
Abstract-This paper presents a control method for maximum
power point tracking (MPPT) of a wind energy conversion system
(WECS) using online parameter identification. The WECS is
based on a permanent magnet synchronous generator (PMSG)
and transmits its electrical power to an AC grid through an
AC-DC-AC converter system with IGBT pulse-width modulation
(PWM) converters. The generator-side converter optimally con
trols the torque of the PMSG to extract maximum wind power.
On the other hand, the grid-side inverter controls the DC-link
and grid voltages for stable operation of the WECS. Since an
optimum torque of the PMSG may vary due to wind turbulence,
parameter error, and other unexpected conditions, the optimum
torque of the PMSG is determined by using the online parameter
identification in this paper. The proposed method provides WECS
operation with the maximum efficiency and economical benefit.
Effectiveness of the proposed method is verified by the numerical
simulations.

I

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 a cleaner and

economical energy society, the world has been turning to the
alternatives of fossil fuels and wind energy conversion systems

(WECSs) have been drawing attention. Therefore, efficient and

stable utilization of wind energy has been an important issue.
As a result, variable speed wind turbine (VSWT) systems

with the power electronics interfaces have gained interest.
Although the VSWT systems are usually based on doubly fed

induction generators (DFIGs), the use of permanent magnet

synchronous generators (PMSGs) has increased in recent years
[ 1]-[7]. Currently, the WECS with the PMSG generally uses
an AC-DC-AC converter system. In this system, the WECS

does not need to synchronous its rotational speed with the
grid frequency. Moreover, the gearbox can be omitted due to

®

It is well known that there is a rotational speed in wind

turbine for any particular wind speed. The rotational speed
A. System Configuration

maximum power. In the VSWT, maximum power point track

ing (MPPT) control is achieved by regulating the rotational

I. NTRODUCTION

low rotational speed of the PMSG.

is called the optimum rotational speed and generates the

speed to the optimum speed. Among various methods for the

MPPT control of the VSWT, several literatures have published.

In [ 1, 4], some MPPT methods for IPMSG-based WECSs

are presented and the optimum rotational speed is calculated
by using a coefficient relating to wind speed. However in

these literatures, adverse effects of parameter errors due to
model errors, wind turbulence, and weather conditions are not

considered. Therefore, the coefficient may vary and the MPPT

control methods will not achieve to extract maximum wind
power. To overcome these effects, an adaptive MPPT control

method, which is based on hill climb searching, is proposed

in [7]. However in practical systems, the required computation
time will be large when the wind speed changes frequently.

This results in the deviations from the maximum wind power.
This paper presents a control method for MPPT of a

PMSG-based WECS using online parameter identification.

The WECS transmits its electrical power to an AC grid
through an AC-DC-AC converter system with IGST pulse

width modulation (PWM) voltage-source converters (VSCs).

The generator-side converter optimally controls the torque of
the PMSG to extract maximum wind power. On the other hand,

the grid-side inverter controls the DC-link and grid voltages

for stable operation of the WECS. Since the optimum torque
of the PMSG may vary due to wind turbulence, parameter

error, and other unexpected conditions, the optimum torque
of the PMSG is determined by using the online parameter

identification in this paper. The parameter identification is

achieved by using recursive weighted least-squares method
that is widely popular and reasonable in practical systems.

The proposed method provides WECS operation with the

maximum efficiency and economical benefit. Effectiveness of
the proposed method is verified by the numerical simulations

using MATLABIPOWERSYSTEM .

E C S

The system block diagram of the gearless wind generation

system is shown in Fig. 1 [2]. Wind energy obtained from
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Fig. 1. Gearless wind generation system using PMSG. 
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Fig. 2. Wind turbine output power characteristics. 

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 power system through a generator

side converter and a grid side inverter. 

