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This paper proposes a novel variable speed control algorithm for a grid
connected doubly-fed induction generator (DFIG) system. The main
objective is to track the maximum power curve characteristic by using an
adaptive fuzzy logic controller, and to compare it with the conventional
optimal torque control method for large inertia wind turbines. The role of the
FLC is to adapt the transfer function of the harvested mechanical power
controller according to the operating point in variable wind speed. The
control system has two sub-systems for the rotor side and the grid side
converters (RSC, GSC). Active and reactive power control of the back-to-
back converters has been achieved indirectly by controlling g-axis and d-axis
current components. The main function of the RSC controllers is to track the
maximum power through controlling the electromagnetic torque of the wind
turbine. The GSC controls the DC-link voltage, and guarantees unity power
factor between the GSC and the grid. The proposed system is developed and

tested in MATLAB/SimPowerSystem (SPS) environment.
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1. INTRODUCTION

Doubly-fed induction generators (DFIGs) have been widely used for large scale wind generation
systems, and their control and operations have been the subject of intense research during the last few years.
The response and performance of DFIG based wind turbines during steady state and transient conditions
under symmetrical stator voltage supply are now well understood [1]-[2]. Wind turbines are controlled to
operate only in a specified range of wind speeds bounded by cut-in and cut-out speeds. Beyond these limits,
the turbine should be stopped to protect both the generator and turbine. Fig. 1 shows the typical power curve
of a wind turbine [3]-[4].

In order to get the optimal operating point of the wind turbine, including a maximum power point
tracking (MPPT) algorithm in the system is essential [5]. Much has been written on the topic of MPPT
algorithms, namely, tip speed ratio (TSR) control [6-7], optimal torque (OT) control [5], robust control [6]-
[8], power signal feedback (PSF) control [9]-[10] and hill-climb searching (HCS) control [11]-[5]. TSR
control regulates the wind turbine rotor speed to maintain an optimal TSR at which maximum power is
extracted [7], this technique is limited by the difficulty to obtain the optimal TSR and the wind speed
measurement [6]-[12]. PSF control requires the knowledge of the wind turbine’s maximum power curve
(MPC), and tracks this curve through its control mechanisms. According to [8]-[9], it’s difficult to obtain
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with accuracy the MPC in practical applications. The HCS technique does not require wind speed data or the
turbine characteristics [13].

The MPC can be used as mechanical power reference needs to be tracked by the harvested
mechanical power of the rotating shaft. The OT control is distinguished by its fast response and its high
efficiency, thus we choose the electromagnetic torque as output of the proposed MPPT algorithm, and this
can improve the rapidity of the convergence speed. Under powerful wind turbulence, a typical proportional-
integral (PI) controller may be not the right choice, but an intelligent FLC can do the job with its adaptive
reasoning capability. The FLC is nonlinear controller easy to implement, and the key behind its good
performance is by adjusting the scaling factors and the membership function shape which are not hard task
for someone who is an expert.
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Figure 1. Power curve of a variable speed wind turbine

In this study, a maximum power curve searching (MPCS) approach based on fuzzy logic is adopted
as MPPT algorithm, and compared to another MPPT approach with good performance like the OT control
method, and to achieve an intelligent control of electromagnetic torque. Simulation investigations have been
conducted on a 1.5MW DFIG to verify the researched study.

2. VECTOR CONTROL OF THE DFIG
We choose a d-q representation of the DFIG, with the d-axis oriented along the stator-flux vector
position. Since the stator is connected to the grid, we could make the following assumptions [14]:
a) The stator resistance R, can be neglected (usually justified in machines with a rating over
10kW).

b) The stator magnetizing current space phasor ; ,,, is constant in magnitude and phase.
¢) Frequency of the power supply on the stator is constant, i.e. w,= constant
Under those assumptions, it implies that:

- ‘V—.S
D sd = O s Lm i oms =
(O
® , = L, + L,i, =0 M)
L2 |
D d = Lm I ms + O-Lyl.yd
®  =o0ol,i,

Where ¢ =1- 12 /L L, and

;‘ -3 V_is the RMS of the stator-voltage space phasor in the stationary

reference framey | = /3] v .e’ . The stator and rotor voltage can be written as [14]:
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do sd
V, =R, + 7 -0, w ® 0
do —
V,=Ri, + —"+0®, ~0d, =7, @
sq s sq dt s sd K sd

di
V., =R,i, +0L, L (0, -w,)oL,i,
dt

2

+ GLrird )

L ms

Where o, and w,=pw,, are the synchronous and the generator speed respectively. We define in
Equation (3) the V. 4 and Vr‘q as the outputs of the PI current controllers. Voltages 4 4 and 14 4 Will be
used to control the rotor voltages through the RSC.

