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Abstract

Wind energy conversion systems requires a suitable control
to maximise the power generated by wind turbines
independently on the wind conditions. Variable-speed fixed-
pitch wind turbines with doubly-fed induction generators are
used in WECSs for their higher reliability and efficiency
compared to variable-pitch wind turbine systems. This paper
proposes an effective control algorithm to maximise the
efficiency of fixed-pitch wind turbines with doubly-fed
induction generators using particle swarm optimization
control to compensate for the errors in the estimation of the
circuit parameters of the generator. The proposed control
algorithm generates an optimal speed reference to optimise
the mechanical power extracted from the wind and the
optimal d-axis rotor current through stator reactive power
management to minimise the electrical losses of the doubly-
fed generator. The optimal speed reference is provided by a
maximum power point tracking control below the rated wind
speed and a soft-stalling control above the rated wind speed,
while the optimal d-axis rotor current is searched by a particle
swarm optimisation algorithm. The proposed control system
has been verified by numerical simulations and it has been
demonstrated that the energy generated for typical wind speed
profiles is greater than that of a traditional control based on a
model-based loss minimisation.

Nomenclature

Usd, Usq = Stator voltage components in dq reference frame

Urd, Urq = rotor voltage components in dq reference frame

isd, Isq = Stator current components in dq reference frame

ird, irq = rotor current components in dq reference frame

W, Wsq = Stator flux linkage components in dq reference
frame

Wi, W = rotor flux linkage components in dq reference
frame

6, 6n = reference frame, rotor position

s, am = reference frame, shaft angular speed

rs, rr = stator, rotor resistance per phase

Ls, Ly, Lm = stator, rotor, mutual inductance per phase

Ps, Qs = stator active and reactive powers

Tem, Tm = electromagnetic and mechanical torques

p = air density
R = turbine radius
ax = turbine angular speed

1 Introduction

Wind energy is one of the most attractive renewable energy
for ist large availability and high power density [x]. A wind
energy conversion system (WECS) converts the Kkinetic
energy of wind into electrical energy with a wind turbine, an
electrical generator and a controller. A gearbox and a
converter are optional parts that depend on the type of
generator and controller in the WECS.

The efficiency of WECSs has become an interesting research
topic over the recent years for the significant potential of
reducing of need of fossil fuels for power generation [1, 2].
Variable-speed wind turbines (VSWTSs) have being developed
to improve the amount of power extracted from wind for all
wind speeds and, hence, they are more efficient than fixed-
speed wind turbines (FSWTSs) [3,4,5]. In a VSWT system, a
DFIG is used to convert mechanical power into electrical
power as they require only a small power converter in
comparison to a permanent magnet synchronous generator.
The maximum mechanical power that can be extracted from a
wind turbine is shown in Fig. 1 as a function of the wind
speed [6]. In regions 1 and 4, the wind turbine must be halted
because the power from the wind turbine is either not enough
to sustain a continuous generation or is dangerous for the
blades. In region 2, i.e. from cut-in speed, Veutin, to rated wind
speed,Vraed, VSWT is controlled with a maximum power
point tracking (MPPT) controller. Well-known MPPT
methods have been reported in the literature, such as the
optimal tip speed ratio (TSR) control [7], the power signal
feedback (PSF) control [8], and the perturb and observe
(P&O) control [9, 10]. Above the rated speed and up to the
cut-out speed, Veuout , the power is limited by either a passive
stall control or an active stall with speed control [11] and
pitch control [1].
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As reported in the literature, pitch control is expensive and
has a high maintenance cost [12]. To improve the dynamic
efficiency, it is preferable to use a fixed-pitch wind turbine
with an active stall control, also known as soft-stalling
control, obtained with the speed control of the generator
[11, 13, 14]. However, there is still not a clear understanding
on the control of fixed-pitch wind turbines for the entire wind
speed range indicated in Fig. 1.

MPPT and minimum electric loss (MEL) controllers have
been proposed to optimised the efficiency of the wind turbine
when the electrical generator is a squirrel-cage induction
generator [15, 16]. This control can be extended to DFIGs,
with the advantage of independent control of the shaft
speed/torque and stator reactive power when a stator field
oriented (SFO) vector control of the rotor converter is used
[17]. When a DFIG is used as a generator, the efficiency of
the WECS can be also improved with an optimal control of
the reactive power. Several methods have been proposed to
derive the optimal control law of DFIGs, e.g., using a copper
loss model [18, 19], an iron and copper loss model [20, 21],
and a loss model of the generator, the filter and the power
converter [22]. However, all these loss minimisation
controllers require the accurate knowledge of the parameters
of the DFIG, the filter and the power converter for generating
the optimal control law. In practical applications, these
parameters are only roughly known and some of them, like
the rotor resistance, are sensibly dependent on the
temperature [x]. This problem leads to inaccurate
determination of the condition of minimum losses, reducing
the efficacy of the algorithms.

