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Abstract— This paper presents a fuzzy-based output power
smoothing method for a wind energy conversion system (WECS)
using short-term ahead prediction of wind speed. The WECS is
based on a permanent magnet synchronous generator (PMSG)
and transmits its electrical power to an AC grid through an
IGBT pulse-width modulation (PWM) converter. The power
converter controls the torque of the PMSG according to the
torque command, which is determined by using the fuzzy logic.
The inputs of the fuzzy logic are the predicted wind speed and
the difference between the wind turbine torque and the generator
torque. By means of the proposed method, the generator torque
is smoothed and the kinetic energy stored by the inertia of
the wind turbine can be utilized to smooth the output power
fluctuations of the PMSG. In addition, the wind turbine’s shaft
stress is mitigated compared to a conventional maximum power
point tracking (MPPT) control. The effectiveness of the proposed
method is verified by numerical simulations.

keywords–fuzzy logic, power smoothing, wind energy
conversion system, wind speed prediction, wind turbine inertia.

I. INTRODUCTION

In recent years, there have been problems such as exhaustion
of fossil fuels, e.g., coal and oil, and environmental pollution
resulting from consumption of these fuels. For cleaner and
economical energy characteristics, the world has been turning
to alternatives of fossil fuels and wind energy conversion sys-
tems (WECS) have received increasing attention. Especially,
variable speed wind turbine (VSWT) systems with power
electronics interfaces have attracted interest. VSWT systems
are usually based on doubly fed induction generators (DFIG)
and permanent magnet synchronous generators (PMSG) [1]-
[6]. Currently, the use of PMSGs has increased because of its
simple structure and efficient energy production. Therefore, it
is expected that more large size wind turbine generator (WTG)
systems will adopt the PMSG [1]-[4]. Usually, the WECS
with a PMSG is connected to the grid via an AC-DC-AC
converter system. In this system, the WECS does not need
to synchronize its rotational speed with the grid frequency.
Besides, the gearbox can be omitted due to the low rotational

PMSG

Converter Inverter Power system

Fig. 1. Wind energy conversion system using PMSG.

speed of the WTG. On the other hand, wind energy is not
constant and the wind turbine’s power fluctuates. Since the
output power fluctuations may cause grid frequency deviations,
several literatures regarding the output power smoothing have
been published such as the use of pitch angle control or the
inertia of VSWTs [3]-[7].

This paper presents a fuzzy-based output power smoothing
method for a WECS using short-term ahead prediction of wind
speed. The WECS is based on a PMSG and transmits its
electrical power to an AC grid through a IGBT pulse-width
modulation (PWM) converter. The power converter controls
the torque of the PMSG according to the torque command,
which is determined by using the fuzzy logic. The inputs of
the fuzzy logic are the predicted wind speed and the difference
between the wind turbine torque and the generator torque.
The short-term ahead wind speed is predicted by using least-
squares method [7] and it is used to achieve more effective
torque control of the PMSG for the wind speed variations.
For high wind speed condition, the power fluctuations of the
PMSG is smoothed with the pitch angle control. By using the
proposed method, the torque of the PMSG is smoothed and
the kinetic energy stored by the inertia of the wind turbine
can be utilized to smooth the output power fluctuations of the
PMSG. In addition, the wind turbine’s shaft stress and the pitch
action are mitigated compared to a conventional maximum
power point tracking (MPPT) control. The effectiveness of the
proposed method is verified by numerical simulations.
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Fig. 2. Output power characteristics of wind turbine.
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II. CONVENTIONAL WECS
A. System Configuration

The system of the WECS is shown in Fig. 1. Wind energy
obtained from the wind turbine is sent to the PMSG. To
generate maximum power, rotational speed of the PMSG is
controlled by a pulse width modulation (PWM) converter. The
output power of the PMSG is supplied to the grid through a
generator-side converter and a grid-side inverter.