, di
V., =R,i, +olL, 2
dt 3
di )
V. =R,, 6 +oL, 6 —*
dt

We rewrite the stator active and reactive power, and the electromagnetic torque equations as:

! @)

\V\

From Equation (4), it can be seen that the electromagnetic torque depends only on the g-axis rotor
current. The stator reactive power only depends on the d-axis rotor current. Therefore, the indirect vector
control of stator active and reactive power has been achieved in the stator-flux reference frame and presented
in Figure 2. PI control is typically used for the rotor currents loops and can satisfy the control requirement

under normal operation conditions.

Figure 2. Vector control of the DFIG

3. VECTOR CONTROL OF GSC
The control objective of the GSC is to maintain constant DC-link voltage regardless of the changing

rotor power. Vector control has been applied to enable decoupled control of the active and reactive powers
flowing between the grid and the GSC through the choke [15]. The voltage equations in the d-q frame
rotating at grid voltage pulsation are given as follows:
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g 't § g &
O]
Viy=R,,+1L dtgq +to L i, +V,
The rotating reference frame is aligned with the grid voltage, so we obtain:
Vi = \/§Vg =, and Ve =0 ©
The angle position of the grid voltage is computed as:
V
0. =|w,dt = tan ' £
e V e @
Thus we can write the active and reactive power equations of the GSC as:
- .
P, =V ¢lig
L ®)
0 g = 7 Ve Leq

It can be clearly seen that active and reactive powers are proportional to iz; and i,, respectively.
Therefore we can achieve the decoupled control of the active and reactive powers through i, and i,,. We
assume the back-to-back converter is lossless and neglect the losses in the inductor resistance (choke), we
also assume that harmonics due to the switching can be neglected, then based on the DC-link model we have:

icfdc = Cdv dthE = igfdv - irfdc (9)
P, =V4i, 4 Vg |
Vo|= ey, (10
2
M Gsc_;
g-dc T 2 gd

Where mggc is the modulation index of the GSC. We consider i,.,. as distance, and apply Laplace transform
to Equation (9) then we can obtain the V,, as function of iy, :

m
y o= Mec ;o (1n
© 20, .s w ()

Where s is the Laplace operator.
A PI controller has been used to guarantee constant DC-link voltage and generate reference d-axis
current component i; , to the inner control loop. We set i;, =( because we want the grid-side reactive

power to be zero. We define Vevscf 4 and as the outputs of the inner PI current controllers, then from

VGSC —-q
voltage Equation (5), the reference converter voltages are:

{V;; =V + (@ L, +V,) (12)
V;I = Vﬁt - wngigd
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The overall control structure of the GSC is presented in Figure 3.

Figure 3. Vector control of the GSC

4.  WIND TURBINE MODELING AND CONTROL
4.1. Wind Turbine Model

The turbine is the prime mover of WECS that enables the conversion of kinetic energy of wind E,,
into mechanical power P,, and eventually into electrical energy [16].

0E 1
co = Loar e, a8 (13)

P =
" ot ’ 2

116 —
1,
C,(A,B)=0.22 (T— 0.4 —SJe

i

Where V,, is the wind speed at the center of the rotor (m/s), p is the air density (Kg/m®), A=zR’ is the
frontal area of the wind turbine (m?) and R is the rotor radius (m). C, is the efficiency coefficient which in
turn depends upon the turbine characteristics (f - blade pitch angle, and A- TSR) that is responsible for the
losses in the energy conversion process, and 4;=f(, B) is given by:

v, (14)
1 1 _0.035
A, A +0.08p8 B+l

3.2. Two-mass Drive Traine Model

The power transmission from turbine axis to generator axis is done by a component called drive-
train. Three different drive-train models (one, two, and three-mass models) usually used to model the drive-
train [17]. The so-called two-mass model is simple and sufficient with reasonable accuracy, for the transient
stability analysis especially the interaction with the grid [18]-[19], the two-mass drive-train structure is
shown in Figure 4.

