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In the above equations, the subscripts 1, 2, and r show PW,
CW, and rotor, respectively.
The electromagnetic torque is given by [9]
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Also, the mechanical equation of generator is
19)

dt
where J is the moment of inertia, B is the friction
coefficient and T, is the torque produced by wind turbine.
The parameters and variables used in (7) — (12) are
introduced in Table 1.
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Table 1. BDFIG parameters and variables

V.1y,o, Voltage, current, flux vectors and
generator speed
R.,R,,R, Resistances of PW, CW and rotor

Self-inductances of stator windings and
rotor
Coupling inductances between stator
windings and rotor

L.L.L,
Llr’IQr

3. Control Strategy

A. MTPA control

The MTPA strategy is obtained with minimization of
CW and PW current magnitude under the constraint of
constant torque at a certain speed. Based on Lagrange
theorem, it can be easily found that any control strategy can
be realized when the torque and its corresponding objective
function are tangent at a point or in other words their
gradient vectors are in parallel. In MTPA, the minimization
of stator current is selected as objective function.

The square PW current of BDFIG can be calculated as

2 22
=1l + g (20)

In this section, the minimization of (20) under the
constraint of constant torque is selected as objective
function. In Fig. 2, according to (13), the constant torque

curve can be drawn as a hyperbola on the 7, - [1q plane.

On the same plane, at a speed and with neglecting the iron
losses, the curve that representing the square PW current,
takes the form of a circle. Under the constraint of constant
torque, if an operating point is set at point ‘‘a” in Fig. 2, the
curve A is supposed to be a control objective curve such as

2 . L
constant stator current curve ( /;,). If an operating point is
set at “‘b”, the curve B is another control objective curve

2 . , . .
(13, ). Using Lagrange’s Theorem, it can be easily found

that control objective is minimum when the torque curve
and control objective curve are tangent at a point if and
only if their gradient vectors are in parallel. This means that

VTe(Ild,Ilq) must be a scalar multiple of V[12([1d’]1q)
at the point of tangency (see ‘‘b” in Fig. 2), so that

VTt [0 tsino=0. @D

where 6 is the angle between VI;([ld,Ilq)and

2
VIHI 0 1,).

Criterion of MTPA strategy realization is obtained as
follows:

%=V [V Gt fsine. @

It is obvious that the control strategy is realized when Y'is
kept at zero. The cross-product of gradient vectors is
calculated from the following equation
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Fig. 2. Constant torque curve and PW current curve on L4 -Ijq
plane.
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With neglecting the core losses, criterion of realization of
the MTPA strategy in BDFIG is obtained as (24). Although

ideally, the optimum current angle is constant (& = 45°),
however, with considering core losses, value of this angle is
greater than ideal amount.

B. Linear and Variable Sructure Control

Due to nonlinear nature of electrical machines, if the
reference voltage is generated by a nonlinear controller, a
better operation of electrical drive will be achieved. In this
regard, the sliding mode controller because of robustness to
uncertainties and variations in system parameters, fast
dynamic response and also compensation of disturbance
effects, have been paid attention by electrical drive
researchers. However, robustness of this controller is only
in its sliding phase and the reaching phase is designed so
that the mechanical mode paths of system reach to sliding
phase as quick as possible. In other words, the dynamic of
system is not perfectly robust all the time. So, it is possible
that the conventional SMC can not retain its stability
against the uncertainties and disturbances. Also the other
drawback of this controller is chattering effect, which might
be harmful for the system.
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Fig. 3. Block diagram of the proposed BDFIG drive system control

To improve the stability of system against uncertainties
and also elimination of chattering in control system, in this
paper a control method which is a combination of linear
controller (PI) and SMC, introduced as Variable Structure
Control (VSC), is proposed. This method, while having the
simplicity of implementation, has the greatest features of
linear controller (i.e. smooth and without chattering
operation) and the feature of SMC (i.e. robustness against
uncertainties). Another advantage of this method is
independence to system parameters.

The block diagram of Linear and Variable Structure
Control (LVSC) that is implemented on generator side
converter is shown in Fig. 3. The main task of LVSC is fast
and reliable access to control of torque and also achieving
the MTPA.

An SVM unit is used to produce switching signals based on
voltage references.

The sliding surface is defined as below

de1
S, = &, +Cy e 25)
S, =e, +c %, (26)
Y2 %) 2 dt
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where e'y1 =y, — )y, s error between the reference

(yf:O)and the cross product of VTE(lld,llq)and

V]12(I1d’[1q)~ In addition, ey2 = ,V; — J, is torque error.
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Superscript shows measured values and shows

Design constants ¢ and ¢

reference values.
N "

are
selected so as to impose the desired dynamics in sliding
mode. CW reference voltage, VZ* = V;i +7 V;] is gained at
the output of variable structure controller that VZ*d is

obtained by the MTPA control and V;q is obtained by

torque control law. Sign function, Sgn(.), is used in control

law.
* Klyl
Vg = (KF,y1 +T)(ey1 + KVSQII Sgn(Syl ) 27
* K|y2
Vyq = (pr2 +T)(ey2 + KVSCy2 Sgn(Sy2 ) (28)
In the above equations, Sis Laplace operator, X, , K o
1 1
K By, K w, are PI controller gains and K vscy, > K vscy, are

variable structure control gains.