B. Wind Turbine Model
Wind turbine output power, Pw, and wind turbine torque,

Tw, are given by the following equations:

Pw = 0.5Cp(λ, β)ρπR2V 3
w (1)

Tw = 0.5Cp(λ, β)ρπR3V 2
w/λ (2)

where Vw is the wind speed, ρ is the air density, R is the radius
of the wind turbine, Cp is the wind turbine power coefficient,
λ = ωwR/Vw is the tip speed ratio, ωw is the angular rotor
speed of the wind turbine and β is the pitch angle. Cp is given
by the following equations [3]:

Cp = 0.22
(
116
Γ
− 0.4β − 5

)
exp−

12.5
Γ (3)

Γ =
1

1
λ+0.08β − 0.035

β3+1

. (4)

C. Maximum Power Point Tracking Control
The output power characteristics of the wind turbine are

depicted in Fig. 2. Here, the pitch angle, β = 2◦. From this
figure, it can be seen that there is a rotational speed, ωopt,
dotted by the black circles, for any particular wind speed.
ωopt is called the optimum rotational speed and generates the
maximum power, Pmax (MPPT control). ωopt is approximated
as follows [1]-[3]:

ωopt = 0.1874Vw. (5)
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Fig. 4. Configuration of PMSG control system.

Generally, the MPPT control is applied when the wind speed,
Vw, is smaller than the rated speed. If Vw is greater than the
rated speed, then output power of the PMSG is controlled by
the pitch angle control system as shown in Fig. 3 [3]. The
pitch angle is controlled in the region between the rated wind
speed (12m/s) and the cut-out wind speed (24m/s). Subtraction
of the output power command the the PMSG, P ∗g , from the
output power of the PMSG, Pg , gives the output error of the
PMSG, ΔPg , that evaluates the pitch angle command, βCMD,
via the pitch angle control system. The output power of the
PMSG is controlled by a hydraulic servo system that drives
the blades according to the pitch angle command, βCMD. The
output power command of the PMSG, P ∗g , is constant at the
rated power (2MW).

D. PMSG Model
Basically, the mass model of a PMSG is the same as that of

a permanent magnet synchronous motor (PMSM). The voltage
and torque equations of the PMSM in the d-q reference frames
are given by the following equations:

vd = Raid + Ld
did
dt
− ωgLqiq (6)

vq = ωgLdid +Raiq + Lq
diq
dt

+ ωgK (7)

Tg = p{Kiq + (Ld − Lq)idiq} (8)

where vd and vq are the d-q axis voltages, id and iq are the d-q
axis currents, Ra is the stator resistance, Ld and Lq are the d-q
axis inductances, ωg is the generator rotational speed, K is the
permanent magnetic flux, and p is the number of pole pairs.
Generating operation starts when the electromagnetic torque,
Tg, is negative. The motion equation of the PMSG is given as
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follows:

Jeq
dωg

dt
= Tw − Tg. (9)

where Jeq(= Jg+Jw) is the equivalent inertia, Tw is the wind
turbine torque.
E. Configuration of Power Converter System

The configuration of the power converter control system
is shown in Fig. 4(a). The power converter is standard 3-
phase two-level unit, composed of six IGBTs and controlled
by triangle-wave PWM law.

The conventional configuration of the power converter is
shown in Fig. 4(b). By using vector control scheme, the power
converter controls the rotational speed of the PMSG to achieve
variable speed operation with the MPPT control. The speed
control of the PMSG is realized on a rotating reference frame,
where the rotational speed error is used as the input to a speed
controller which produces q axis stator current command, i∗q .
A salient-pole synchronous machine is used in this paper. To
achieve efficient operation of the PMSG, d axis stator current
command, i∗d, is determined by [8] and given as follows:

i∗d =
K

2(Ld − Lq)
−

√
K2

4(Lq − Ld)2
+ i2q. (10)

The error between the command d-q axis currents, i∗d, i∗q , and
the actual d-q axis currents are used as inputs to the current
controllers. The current controllers produce d-q axis voltage
commands v∗d , v∗q after the decoupling. The angle θg, for the
Park transformation, is calculated from the rotational speed of
the PMSG.

III. PROPOSED WECS
This section presents the proposed fuzzy-based output

power smoothing method using the inertia of the wind turbine.