L
Turbine 3 Low speed | Gear ‘:Hi'gh.wu'di DFIG
rofor shaft bax shaft

Figure 4. Two-mass drive train model
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The aerodynamic torque 7, causes the turbine speed w,, which gives the dynamic equations as
follows [20]:

d

t a)t:Tt_Tlss (15)
dt

Here, the low-speed shaft torque T}, acts as a braking torque, it is obtained by Equation (16):

T

Iss

9/" a)VH
=K stiff 0, - T) + Ddamp (0, - T) = NgThv.\' (16)

g g

0,=w,and 0, = o,

The generator inertia J, is driven through the high-speed shaft, the high-speed shaft torque 7} is
braked by generator electromagnetic torque 7, its dynamic system is described by:

dow 7 1 g (17)

g hss em m
dt

Where: T; and T,: aerodynamic torque of turbine rotor and generator electromagnetic torque
respectively,
J; and J,: : turbine rotor and generator moment of inertia respectively,
w, and w,, : turbine rotor and generator mechanical speed respectively,

5. MAXIMUM POWER CURVE SEARCHING ALGORITHM

The maximum power curve searching (MPCS) method is one of numerous solutions for maximizing
the output power in wind turbine system, it is based on the MPC characteristic which depends of the
structural characteristics of the wind turbine which somehow similar to the OT control, another similarity is
the output electromagnetic torque of reference which enforce the rapidness of the proposed algorithm. After
the estimation of MPC characteristic, and the harvested mechanical power in the rotating shaft with
considering all the electrical and mechanical losses (3 losses) in the wind turbine. A fuzzy logic controller
with its adaptive reasoning is applied to unsure the convergence of the proposed method through variable
output step-size signal until the error becomes zero. If the operating point is to the left of the peak point after
changing in the wind speed (point A), the controller must move it to the right to be closer to the peak until it
gets to the zero error (point B), and vice versa if it is on the other side as shown in Figure 5. Additionally,
choosing an appropriate step-size (or scaling factors) in the output is not an easy task, though larger step-size
means a faster response and more oscillations around the peak point, and hence, less efficiency, a smaller
step-size may threat the convergence of the system.

P, (MIV)
T, (KNm)
EPm
Fuzzy Logic Terref
Contreller
Unt Delav
@, (rad | s)
Figure 5. Working mechanism of MPCS Figure 6. FLC structure of the mechanical power
approach

Fuzzy logic control has the capability to control nonlinear, uncertain and adaptive systems, which
gives strong robust performance for parameter variation [21]-[22]. The general structure of a fuzzy like-PI
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controller is shown in Figure 6 where the input signals are the error and its change (£ and 4E) and the output
signal is the command change (4U). The fuzzy Membership functions (MFs) are defined as follows:

Z=zero, PS=Positive Small, PM=Positive Medium, PB=Positive Big, NS=Negative small, NM=
Negative Medium, NB= Negative Big.

FLC rules table consists of series "if-and-then" fuzzy logic condition sentences. The design of these
rules is based on a qualitative knowledge, deduced from extensive simulation tests using a conventional PI
controller of the system for different values of K, and K, and with different operating conditions [23].

In this study, the measured rotational speed and stator power will be used as inputs to the MPPT
system, the error in estimated mechanical power and its change ( £P,, and AEP,,) are used as inputs to the
FLC, and the output is the change on electromagnetic torque of reference (ATZ,, ). MFs and the surface
created by the fuzzy controller are shown in Figure 7. Triangular symmetrical membership functions are
suitable for the input and output, which give more sensitivity especially as variables approach to zero. Table
1 gives the corresponding rule of this Fuzzy-MPCS controller. The FLC is efficient to track the maximum
power point, especially in case of frequently changing wind conditions [24]. The overall block diagram of the
MPPT control is shown in Figure 8. By estimating all the electrical and mechanical losses in the wind
turbine, the following relations are obtained:

Pm:PS+Pr+Zlosses:(l—g)Ps+O.l*Pm (18)
P, =(-g)P, *1.1111 (19)
For defining the MPC and according to the Equation (13) and (14), if the rotor is running at the
optimal TSR (4,,,), it will also run at C,,.. Thus, the MPC expression is obtained:

T m opt “'m (2 0)

1.2 1.2
1 NG NM NP ZE PP PM PG 1 NG NM NP ZE PPPM PG
.8 .8
.61 .6
-4 Ar
.2F .2F
0 0
-1 -05 0 0.5 1 -1 -0.5 0 0.5 1
EPm dEPmM
(a) (b)
1.2 T T
2 4 NG NM NP ZE PP PM PG
=
[4
@ 0.8l
% .8 *,J;,
g .61 g
5 0.4 5
[ -
o
©0.2r
a
0
-1 -0.5 0 0.5 1
dTem-ref
(© (d)