Searching methods have been used to overcome the
limitations of model-based loss minimisation control
(MBLC). Several search techniques have been reported in the
literature, such as perturb and observe (P&O), genetic
algorithm (GA) and particle swam optimisation (PSO) [23]..
In this paper, a PSO control is used to maximise the electrical
power of DFIG under uncertainty conditions of the DFIG
parameters. PSO is one of most efficient meta-heuristics
conceptualised from the pattern movement of a flock of bird
looking for food to solve optimisation problem [23]. As
population-based search algorithm properties, PSO gives the
high performance to avoid trapping in its local solution of
multi-peak functions.

Therefore, this paper proposes a new optimal control that uses
MPPT and a soft-stalling controller to obtain the optimal

speed reference for the electrical generator and a PSO
searching control to obtain the optimal iy reference for the
SFO vector control.

2 System modelling and description of control

2.1 Wind turbine modelling

The mechanical power extracted from a wind turbine is given
by the following expression [X]:

1
Pn=5p ©R* Vi Cy 0-.B) M

The power coefficient of the wind turbine (Cy) is a function of
the tip-speed ratio (1) and the pitch angle () and is defined
by manufacturer design. In this paper, the power coefficient is
given by the approximate formula suggested in [25]:
21
116 =N
Cp(x,ﬁ)=0.5176£7—0.4[3—5}9 i +0.0068% (2)

Where:
1 1 0.035
R Tt 3)
i A+0.083 1+
The tip-speed ratio can be calculated as:
2R (4)

Vi

2.2 Doubly-fed induction generator modelling

The three-phase dynamic model of the DFIG in the d-q
reference frame can be expressed by the following equations
[17]:

: Ysd
Usg =Tslsg + —OsYsqy
. dygq
Usq =Tsisg g OV
. Ay
Upg =Tpig +— 0 — (g —Np®m)Vrq (5)

dy,
q
Urq =Trlrq +T+ (05 =NpOMm)Wrg

dop,
dt

Under the assumption of negligible iron loss and unsaturated
main magnetic circuit, the flux linkage equations, are:

Wsd = Lsisg + Liirg
Vsq = Lsisq + Limirg
Vrd =Lmisg + Lrirg
Yrq= Lmisq + I-rirq

J

= Tem _Tload

(6)

in which:
L=Ls +Ly
L =L + Ly
The equation of the electromagnetic torque is:

()
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The stator active and reactive powers are:
3 . .
P =E(usq'sq +Usqg Isg )
9)
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2

2.3 Field oriented control of rotor side converter

In the stator flux-oriented control, the d-axis of d-q reference
frame is oriented with the stator-flux vector. Therefore, the dq

components of stator flux linkage are:
Vsd =V
sd | | (10)
Ysq =0

Assuming the stator flux linkage constant and neglecting the
stator resistance, the stator voltage equations (5) are
simplified as:
Ugq =0
Usq =WsWsq (11)

Combining (10) and (6), the mechanical equation can be
expressed as follows:

do 3 Ly .
J dtm :_Enp :‘Vsd'rq - (12)
and the active and the reactive powers are:
3Ly .
SR -
_3 g 3Llm,, .
Qs __Usq _EL_Susq'rd

2 L

Equation (12) and (13) point out thatthe electromagnetic
torque and the stator active power are controlled only by i,
while the stator reactive power is controlled only by i.
Therefore, the control of shaft speed and stator reactive power
of the outer control loop can be decoupled by controlling
independently irg and irq.

3 Optimised control of DFIG for fixed-pitch
wind turbines

3.1 MPPT controller

To track maximum power from wind turbine, MPPT
controller is used to keep coefficient power C, at its
maximum value, Cpmax, When wind speed is below the rated
value. From (1), the maximum mechanical power as a
function of the turbine shaft speed is:
C max
p3 “)t3 =Kopt 03?
opt
This paper uses a MPPT algorithm based on PSF for the fast
tracking characteristics and simplicity, as it does not need

1 5
P, opt =P R (14)

speed sensors. The mechanical power is derived by an
observer and, hence, the optimal speed reference is calculated

from (15):
* P
Oopt :43{ Kg;t

3.2 Soft-stalling controller

(15)

When the wind speed is higher than the rated value, soft-
stalling control is used to limit the power of the turbine to the
rated value, Pmn, by decreasing the speed of generator down
to the stall region. For smooth control between MPPT and
soft-stalling, the soft-stalling control is designed a PI
controller [13]. This controller provides the compensation
terms to subtract from rated speed value, axn, to achieve stall
operations. The overall block diagram of MPPT and soft-
stalling controller is shown in Fig. 2.