A. Power and Torque Characteristics in WECS

The wind turbine output, Pw, the wind turbine torque, Tw,
and the generator torque, Tg, versus the wind turbine speed,
ωw, curves are shown in Figs. 5 and 6, respectively [2, 5, 6].
Here, the wind speed is assumed as 12m/s. If a constant output
power command, Pref = kPrated, is given for the PMSG, then
the generator torque is expressed as Tg = Pref/ωg, where, k
is a multiplying factor. The generator torque for k = 1.0 and
0.7 is shown in Fig. 6. In the conventional MPPT control,
the operating point of the wind turbine speed becomes the
optimum rotational speed, ωopt, as shown in Fig. 5. However,
in the output power smoothing method using the inertia of
the wind turbine, the wind turbine speed changes around ωopt

according to the actual wind speed. In Fig. 6, if the rotational
speed of the wind turbine changes from ωmin to ωmax, then
the kinetic energy stored by the wind turbine,ΔE, is expressed
as follows [2]:

ΔE =
1
2
Jeq(ω2

max − ω2
min). (11)

By controlling the rotational speed of wind turbine in the
region of ωmin ∼ ωmax, ΔE can be used for output power
smoothing. Since stable operation of the wind turbine is
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Fig. 5. Speed characteristics of WECS.
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Fig. 6. Torques of PMSG for each output power.

achieved within a proper range, the upper and lower limits of
the operation region are set to 0.6 pu and 1.4 pu. The rotational
speed of the wind turbine is controlled within this region.
Although Figs. 5 and 6 show the wind turbine characteristics
at Vw=12m/s, wind turbine characteristics at Vw = 5 ∼12m/s
can be obtained by using a lookup table which has prestored
values of Tg and Tw as described in Fig. 6. Here, for the case
of the constant power control, the rotational speed variations
of the wind turbine will become large and will lead to the
unstable operating of the WECS, increase of wind turbine’s
shaft stress. Therefore, this paper aims at the smoothing and
controlling of the generator torque, Tg .

B. Torque Control Method using Fuzzy Logic
As described before, the generator-side converter smooths

the generator torque for output power smoothing. The power
fluctuations of the WECS can be leveled by smoothing the
generator torque. For the proposed method, the generator
torque command is determined by using the fuzzy logic. The
fuzzy rules and membership functions are shown in Table 1
and Fig. 7, respectively. The inputs of the fuzzy logic are given
by the following equations:

ΔT = Tw − Tg opt (12)

ΔV̂w =
1
T

∫ t

t−T

V̂wdt− V̂w (13)

where V̂w is the predictive wind speed and it will be explained
in next section. The output of the fuzzy logic is the torque
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Table I. Fuzzy Rules
ΔT

NB NM NS NZ PZ PS PM PB
NB PB PB PM PS NS NM NB NB
NM PB PM PS PS NS NS NM NB
NS PM PM PS PZ NZ NS NM NM
NZ PM PS PZ PZ NZ NZ NS NM

ΔV̂w PZ PM PS PZ PZ NZ NZ NS NM
PS PM PM PS PZ NZ NS NM NM
PM PB PM PS PS NS NS NM NB
PB PB PB PM PS NS NM NB NB

NB=Negative Big NM=Negative Medium NS=Negative Small
PB=Positive Big PM=Positive Medium PS=Positive Small
NZ=Negative Zero PZ=Positive Zero

0

1 NB NM NS NZ PS PMPZ

[MNm]

0

1 NB NM NS NZ PM PBPS

[rad/s]ΔT ΔVw

-0.14 -0.08 0.04 0.08 0.14 -1.4 -0.8 -0.4 0.8 1.4

PZ

0.4-0.1 0.1-0.04 0.01-0.01

PB

0

1
NB NM NS NZ PM PBPSPZ

[MNm]ΔTg

-0.04 -0.07 0.04 0.05 0.06-0.10 0.025-0.12

Fig. 7. Membership functions.

fluctuation index, ΔTg. The increase and decrease of ΔTg is
determined by the input of ΔT , while the amount of ΔTg is
determined by the input of ΔV̂w.

