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Particle swarm optimisation technique to
improve energy efficiency of doubly-fed
induction generators for wind turbines

Cherngchai Sompracha’ =, Dilan Jayaweera’, Pietro Tricoli

"Department of Electronic, Electrical and Systems Engineering, University of Birmingham, Birmingham, UK
= E-mail: CXS407@student.bham.ac.uk

Abstract: Wind energy conversion systems (WECSs) require 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
(DGIG) are used in WECSSs for their higher reliability and efficiency compared to variable-pitch wind turbine systems. This study
proposes an effective control algorithm to maximise the efficiency of fixed-pitch wind turbines with DFIGs using particle swarm
optimisation 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

Usgs Usg stator voltage components in dg reference frame
Urg, Urg rotor voltage components in dq reference frame

Isds Isg stator current components in dq reference frame

Irgs irg rotor current components in dg reference frame

Wsd» Wsq stator flux linkage components in dg reference frame
Wrd> Wiq rotor flux linkage components in dg reference frame
[0 mechanical angular speed

@, electrical angular speed of rotor

s dq reference frame (stator flux) angular speed

0, rotor vector position

0, dq reference frame (stator flux) vector position

Tg, 1t stator, rotor resistances per phase

Ly, L, Ly, stator, rotor, mutual inductances per phase

P, Oy stator active and reactive powers

Tems TL electromagnetic and load torques

P, mechanical power from a wind turbine

Pe electrical power from DFIG

p air density

Vw wind speed

[ox turbine angular speed

1 Introduction

Wind energy is one of the most attractive renewable energy for its
large availability and high power density [1]. A wind energy
conversion system (WECS) converts the kinetic 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 the need for fossil fuels for power generation [2]. Variable-speed
wind turbines (VSWTs) have been 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
(FSWTs) [3, 4]. In a VSWT system, a doubly-fed induction
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generator (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 optimal mechanical power that can be extracted from a
wind turbine is shown in Fig. 1 as a function of the wind speed [5].
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, veyi.in, to rated wind speed, viaed, 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 [6], the
power signal feedback (PSF) control [7], and the perturb and
observe (P&O) control [8]. Above the rated speed and up to the
cut-out speed, Veyt.out, the power is limited by either a passive stall
control or an active stall with speed control [9] and pitch control
[2].

As reported in the literature, pitch control is expensive and has
a high maintenance cost [10]. 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 [9, 11, 12]. However, there is still not a
clear understanding of 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 optimise the efficiency of the wind turbine when the
electrical generator is a squirrel-cage induction generator [13]. 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 [14]. When a DFIG is used as a generator, the
efficiency of the WECS can be also improved with 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 [15], an iron and copper loss model [16], and a loss model
of the generator, the filter and the power converter [17]. 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
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Fig. 1 Mechanical power captured from wind turbine [5]

them, like the rotor resistance, are sensibly dependent on the
temperature [18]. This problem leads to the 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 P&O,
genetic algorithm and particle swarm optimisation (PSO) [19]. 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 the most efficient meta-heuristics conceptualised
from the pattern movement of a flock of the bird looking for food
to solve the optimisation problem [19]. 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 i,; reference for the SFO vector control.

2 System modelling and description of the
control

2.1 Wind turbine modelling

The mechanical power extracted from a wind turbine is given by
the following expression [14]:

1
Pm = EPHRZV?NCP(/L ﬁ) (1)

The power coefficient of the wind turbine, C,, is a function of the
TSR, 4, and the pitch angle, f, and is defined by manufacturer
design. In this paper, the power coefficient is given by the
approximate formula suggested in [14]

Co(A P = 0.5176(%6 -04p— 5)e‘””*” +0.0068 )
where

1_ 1 0035 3

5 2+0088 144 3)

The TSR can be calculated as

=5 )

2.2 DFIG modelling

The three-phase dynamic model of the DFIG in the d—¢ reference
frame can be expressed by the following equations [14]:

o dl/’sd
Usqg = Tslsg + F — WWsq

, s
Usqg = Tlsg + Tq — WOWYsq

. dy,
Urg = Tl + Trd — (w5 — npwm)'//rq (5)