B. Wind Turbine Model 

Wind turbine output power, P w, and wind turbine torque, 
Tw, are given by the following equations: 

Pw = 0.5Cp(>', fJ)pJrR2V� (1) 

Tw = 0.5Cp(>',fJ)pJrR3V,;/>' (2) 

where Vw is the wind speed, p is the air density, R is the radius 
of the wind turbine, C p is the wind turbine power coefficient, 

>. = wwR/Vw is the tip speed ratio, Ww is the angular rotor 

speed for the wind turbine and fJ is the pitch angle. C p is 
given by the following equations [2]: 

Cp = 0.22 C�6 - O.4fJ - 5) exp- '�5 
1 

r = -'1------;00".0"'3,,"" . 
. \+0.08(3 - (33+1 

C. MPPT Control without Wind Speed Sensor 

(3) 

(4) 

The wind turbine output power characteristics are depicted 

in Fig. 2. Here the pitch angle fJ = 2°. From the figure, it can 

be seen that there is a rotational speed, Wopt, dotted by the 
black circles, for any particular wind speed. Wopt is called the 

optimum rotational speed and generates the maximum power, 

Pmax. Then the optimum rotational speed and torque of the 
PMSG, Wg_opt and Tg_opt, are approximated by the following 

equations [ 1]: 

2.0615Vw = Kw Vw 
6175.8V� = Kt V�. 

(5) 
(6) 
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Fig. 3. Pitch angle control system. 

Substituting (5) into (6), the MPPT control without the wind 
speed, Vw, is given by [ 1]: 

(7) 

using (7), the generator torque, Tg, is controlled according to 
the generator rotational speed, W 9 as follows: 

(8) 

At fJ = 2°, Kopt is calculated as 1453.2. When Tg = Tg_opt, 
the output power of the PMSG is maximized. 

Generally, the MPPT control is applied when the wind 

speed, v'v, is smaller than the rated speed, and then, the pitch 

angle is constant. While if Vw is greater than the rated speed, 
then the output power of the PMSG is controlled by the pitch 

angle control system. The pitch angle control system used in 

this paper is shown in Fig. 3 [8]. Subtraction of the output 
power command of the PMSG, P;, from the output power of 

the PMSG, Pg , gives the output error of the PMSG, 6.Pg, that 
evaluates the pitch angle command, fJCl'cW, 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, fJCMD. fJCMD, is limited by a 

limiter within 10° rv 90°, and the maximum rate of change is 
±10° Is. When the wind speed is smaller than the rated speed, 
one can assume that the pitch angle changes from fJ to fJ'  due 

to any undesired disturbances. Then the power coefficient, C�, 
is calculated from (3) and (4), and Kw, Kt, and Kopt are re

calculated as follows: 

K' t 

:f [ 25.52 
- 0 08fJ'] (9) 

R �.,�9�i + 0.088fJ' + 3.1416 
. 

1 C�pA 
---

2 K:" p 
K� 

K,2 w 

(10) 

(11) 

where p is the number of pole pairs. 

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 
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Fig, 4, Power converter controller 

frames are given by the following equations: 

, did . 
Vd Ra'td + Ld-

d 
- wgLqzq (12) 

t 
. . diq 

Vq WeLdZd + Razq + Lqdi + wgK ([3) 

Tg p{Kiq + (Ld - Lq)idiq} (14) 

where Vd and Vq are the dq axis voltage, id and iq are the dq 
axis current, Ra is the stator resistance, Ld and Lq are the dq 
axis inductance, Wg is the generator rotational speed, K the is 

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 

by the following: 

([5) 

where Jeq ( = Jg + Jw) is the equivalent inertia. 

III. CONFIGURATION OF POWER CONVERTER SYSTEM 

The WECS adopts an AC-DC-AC converter system. The 

PMSG is connected to the grid through two PWM-VSCs: a 

generator-side converter and a grid-side inverter. The power 

converter control system is shown in Fig. 4. The selection 
is based on reasons in [6]. Each of the four quadrant power 

converters is a standard 3-phase two-level unit, composed of 
six insulated gate bipolar transistors (IGBTs) and controlled 

by triangular-wave PWM law. The generator-side converter 

achieves variable speed operation by controlling the generator 

torque. On the other hand, the grid-side inverter supplies 

the electrical power which is synchronized with the grid 

frequency. The DC-link includes a chopper circuit to avoid 
DC-link over-voltages at the time of system fault. Therefore, 

stable operation for the WECS can be achieved under a system 
fault. Here, the detail control algorithm for the chopper is 

not presented due to space limitation and as it was well 

documented in [2]. Each of the configurations of the control 
system is described below. 