'_MPPT controller !

Mechanical
¢ power observer

Fig.2: Block diagram of PSF-MPPT and soft-stalling control

3.3 Optimum point tracking of d-axis rotor current

Usually, the d-axis rotor current of the rotor side converter is
regulated to keep the stator reactive power, Qs, at zero.
Withthis strategy, the grid side converter does not have to
compensate for the reactive power of the machine. However,
the d-axis rotor current corresponding to zero stator reactive
power is high and, hence, causes additional copper losses in
the rotor winding that is undesired [21]. An optimal tracking
of the d-axis rotor current is provided in this paper to
minimise copper losses of DFIG.

3.3.1 Model-based loss minimisation control

To achieve minimum copper losses, the optimal d-axis rotor
current can be calculated via the DFIG model [18, 21]. From
(5) and (9), the steady-state copper losses of the DFIG are:

2 2 2 2

3 (.2 . 3 (2 .
Ps_cu :Ers(lsq +|Sd)+5rr(|rq +|rd) (16)
Substituting (6) into (16) yields:
3 2 ), 3v3
PSS_CU :E[I‘r +L—r£rsJ|rq "rEL—sg rs
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3peg Lol 2 ).
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As it has been assumed yzq constant, the power losses can be
minimised by the following equation:
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And, hence, the optimal irq to minimise copper losses is:

i = Lmfs¥sd
ra— 2 2
Ll + Lshy
3.3.2 Particle swarm optimisation searching control

(18)

In the PSO algorithm, n candidate solutions are called
particles, (X1, X2..., Xn). At each iteration, each particle x;
directs to the optimal solution under domination of the best
particle in a neighbourhood (Xgeest) and the best solution found
for each particle so far (Xpwesti). Each particle is updated using
the following formula:

Xi (K+1) + X (k) +vi (k+1) (19)
where v; is the velocity of each particle. The velocity is
updated calculated as follows:

Vi (k1) = w; (K) + 01 [ Xppest,i =% (K) |

+Colp [ngest =X (k)J
Where r; and r, are random vectors with values between 0
and 1, ¢; and c; are learning parameters used as acceleration
coefficient and w is the inertia weigh [26].
For the optimum tracking of the d-axis rotor current with
PSO, the candidate solutions are:

%; (k) :[i:d,l’ irg 2 ----’i:d,n}

(21)
Then, the optimal d-axis rotor current corresponds to
maximum electrical power generated by the DFIG; hence, the
objective function of PSO is evaluated as:

R (i:d,i (k))> R (i:d,i (k —1))

(20)

(22)
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Fig.3: Optimal control block diagram of the WECS based on DFIG

4 Simulation results

The block diagram of the optimal control of the WECS is
shown in Fig. 3. The wind turbine is coupled with the DFIG
via a gearbox and the DFIG is connected to the busbars of a
stiff grid. A back-to-back converter supplies the rotor circuit:
the rotor side converter (RSC) controls the generator speed
and the stator reactive power, while the grid side converter
(GSC) controls the grid reactive power and the DC-link
capacitor voltage. The MPPT is used for tracking the
maximum mechanical power from the wind, while the
reference for the shaft speed is given by the optimisation
algorithm. Copper losses of the DFIG are minimised through

the control of the d-axis rotor current,.The parameters of the
wind turbine and the DFIG used for the simulations are given
in Table 1 and 2, respectively.

The proposed optimal control algorithm is verified using
Matlab/Simulink to validate its performances incorporating a
DFIG model, wind turbine model and vector control. The
MPPT and soft-stall controller are applied as per Fig. 2 and
pitch angle of turbine is fixed at zero. In order to improve the
efficiency of DFIG, the MBLC and PSO algorithm are used
to compare performance of results when DFIG parameter
values are changed from the parameters given in Table 2. The
optimal d-axis rotor current reference of the MBLC is
provided by Equation (26). The PSO search is done by its
algorithm aforementioned above with 3 d-axis rotor current



reference candidates. The parameters of PSO are defined as
ry, r; are 0.5, c1, ¢ are 0.729, 1.494 and w is 0.15,
respectively. The sampling period of PSO is chosen as 0.3
seconds.