. dy,
Upg = Hilyg + d;q + (w5 — npwm)ll’rd

dw,
sz_tszem_TL

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

Wsa = Lisa + Linla
Ysqg = Lsisq + Lmirq

. . (6)
Wa = Lsisa + Liig
Vg = Lmisq + Lrirq
in which
Ly= L+ Ly
_ @)
Lo=Li+ Ly
The equation of the electromagnetic torque is
3 Ln, . .
Tem = Enpz(l//sqlrd - ‘//sdqu) (8)
The stator active and reactive powers are
3 . ;
Py = E(usqlsq + Usglsq)
©)

3 . .
Q= E(usqlsd - usdlsq)

2.3 Field-oriented control of rotor side converter (RSC)

In the stator flux-oriented control, the d-axis of d—q reference
frame is oriented with the stator-flux vector. Therefore, the dg
components of stator flux linkage are

[V’sdz [yl (10)

l//sq=0

Assuming the stator flux linkage constant and neglecting the stator
resistance, the stator voltage (5) are simplified as

[ustO

Usqg = W5 sq

(11)
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Fig. 2 Block diagram of PSF-MPPT and soft-stalling control

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

dop, 3 Ly .
S~ =~ 2, Wsdhg ~ Ty (12)

and the active and the reactive powers are

3Lm

— Sl
2L, a'a

_ 3 Ysd 3 Lm .
O = 3L e T 3T, tealrg

P =
(13)

Equations (12) and (13) point out that the electromagnetic torque
and the stator active power are controlled only by iy, 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 iy and iy,.

3 Optimised control of DFIG for fixed-pitch wind
turbines

3.1 MPPT controller

To track maximum power from a wind turbine, the MPPT
controller is used to keeping 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

1 Comx 3
Py opt = EPﬂRS}?—tw: = Kopt@} (14)
op

This paper uses an MPPT algorithm based on PSF for the fast-
tracking characteristics and simplicity, as it does not need speed
sensors. The mechanical power is derived by an observer and,
hence, the optimal speed reference is calculated from the following
equation:

P
Wy = Kn; (15)

3.2 Soft-stalling controller

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,
P, 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 [11]. This controller
provides the compensation terms to subtract from rated speed
value, w,y, to achieve stall operations. The overall block diagram

of the MPPT and the soft-stalling controller is shown in Fig. 2.
3.3 Optimum point tracking of the d-axis rotor current

Usually, the d-axis rotor current of the RSC is regulated to keep the
stator reactive power, (O, at zero. With this strategy, the grid side
converter (GSC) does not have to compensate for the reactive
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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 [16]. 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 [15]. From (5) and (9), the steady-
state copper losses of the DFIG are

3 . ; 3 0
PSS_cu = Ers(l:q + l:d) + Err(lrzq + l?d) (16)
Substituting (6) into (16) yields

3( L ). 3ve
Pss cu = E(rr + E’s)qu + §L_bzdrs
S

_3wsalwrs, 3
Ls Td 2

(17

2
m 2

rr+_zrs rd
Ly

As it has been assumed y,, constant, the power losses can be
minimised by the following equation:

2

oP
SSeu o+ %rs)ird =0 (18)

_ 3Lmr sWsd
- 2

- +3
7 ld Ls

S

and, hence, the optimal i,; to minimise copper losses is

Lmr sWsd
Lurs + Lir

sk
kg =

(19)

3.3.2 PSO searching control: In the PSO algorithm, n candidate
solutions are called particles, (x;, x,, ..., X,). At each iteration, each
particle x; directs to the optimal solution under the domination of
the best particle in a neighbourhood (xgpest) and the best solution
found for each particle so far (xpest,;)- Each particle is updated
using the following formula:

xik + 1) = xi(k) + vi(k + 1) (20)

where v; is the velocity of each particle. The velocity is updated
calculated as follows:

vitk + 1) = wvilk) + eirri(Xppest.i — Xi(k))
€2y

Czrz(xgbesl - X,(k))

where r; and r, are random vectors with values between 0 and 1, ¢;
and ¢ are learning parameters used as acceleration coefficient and
w is the inertia weigh [20].