A. Generator-Side Converter 

The generator-side converter controls the generator torque 
to achieve variable speed operation with the MPPT control. 

Vector control scheme is used in the control methodology as 

1127 

 
 

 



shown in Fig. 4(b). The torque control of the PMSG is realized 
on a rotating frame, where the torque error is used as the input 

to a torque controller which produces q axis stator current 

command, 'i]'q. A salient-pole type synchronous machine is 
used in this paper. To achieve maximum torque control of the 

PMSG, d axis stator current command, i]'d' is determined by 
[9] and given as follows: 

.* K 
'( - -1d - 2(Ld - Lq) 

(16) 

The error between the dq axis current commands, i ld' 'ilq, 
and actual dq axis currents are used as input to the current 

controllers. The current controllers produce dq axis voltage 
commands vid' vlq after the decoupling. The angle, e g, for the 
Park transformation, is calculated from the rotational speed of 

the PMSG. 

B. Grid-Side Inverter 

The grid-side inverter is aimed at the control the DC-link 
voltage, Vdc, and the grid voltage, Vt. The control system 

for the grid-side inverter is shown in Fig. 4( c). The d axis 

current controls the DC-link voltage, while the q axis current 
controls the grid voltage. The DC-link voltage command, Vd*c' 
is 7,100Y and the grid voltage command, V/, is 6,600V. The 
angle, es, for the Park transformation, is detected from the 

three phase voltages at the low voltage side of the grid-side 

transformer by using a phase-locked loop (PLL) [10, 1 1]. 

IV. MPPT USING ONLINE PARAMETER IDENTIFICATION 

A. Parameter Identification Method 

In this study, the coefficient, K�Pt, expressed by (11) is 

identified by using recursive weighted least-squares method. 

An equation error model is assumed as follows [12]: 

y(k) = -a1y(k - 1) + bou(k) + w(k) (17) 

where w (k) is an observation noise. If w (k) is white, then the 

expectation, E[w( k)], is O. Applying (17) to (8), the following 

equation is obtained: 

Tg_opt(k) = -a1Tg_opt(k - 1) + bow;_opt(k) (18) 

Then the adaptive identification model is expressed as: 

fj(k) = -a1(k -l)y(k - 1) + bou(k) (19) 

Subtracting (17) from (19), one can obtain the following 
equation: 

fj(k) - y(k) = -(a1 - aI)y(k - 1 ) + (bo - bo)u(k) 

= [ -y(k - 1 ) u(k) 1 [ �l(k - 1) - a1 ] 
bo(k - 1) - bo 

here 

e(k) fj(k) - y(k) 
(T [ -y(k - 1 ) u(k) 1 

and the advanced error, e( k) is expressed as: 

e(k) fj(k) - y(k) 
(T (e(k - 1 ) - e) . (21) 

From these equations, the recursive weighted least-squares 
method is given by: 

e(k) 

f(k) 

,(k) 

e(k - 1 ) - ,(k)f(k -l)((k)e(k) 

)'1
�k) [f(k - 1 ) 

-,(k)f(k -l)((k)(T(k)f(k - 1 ) ] 
A2(k) 

(22) 

(23) 

(24) 

where ,(k) is the scalar gain, f(k) is the matrix gain, and 

A1(k) = A2(k) is the variable weighting factor. A1(k) is 

expressed as [12]-[14]: 

A1(k) = A2(k) = 0.899 (1 - 0.810k) + 0.1 (25) 

From (20), the parameter, K�Pt, is identified. By using the 
identified K�Pt, the generator optimum torque, Tg_opt, is 

calculated online and the generator torque, T g' is control. 