Parameter Value | Unit
Rated power (Pmn) 5 kw
Blade radius (R) 2327 m
Gearbox ratio (G) 7 -
Rated wind speed (Vrated) 10 | m/s
Cut-in wind speed (Vcyt-in) 4 m/s
Cut-out wind speed (Veut-out) 14 m/s
Maximum power coefficient (Cpmax) 0.48 -
Optimal tip-speed ratio (Aopt) 8.1 -
Equivalent moment of inertia (Jr) 0.5 | Kgm?
Table 1: Wind turbine characteristics.
Parameter Value | Unit
Synchronous speed 1500 | rpm
Rated stator voltage 380 \
Rated stator current 8.36 A
Rated torque 31.8 | Nm
Rated rotor voltage 205 \
Stator-rotor turns ratio 0.54 -
Stator resistance (Rs) 720 | mQ
Stator leakage inductance (Lis) 5.8 mH
Mutual inductance (L) 85.8 | mH
Rotor resistance referred to stator phase | 750 mo
(Rn) 5.8 | mH
Rotor leakage inductance referred to 2 -
stator phase (Lir) 0.024 | Kgm?
Number of pole pairs (p)
Inertia (Jo)
Table 2: DFIG characteristics [16].
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Fig. 4: Simulation results of proposed control with step
changing wind speed from 5 to8 and then from 8 to 12 m/s
when the error on the estimation of Ly, is -50%.

Fig. 4 and 5 show the performance of the proposed control
system when the wind speed changes as a step every 40
seconds and the mutual inductance of DFIG is uncertain and
the control uses a value smaller than 50% of the real one in
Table 2. The simulations show that the MPPT control based
on PSF and soft-stalling has adequate performance in the
entire speed range as shown in Fig. 4(a) and 5(a). The speed
variation is limited by the inertia of the wind turbine and the
generator and, as such, the performance would be affected
when the wind speed has high rate of variation. The
simulations in Fig. 4(b) and 5(b) also compare PSO and
MBLC in terms of electrical power and energy. The figures
show that the energy generated by PSO is slightly higher than
that of MBLC in both cases. Also, it can be observed that the
proposed control gives smoother generator speed trajectory
between the MPPT and soft-stalling controller for both step-
up and step-down change of wind speed, i.e. at 80 seconds in
Fig. 4 and 40 seconds in Fig. 5.
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Fig. 5: Simulation results of the proposed control with step-
changing wind speed from 13 to 7 and from 7 to 4 m/s when
the error on the estimation of Ly is -50%.

DFIG Parameter variations Extra energy extracted
of Model-Based Method from PSO
Variation of -10% of Ly, -0.01%
Variation of -30% of L, +0.33%
Variation of -50% of L, +1.78%
Variation of +10% of R, -0.01%
Variation of +30% of R, +0.04%
Variation of +50% of R, +0.10%

Table 3: Energy generated by the DFIG with a PSO in
comparison with a MBLC with an error in the estimation of
machine parameters for a simulation of 2 minute.

The influence on the error in the estimation of DFIG
parameters has been analysed in Tab. 3 for a constant wind
speed of 8 m/s with reference to L, and R, which are the
parameters most likely to be affected by the operating
conditions of the machines.. Tab. 3 shows that the error on the
estimation of L, produces a much larger effect than the error
on R;. For example, in case of an error of -50% in the
estimation of Ly, the PSO generates 1.78% more energy than
MBLC over a period of 2 minutes, i.e. 1 kWh/day extra.
[Analyse what those results tells us]

5 Conclusion

This paper proposes a new optimal control of WECS with
DFIG for fixed-pitch wind turbines to maximise the
mechanical and electrical powers.

The simulations on a sample wind turbine with DFIG show
that MPPT based on PSF and soft-stalling and PSO
controllers give improved efficiencies for the entire speed
range of the turbine. The proposed control also provides
smooth generator speed trajectory at the transition from PSF
to soft-stalling.

The PSO searching control algorithm provides advantages of
robustness of the control against uncertainties on the
parameters of the DFIG. The simulations have shown that the

rotor speed has to change substantially to follow the
variations of the wind speed, but this is limited by the wind
turbine inertia. This issue requires further work on the
analysis of the control strategy for extremely variable wind
speeds, where the torque of the generator could be reversed to
improve the dynamical response of the speed control.
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