With selection of proper coefficients for linear controller
and SMC, the best response from the aspect of system
robustness and best time response is attainable without
chattering effect. It must be considered that in transient
condition, linear controller is more dominant and PI
coefficients must be set so as to obtain the desired dynamic
response. In steady state, SMC is more dominant and the
best steady state response can be achieved by optimally

setting the K and K VSGy. - It can be proved that large
2

VSC')/1

enough values forK,q fulfill the reaching and stability

condition s. § < 0 [14].

4. Wind Turbine and MPPT
A. Aerodynamic Model

The wind turbine extracts the energy of its blades and
transmits this energy to the generator. The power absorbed
from wind turbine is given below [15]

29

1 23
Frocn = 7Co (B PRV,
where p is air density, R is turbine radius, v is wind
speed and Cp is the turbine power coefficient which its

maximum value is 0.59. In a wind turbine, this coefficient
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is usually between 0.25 and 0.45. This quantity is depended
on tip speed ratio (A ) and the blade pitch angle (f). 1 is

obtained by the following equation

R
A=—,
v

(30)

where @ is the speed of turbine rotor. In this paper, g is

supposed to be zero and so C » is only depended to A .

B. MPPT Algorithm

The extracted power from wind turbine is depended on
the accuracy of the algorithm of MPPT that ensures
maximum energy yielding. The strategies can be classified
into two groups [17]: the look-up table based strategies; and
the strategies that are independent of aerodynamic
characteristics. Some of the control algorithms that require
the aerodynamic information are tip speed ratio (TSR)
control, power signal feedback (PSF) control and optimum
torque (OT) control. The MPPT techniques which do not
need aerodynamic characteristics are often known as HCS
methods. The two significant control strategies of this
category include perturbation and observation (P&O)
control and fuzzy logic control (FLC).

In this paper, regarding to BDFIG torque control, the best
method to achieve MPPT, is the optimum torque control
method. This method is superior to others because of its
simplicity and accuracy. The other advantage of this
method is that there is no need to have speed controller and
wind speed sensor. In this technique the reference value for
torque can be obtained using rotor speed and the optimum
torque versus generator speed curve. In (31), the optimum
torque is expressed as a function of generator speed [16]
0.570 Cpmax R

Topt (@) =5 o’ = Kogppo', 31)
opt

With controlling the generator torque in T__,, the maximum

opt >
power can be extracted from wind turbine. - is used as

the reference torque.

5. Simulation Results

In this section, the simulation results are presented to

confirm the desirable operation of the proposed control
method. Table 2 shows the wind turbine and generator
parameters.
The prpoer selection of controllers parameters are important
to obtain the desired performance of system. In this paper,
the this parameters is selected with trial and error method.
The values of PI and SMC parameters are shown in
Table 3.

The reference torquesignal is generated by OT MPPT
algorithm. As shown in Fig. 5, the generator torque tracks
the reference value in variable wind speed pattern correctly.
The wind speed profile can be seen in Fig. 4.

The power coefficient of the wind turbine is shown in Fig.
6. One can see that this parameter converges to its maximum
value by using the proposed control system. In order to

Table 2. Generator and Wind Turbine Parameters

Brushless Doubly Fed Induction Generator
Parameter Value | Parameter Value
PW Pole-Pair 2 L; (mH) 349.8
CW Pole-Pair 4 L, (mH) 363.7
Natural speed
(rpm) 500 Ly (mH) 3.1
PW rated voltage 380 L, (mH) 22
M
CW rated voltage 380 L, (mH) 0.044
M
Rated torque
(N.m) 50 R (Q) 2.3
J (Kg.m®) 0.53 R, (Q) 4.4
B (N.m.s) 0.036 R (Q) 0.00013
Wind Turbine
Blade radius (m) 3.3 C pmax 0.436
. Rated wind
Gear ratio 32 speed (m/s) 8
Air
A
density(Kg/m®) 1.25 ot 8

Table 3. The Controller GAINS in Presented Drive System

Pl parameters SMC parameters
Kp, =14 Ky =.11 C, = Koy =250
Koy =1 Ky, =11 | ¢,=I Koy =250

8

Wind Speed (m/s)
~

ime (sec)

Fig. 4. Wind speed.

verify the realization of the presented MPPT algorithm, the
desirable performance of the control system for tracking
hopt has been illustrated in Fig. 7. It tends to capture
maximum power from wind turbine and proper
implementation of the MPPT algorithm.

Also, with the proposed variable structure control, the
MTPA strategy realization is satisfied. The variable Yy,

always oscillates around its reference value (., =0)

that means the strategy has been achieved. The two-axis
torque producing currents are shown in Fig. 10 and 11.
With strategy realization, q- and d-axis currents will be
equal as well, without considering core losses of this
machine.
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Fig. 5. Generator torque response to wind speed variations.
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6. Conclusion

In this paper a variable structure torque control of
BDFIG for wind turbine application was proposed and
evaluated. The control strategy combines sliding mode
controller and PI principles to achieve simple and robust
high performance behavior. In particular, SMC makes the
drive robust to disturbances and operating point variations,
PI controller guaranties a smooth and without chattering
operation and SVM improves the steady state responses of
torque with reducing the ripple. During transient operation,
the proposed approach verified good dynamic response and
strong robustness to fluctuations of wind profile. This
simple, quick, accurate and robust control strategy
guaranties proper performance of MPPT algorithm and
therefore best energy capturing from wind turbine. In
addition, based on proposed control approach, the MTPA
control strategy of BDFIG has been evaluated for wind
power applications.
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