Figure 7. Membership functions of Fuzzy-MPCS controller
(a,b) Input membership functions of EP,, and AEP,, respectively (c) Output membership functions of AT,
(d) Surface created by the fuzzy controller
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Figure 8. Block diagram of MPCS-MPPT control system

Table 1. Rule table of Fuzzy-MPCS controller

EP(pu) NB NM NS z PS PM PB
AEP,(pu)
NB NB NB NB NB NM NS z
NM NB NB NB NM NS z PS
NS NB NB NM NS z PS PM
Z NB NM NS z PS PM PB
PS NM NS z PS PM PB PB
PM NS Z PS PM PB PB PB
PB Z PS PM PB PB PB PB

In order to be honest, we have to compare the MPCS algorithm with a good sensorless MPPT method,
the OT control seems suitable with its superiority in term of efficiency and speed of response, However, the
efficiency is lower compared to that of TSR control method, because it does not use the wind speed directly,
meaning that wind changes are not reflected instantaneously and significantly on the reference signal [25].
Considering that P,=Tj,m,, in the high speed shaft and with considering Equation (20), T), can be
rearranged as follows:

c .
—pnR’® /{’mdx w:=K o Q1)

The OT is a torque control based method, where the analytical expression of the optimum torque
curve, represented by Equation (21), is given as a reference torque for the controller that is connected to the
wind turbine [5]. The overall diagram of the OT control is represented in Figure 9. According to the wind
turbine parameters mentioned in the appendix, the 1.SMW wind turbine characteristics are shown in Figure
10, this yield to K,,, = 0.436
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Figure 9. Block diagram of OT control MPPT Figure 10. Power coefficient curve versus TSR and
method pitch angle
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6. SIMULATION RESULTS AND DISCUSSION

Investigation has been performed on a 1.5MW DFIG system incorporating the proposed Fuzzy-
MPCS controller. The parameters of the DFIG are inspired from [14]-[26]. The simulation objective is to
apply a random wind speed profile to emulate normal wind turbulence; the proposed MPCS strategy has to
give the optimal electromagnetic torque to the system, and to contend the OT control method in terms of
efficiency and speed of response. The wind speed profile is chosen in order to cover the whole variable speed
operating mode of the DFIG system which is between the 1.2 and 0.7 [pu]. The control system is performed
in the per-unit (pu) system according to the rated characteristics of the wind turbine (see appendix), the
simulation results are denoted in Figure 11.
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1 I A NN mm T == ! "
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s v N |
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Figure 11. Dynamic responses of the fuzzy-MPCS algorithm in the variable speed mode
(a) Wind speed profile (b) Rotational speed (¢) Mechanical power (d) Output electrical power
(e) Stator currents (f) Rotor currents

The Figure 11 shows the dynamic response of the wind turbine, the Figure 11(a) shows a random
wind speed profile covered almost the whole variable speed operating range of wind speed, bounded by cut-
in and the rated wind speeds. The Figure 11(b) shows the rotational speed response and its theoretical optimal
value, it is changing according to the wind speed value, and compared with the OT control, the Figure 12(d)
shows a good and stable response for both techniques. The Figure 11(c) shows the output mechanical power
and its theoretical optimum reference according to the available kinetic power of the wind, the output
mechanical power track its reference precisely thanks of the FLC. The Figure 11(d) shows the total electrical
output power of the DFIG, the active power is the harvested power from the available mechanical power in
the high speed shaft, it’s a little bit lesser than the mechanical power because of the collective losses of the
system. The Figure 11(e) and the Figure 11(f) show the stator and the rotor currents respectively obtained by
the Fuzzy-MPCS control method, they are changing according to the output power magnitude, the rotor
currents frequency is changing according to the rotational speed, on contrary the stator currents frequency is
maintained the grid frequency.

Doubly-Fed Induction Generator Drive System Based on Maximum Power Curve... (Abdelhak Dida)



ISSN: 2088-8694

0.52 : _
- | --Theoritical Cpmax
& ! —OT Control
5 OBl - - - - —---— tomme —MPCS Control

T
g | |
2 |
5 \
€
2
(=}
g
[
o
o

Time [s]

(a)

; \ —OT Control
o8- ___ I _|—MPCS Control

=
=3
@
Q
j=
o
S0~ e
S
5 I
3 04 -------- t--- == |- ———-=-=-=-=-=7
= | |
Sog---o-modooooo e
; I I
w 0 | 1