B. Validation of Persistently Exciting 

Persistently exciting (PE) [12, 14] in the proposed parameter 
identification must be verified for stability of the system. To 

identify K�Pt, (17) is used as the equation error model and 

the observation noise, w(k), is assumed as white. Therefore, 
( 17) is auto-regressive exogenous (ARX) model. In (18), the 

input, u(k), is the square of generator optimum rotational 

speed, w�_oPt' and it varies due to the wind speed changes. In 
[ 15], an extremum seeking control-based MPPT method for 

a VSWT is proposed. Since the wind speed includes several 
frequency components, the wind speed is used as the search 

disturbance in the MPPT method instead of sinusoidal search 

signals. Therefore, it is said that the input, u( k), is high order 
PE signal. When a parameter is identified in n-order system, 

the order of the input signal should be 2n at least [ 14]. In this 

paper, since the system has I-order, it is possible to identity 
the parameter of K�Pt by using the input, u(k) = w�_oPt. 

V. NUMERICAL SIMULATION AND DISCUSSION 

A. Simulation Model 

The single line diagram of the overall system used for the 
simulation is shown in Fig. 5. Here, the grid-side inverter is 

connected to an infinite bus through a LC filter, a three-phase 

transformer, and a transmission line in parallel with the load. 
The parameters of the PMSG and the power converters are 
listed in Table 1. 

B. Simulation Results 

e(k) [a1 bo f 
e(k) [a1 bo f 

bo K�Pt 

To evaluate effectiveness of the proposed method, WECS 

operation is examined with the model shown in Fig. 5. The 
proposed method is compared with the conventional MPPT 

(20) method described in Section II. In the conventional method, 
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Fig. 5. Power system model.

IMULATION ARAMETERS

Parameters of wind turbine
39 m

1.205 kg/m"
12m/s

Parameters of PMSG
Pg 2MW

50 f.lrl
5.5 mH

3.75 mH
II

K
300,000

Parameters ofpower converter
10 kHz
7. 1 kV

15,000 f.lF

the parameter, Kopt, is constant at 1453.2. The sampling

period for the parameter identification in the proposed method
is set to O.ls.

In this simulation, it is assumed that a steady-state envi
ronment after varying the pitch angle, {3, from 2 ° to 8°. The

simulation results are shown in Fig. 6. Figs. 6(a}'v(d) show
the wind speed, the rotational speed and torque of the PMSG,

the d-q currents, respectively. From Figs. 6(b) and (c), it is

confirmed that the PMSG operates at the optimum rotational
speed and torque, and therefore, the MPPT control is achieved.

In Figs. 6(e}'v(i), the pitch angle, the power coefficient,
the identified parameter, the DC-link and grid voltages are

blade radius R
air density
rated wind speed

rated output
resistance
d axis inductance
q axis inductance
number of pole pairs
field flux 136.25 V·s/rad

"

PWM carrier frequency
rated DC-link voltage
DC-link capacitor C

p
VW_Tated

R a
L d
Lq

p

equivalent inertia kg·m

p
VdC_Tated

Jeq

f

shown, respectively. Whenever the parameter error occurs in
the WECS, K� can be identified by using the proposed

identification method as shown in Fig. 6(g). Therefore, from

Fig. 6(f), it is evident that the power coefficient with the

proposed method can be increased compared with that of the

conventional MPPT method. Figs. 60)rv(l) show the active

power of the PMSG and its maximum energy function, and
the reactive power. Here, the maximum energy function is

represented as follows [8]:
t

Pmax Pg(t dt (26)

Since the power coefficient with the proposed method is
increased, the active power and it's maximum energy also

increase as shown in Figs. 60) and (k). By means of the pro

posed method, MPPT control with more efficiency is achieved
for parameter errors in WECS. Therefore, it is expected that

economical benefits of using wind energy will increase.

P

l

t

= )

VI. ONCLUSION

EFERENCES

C
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method is verified by the simulation results.
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