For the optimum tracking of the d-axis rotor current with PSO,
the candidate solutions are

xik) = (150,15 5.20--+» .0) 22)

This is an open access article published by the IET under the Creative Commons Attribution License

(http://creativecommons.org/licenses/by/3.0/)



GsC

GsC
Controller

Grid
Bus

5

L1

Model- i
Based Loss .
Minimization .
Lrglrd W sa 00,
PSO . Vi u
Searching _ ud

Decoupling|,,

a'uiling

MPPT and

T,

Gearbox

Soft-stalling

i Encode

wp
p

Fixed-pitch
wind turbine

65 * isd dq
i, q

a,
wp

v

]

Torque
Calculation

2
=

-
I in Frame Stator

Speed Cal[*Ty7/|flux Cal

Power
Calculation

L |

Fig. 3 Optimal control block diagram of the WECS based on DFIG

Table 1 Wind Turbine characteristics

Table 2 DFIG characteristics [13]

Parameter Value Unit Parameter Value Unit
rated power (Pmp) 5 kW synchronous speed 1500 rpm
blade radius (R) 2327 m rated stator voltage 380 \
gearbox ratio (G) 7 — rated stator current 836 A
rated wind speed (Vrated) 10 mis rated torque 31.8 Nm
cut-in wind speed (Veut-in) 4 mis rated rotor voltage 205 V
cut-out wind speed (Veytout) 14 mis stator-rotor turns ratio 054 —

. - stator resistance (Rg) 720 mQ
maximum power coefficient (Cpmax) 048 —

. stator leakage inductance (Ljs) 58 mH
optimal TSR (Zop0) 8.1 — lind . 85.5 H
moment of inertia referred to generator side (J7) 0.5 kgm?2 mutual inductance (L) ' m

rotor resistance referred to stator phase (Ry) 750 mQ

rotor leakage inductance referred to stator phase (L) 5.8 mH
Then, the optimal d-axis rotor current corresponds to maximum number of pole pairs (p) 2 —
electrical power generated by the DFIG; hence, the objective inertia (Jg) 0.024 kg m?2

function of PSO is evaluated as

P(i% (k) > Po(ify (k = 1)) (23)

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 RSC controls the
generator speed and the stator reactive power, while the 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 DFIG and the wind turbine used for the
simulations are given in Tables 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 the pitch angle of the
turbine is fixed at zero. To improve the efficiency of DFIG, the
MBLC and PSO algorithm are used to compare the 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 (19). The PSO search is
done by its algorithm aforementioned above with three d-axis rotor
current reference candidates. The parameters of PSO are defined as

r1, rp are 0.5, ¢y, ¢ are 0.729, 1.494 and w is 0.15, respectively.
The sampling period of PSO is chosen as 0.3 s.

Figs. 4 and 5 show the performance of the proposed control
system when the wind speed changes as a step every 40 s 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
Figs. 4a and 5a. 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 a high rate of variation. The
simulations in Figs. 4b and 5b 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
smooth 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 s in Fig. 4 and 40 s in Fig. 5.

The influence on the error in the estimation of DFIG parameters
has been analysed in Table 3 for a constant wind speed of 8 m/s
concerning L, and R,, which are the parameters most likely to be
affected by the operating conditions of the machines. Table 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 L,,, the PSO generates 1.78% more
energy than MBLC over 2 min, i.e. 1 kWh/day extra.
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-50%

Table 3 Energy generated by the DFIG with a PSO in comparison with an MBLC with an error in the estimation of machine

parameters for simulation of 2 min

DFIG parameter variations of model-based method

Extra energy extracted from PSO

variation of =10% of Ly,
variation of -30% of Ly,
variation of -50% of Ly,
variation of + 10% of R,
variation of + 30% of R,
variation of + 50% of R,

-0.01%
+0.33%
+1.78%
-0.01%
+0.04%
+0.10%

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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