The reason for the use of (12) is based on (9) which is
the system dynamics equation [6]. For (9), operating points,
ωg0, Vw0, Tg0, and Tw0 are assumed. At the operating speed,
ωg0, if dωg0/dt = 0 then Tw0 − Tg0 = 0. If the operating
point, Vw0, increases and Tw0 − Tg0 > 0, then ωg0 should
increase. The acceleration continues until Tw0 − Tg0 = 0.
When Tw0−Tg0 = 0, the operating speed, ωg0, should remain
at the operating point. If a decrease in wind speed occurs and
Tw0 − Tg0 < 0, then ωg0 should decrease. The deceleration
continues until Tw0−Tg0 = 0. From these operations, by (12),
if ΔT is increases, it means that the wind turbine torque, Tw,
increases due to a increase in the wind speed. Therefore, the
generator speed, ωg, should increase, i.e., the generator torque,
Tg, should decrease. On the other hand, if ΔT decreases, it
means that Tw decreases due to a decrease in the wind speed.
Therefore, ωg should decrease, i.e., Tg should increase. Here,
Tg opt of (12) is the optimum generator torque in the MPPT
control and can be calculated by the following equation [1]:

Tg opt ≈ Tw opt = 1453.3ω2
g (14)

Here, Tw opt is the optimum torque of wind turbine. (14) is
derived assuming the wind rotor and the generator character-
istics are at steady-state.

Equation (13) is used to evaluate the amount of ΔTg.
The first term of (13) is an average value of the predicted
wind speed. To smooth the power fluctuations in the high
frequency domain (above 0.1Hz), the value of T is set to
10s [2, 6]. If ΔV̂w is large, then it is seen that the wind
speed variation is also large. Therefore, the amount of ΔTg

should be increased, and vice-versa. By using the predicted
wind speed as the input of the fuzzy logic, more effective
torque control can be achieved. Finally, the generator torque
command, T ∗g , is determined by adding ΔTg with Tg opt as

PI PI

i1q

v*
1q

i*1q

Tg

ωg(Ldi1d+K)

ΔTg+Tg_optTg
* =

Fig. 8. Proposed configuration of converter.
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shown in Fig. 8. In the proposed method, the fuzzy control
is determined based on the motion equation of PMSG and
the operating rotational speed. These are the fundamentals
for the operations of WECS, and therefore, the fuzzy control
can be used regardless of the kind of WECSs. On the other
hand, the membership functions are needed to tune according
to the specifications of generators and turbines. However,
this is simple and flexible. The torque fluctuation index,
ΔTg, is determined by using several wind speed profiles in
simulations. When using the proposed method in practical
systems, one can simply determine the membership functions
and the values of ΔTg according to WECS’s specifications
and wind profiles.
C. Wind Speed Prediction by Least-Squares Method

In this paper, a short-term ahead wind speed is predicted by
using the least-squares method [7].

The wind speed slope, a(k), is derived by the wind speed
from the past Tpre seconds (the sampling-period is 1s) as the
following equation:

a(k) =

Tpre

Tpre∑
n=1

nVw(k − n)−
Tpre∑
n=1

n

Tpre∑
n=1

Vw(k − n)

Tpre

Tpre∑
n=1

n2 −
⎛
⎝Tpre∑

n=1

n

⎞
⎠

2 (15)

where k is the present time and Vw(k − n) is the wind speed
value of n intervals ago. If Tpre is set to 30s, then (15) is
calculated as follows:

a(k) =
30∑

n=1

29− 2(n− 1)
4495

Vw(k − n). (16)

The predicted wind speed, Vwf (k + Tf), is expressed as

Vwf (k + Tf) = Vw(k) + Tfa(k) (17)

where Tf is the prediction time and set to 5s.
To investigate the effectiveness of the proposed prediction

method, the simulation result of wind speed prediction is
shown in Fig. 9. From this figure, it is seen that the prediction
error is large by around t = 30 s because of the past wind
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data is less than 30 points. After that, however, the prediction
accuracy is improved and the percentage error becomes small.