0 5 Time [s] 10

©

15

; --Theoritical optimal TSR
ok —OT Control
: —MPCS Control
T
,,,,,,,,, T
o 1 | |
2 I I
10 e F——A -
WAL Y
-~ - T T Ve
| |
8 1 1
0 5  Timey 10 15
777777777 Jr __ _ _ |==Theoritical Optimal Speed
= 13 | —QOT Control
olaeag T —MPCS Control
$11
&
g o AT n —
SO09 —— g T AN
=1 TN,
g T T ™
07F————————F7-————————— —————————
1 1
0 5 Time [s] 10 15

Figure 12. Dynamic response comparison between OT and MPCS control techniques
(a) Coefficient of power (b) TSR (c) Electromagnetic torque of reference (d) Rotational speed

The power coefficient response is presented in Figure 12(a), in term of speed and efficiency, the two
methods seem fast and efficient, but the Fuzzy-MPCS method is a little bit superior. The Figure 12(b) shows
the TSR characteristics, it reaches the optimal value and keeps it in both MPPT methods.

Table 2. Rule table of Fuzzy-MPCS controller

Technique Principal Complexity Convergence speed ~ Wind speed  Performance Median Cp
measurement
OT Control OT characteristics Simple Fast No Very good 0.490
MPCS Control  MPC characteristics Simple Fast No Very good 0.495

Table 3. Detailed parameters of DFIG and the wind turbine system [14]-[26]

parametre symbole value

Rated wind speed V. 12 m/s

Rated apparent power Sous 1,5/0.9 MVA

Rated active power P, 1,5 MW

Rated voltage (line to line) v 575V

Rated DC-link voltage Vae 1200 V

Rated Grid frequency f 60 Hz

Number of pole pairs p 3

Stator/rotor turns ratio m 1/3

Stator resistance Ry 0.023 pu

Rotor resistance R, 0.016 pu

Stator leakage inductance Ly 0.18 pu

Rotor leakage inductance L, 0.16 pu

Magnetizing inductance L, 2.9 pu

DC-link capacitance Cue 0.01 F

Choke (resistance/ inductance) Ry L 0.003 /0.3 pu

Filter (resistance/ capacitor) Ry/ C; 0.53 Q/ 1333 mF
Network Vi/l/Z, 25KV /30Kny/ (3.45+11.87)Q
Transformer (power, voltage) P, V)V, 1.75 KW / (25/0.575) KV
(winding1/winding2) (Ri/L})/ (R/L) (0.025/30, 0.025)pu/(0.025/30, 0.025)pu
Generator lumped inertia constant = .J,/2 H, 0.685s

Turbine lumped inertia constant = .J,/2 H, 3s

Equivalent torsional stiffness coefficient Koir 1.11 pu

Equivalent damping coefficient D gamp 1.5 pu

Generator friction coefficient b 0.01 pu

Gearbox ratio N, 91

Rotor diameter 2R 72 m

Air density p 1.225 kg/m’
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The Figure 12(c) shows optimum electromagnetic torque of reference for both the MPPT methods,
they are decreased from the rated value which is 0.83[pu] into 0.4[pu] according to the wind speed and the
control algorithms. The Table 2 gives a brief comparison between the two MPPT techniques in different
levels. Based on results and analysis, the MPCS method was found to be fast, efficient and steady, and it’s a
little bit more efficient compared to the OT control because it’s deal directly with the MPC characteristic of
the wind turbine, and with no need to any information about the wind speed.

Table 4. Detailed parameters of the DFIG control system:

parameter symbole value
Power system sampling period T power Se-5s
Control system sampling period Ty control S5e-5s
Switching frequency Sow 1700 Hz
PI rotor currents controllers (Kp.ir, Ki-ir) (0.3,8)

PI DC-link voltage controllers (Ky-vie, Ki-vac) (8,400)
PI GSC currents controllers (Kpio, Kiio) (2.5, 500)

7. CONCLUSION

This paper reviewed and discussed a novel mppt algorithm for wind turbine system equipped with
dfig. In addition, the authors analyzed a simulation and comparison of the proposed algorithm with the
conventional sensorless ot control method in terms of efficiency and speed of response. Simulation results
demonstrated the simplicity and accuracy of the mpcs method. This method obtained the maximum average
value of power coefficient and maintained it at its maximum like in the ot control method even with changes
in wind speed. Nevertheless, its dependency on wind turbine characteristics made it inflexible. On the other
hand, the flc is fast, flexible and simple in implementation, and can be difficult in determining the flc scaling
factors which can causes more fluctuation or unstable response.
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