IV. POWER SMOOTHING SIMULATION
A. Simulation Model

The system model used for the simulation is shown in Fig.
10. Here, the grid-side inverter is connected to an infinite bus
through a LC filter, three-phase transformer, and single circuit
transmission line in parallel with load. The parameters of the
PMSG and the power converters are listed in Table II.

B. Simulation Results
To evaluate the effectiveness of the proposed method,

WECS operation is examined by using the both methods
(conventional and proposed). In the conventional method, the
MPPT control described in Section II is employed. In the
proposed method, the WECS initially operates as the MPPT
control by regulating the optimum generator torque. At t = 40
s, the WECS starts the proposed method for output power
smoothing. The simulation results are shown in Fig. 11. The
wind speed shown in Fig. 9 is used for the both methods.
Figs. 11(a)∼(d) show the generator torque and the input-
output of the fuzzy logic, respectively. From these figures,
it is confirmed that the generator torque is smoothed by the
proposed torque control method compared with that of the
MPPT control. Around t = 40 ∼ 60 s, short term variations
of the wind speed frequently occur. However, the predicted
wind speed is used as the input of the fuzzy logic, and
therefore, the control performance is improved as shown in
Fig. 11(d). The generator speed and its d-q axis currents are
shown in Figs. 11(e) and (f). By smoothing the generator
torque, the generator speed accelerates/decelerates according
to the wind speed increasing/decreasing. The kinetic energy of
wind turbine, the pitch angle, the power coefficient, the active
power of the PMSG and its maximum energy function with
the both methods are shown in Figs. 11(g)∼(k), respectively.
Here, the maximum energy function, Pmax, is expressed as
follows [10]:

Pmax =
∫ t

0

Pg(t)dt. (18)

In the conventional MPPT method, the pitch action increases
when the wind speed fluctuates around the rated speed (see
Fig. 11(h)). This results is the reduction of the power co-
efficient as shown in Fig. 11(i). On the other hand, the
kinetic energy stored by the wind turbine is utilized for power
smoothing, and therefore, the pitch action can be decreased.
Consequently, as can be seen in Fig. 11(k), the maximum
energy function, Pmax, increases compared with the MPPT
control. Fig. 11(l) shows the torque difference between the
wind turbine and the generator. From this figure, it is found
that the torque difference is smaller than that of the MPPT
control and the mitigation of the wind turbine’s shaft stress is
achieved.

V. CONCLUSION

This paper presents a fuzzy-based output power smoothing
method for a WECS using short-term ahead prediction of
wind speed. In the WECS, the power converter controls the

PMSG

Transformer

Inf.BUS

Load

5MW

0.05+j 0.3 0.05+j 0.3

AC-DC-AC

vt
Pt  , Qt

CB
 LC
filter

CB

Fig. 10. Power system model.

Table II. Simulation Parameters

Parameters of windmill
blade radius R 39 m
air density ρ 1.205 kg/m3

rated wind speed Vw rated 12m/s
Parameters of PMSG

rated output Pg 2 MW
armature resistance Ra 50 μΩ
d axis inductance Ld 5.5 mH
q axis inductance Lq 3.75 mH
number of pole pairs p 11
field flux K 136.25 V·s/rad
equivalent inertia Jeq 300,000 kg·m2

rotational damping D 0
Parameters of power converter

PWM carrier frequency fp 10 kHz
rated DC-link voltage Vdc rated 7.1 kV
DC-link capacitor C 15,000 μF

generator torque according to the torque command, which is
determined by using the fuzzy logic. By using the proposed
method, the generator torque is smoothed and the kinetic en-
ergy stored by the inertia of the wind turbine can be utilized for
power smoothing. The effectiveness of the proposed method
is verified by numerical simulations.

REFERENCES
[1] S. Morimoto, H. Nakayama, M. Sanada, and Y. Takeda, “Sensorless

Output Maximization Control for Variable-Speed Wind Generation
System Using IPMSG,” IEEE Trans. on Industry Applications, vol.
41, pp. 1, Jan/Feb. 2005.

[2] A. Abedini, G. Mandic, and A. Nasiri, “Wind Power Smoothing using
Rotor Inertia Aimed at Reducing Grid Susceptibility”, The 34th Annual
Conference of IEEE Industrial Electronics Society, pp. 1445-1451, 10-
13 Nov. 2008.

[3] T. Senjyu, N. Nakasone, A. Yona, S. A. Yousuf, T. Funabashi, and
H. Sekine, “Operation Strategies for Stability of Gearless Wind Power
Generation Systems,” Proceedings of IEEE/PES General Meeting 2008
(GM 2008), CD-ROM, pp. 1-7, 20-24 July 2008, Pittsburgh, USA.

[4] D. Sato, and H. Saitoh, “Smoothing Control of Wind Farm Output by
Using Kinetic Energy of Variable Speed Wind Power Generators”,T.
IEE Japan, Vol. 129-B, No. 5, pp. 580-590, 2009. (in Japanese)

[5] B. G. Rawn, P. W. Lehn, and M. Maggiore, “Control Methodology
to Mitigate the Grid Impact of Wind Turbine”, IEEE Trans. Energy
Conversion, vol. 22, no. 2, pp. 431-438, 2007.

[6] C. Luo, H. Banakar, B. Shen, and B. T. Ooi, “Strategies to Smooth
Wind Power Fluctuations of Wind Turbine Generator,” IEEE Trans.
Energy Conversion, vol. 22, no. 2, pp. 341-349, 2007.

[7] T. Kaneko, A. Uehara, T. Senjyu, A. Yona, and N. Urasaki, “An inte-
grated control method for a wind farm to reduce frequency deviations
in a small power system”, Applied Energy (In Press).

[8] K. Matsuse, “Motor control engineering -Basic of variable-speed drive-
, ” Corona Publishing Co., Ltd, pp. 150, 2007 (in Japanese).

[9] L. R. Chang-Chien and Y. C. Yin, “Strategies for Operating Wind
Power in a Similar Manner of Conventional Power Plant,” IEEE Trans.
on Energy Conversion, vol. 24, no. 4, pp. 926-934, Dec. 2009.

[10] T. Senjyu, R. Sakamoto, N. Urasaki, T. Funabashi, H. Fujita, and H.
Sekine, “Output Power Leveling of Wind Turbine Generator for All
Operating Regions by Pitch Angle Control”, IEEE Trans. on Energy
Conversion, vol. 21, no. 2, pp. 467-475, 2006.

2418



20 30 40 50 60 70
Time t [s]

-1.0

-0.5

0

T
or

qu
e 

of
 P

M
SG

 

   
  T

g 
[M

N
m

]

MPPT method
Torque command Tg

*

Torque of PMSG Tg

20 30 40 50 60 70
0

0.5

1.0

K
in

et
ic

 e
ne

rg
y

   
   

  [
M

J]

Time t [s]

Conventional method
Proposed method

(a) Torque of PMSG. (g) Kinetic energy.

20 30 40 50 60 70
Time t [s]

-0.5

0

0.5

In
pu

t o
f 

fu
zz

y 
lo

gi
c

   
   

ΔT
[M

N
m

]

Pi
tc

h 
an

gl
e

   
β 

[d
eg

]

Conventional method
Proposed method

20 30 40 50 60 70
0

5

10

15

20

Time t [s]

(b) Input of fuzzy logic ΔT . (h) Pitch angle.

20 30 40 50 60 70
Time t [s]

-5

0

5

In
pu

t o
f 

fu
zz

y 
lo

gi
c

   
   

 Δ
V

w
 [

m
/s

]

20 30 40 50 60 70
0.2

0.3

0.4

0.5

Po
w

er
 c

oe
ff

ic
ie

nt
 

   
   

   
  C

p

Time t [s]

Conventional method
Proposed method

(c) Input of fuzzy logic ΔV̂w (i) Power coefficient.
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(d) Output of fuzzy logic. (j) Active power of PMSG.
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(e) Electrical speed of PMSG. (k) Maximum energy function.
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(f) d-q axis currents. (l) Torque difference.

Fig. 11. Simulation results.
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