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ABSTRACT

This paper presents a study on maximum power
point tracking for a wind turbine generation
(WTG). The general structure of a WTG will be
introduced, including mechanical and electrical
conversion blocks, to make clear about the role
of all units. Moreover, mathematical models of
both turbine and generator type permanent
magnet synchronous generator (PMSG) will be
presented to simulate and evaluate the operation
of WTG. Working regions of the wind turbine
corresponding to different values of wind speed
and contents of some techniques to determine
maximum power point will be made detailed.
Hill climb search (HCS) is chosen to simulate
and analyzed deeply to evaluate the ability to
apply to real applications. Simulation results are
carried out by MATLAB/Simulink software. By
using a variation scenario of wind speed, the
role of power converter and HCS controller will
be presented in some simulation results about
power and current at output terminals of the
generator to show the ability to track
instantaneous maximum power point. Research
results show the high effectiveness and
availability of HCS technique in real wind
power system.

Keywords: Maximum power point, Maximum
power point tracking, Wind turbine, Wind
generator, Wind speed, PMSG.

I. INTRODUCTION

Wind turbine generation (WTG) is one of
the most popular generations in modern
power system. WTGs can be installed both
onshore and offshore areas. Their
implemented capacity increases very much
every year. Moreover, they were designed
and classified into many types of turbines

and generators and have been interested in
recently [1-2].

Popular turbines are designed in vertical or
horizontal axis, where horizontal axis
turbines are more popular than vertical axis
turbines. A wind generator can be specified
by rated voltage and power, and its structure.
Almost wind generators generate three-
phase currents same as normal generators.
Their rated voltage is in complete proportion
to designed power. Classified by structure,
wind generators includes Asynchronous
Generator (ASG) and  Synchronous
Generator (SG). For above classification,
Double Fed Asynchronous Generator
(DFIG) and Permanent Magnet Generator
(PMSG) are the most popular wind
generators in the world [1-2]. PMSG can be
used wider than DFIG due to simple design,
operation and control. So, PMSG will be
chosen to study deeply in this paper.

Each turbine is designed in an optimal
operating speed. When wind speed changes,
system of turbine blades must be controlled
by using mechanical units to regulate pit and
yaw angles that change the stall
phenomenon or automatic stopping rotation
to ensure safety. In cases of low wind speed,
system of turbine blades must be controlled
to have more sectional area that helps to
extract more power. In cases of high wind
speed, system of turbine blades must be
controlled to reduce rotating speed [1]. This
mechanical system can help to improve apart
but it make small energy efficience.

In the other approach, WTG always has an
operating state that extract its maximum
power. To harness this power, the
absorbability of load must be regulated
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equally to power at maximum power point
(MPP) corresponding to natural operating
conditions. They include pit angle, air
density, wind speed, etc. Designing power
converters and controllers to harness power
at MPP was proposed by many researchers is
the best solution for WTG. In this solution,
electric loads must have enough capability to
absorb all power at MPP, so they are often
energy storage (ES) or ultility (power
system). Power converters are used to
regulate load consumption that affects to the
speed rotation of the turbine by using
Maximum Power Point Tracker (MPPT). To
track MPP continuously, many different
techniques have been proposed to apply in
MPPT. The simplest technique uses current
signal. Currents at output terminals of the
generator are compared with reference
current determined by speed turbine. This
technique creates large fluctuation. Tip
Speed Ratio (TSR) and Power Signal
Feedback (PSF) are popular techniques in
WTG system but they must use speed and
wind sensors. Inremental conductance (INC)
and Hill Climb Search (HSC) techniques
collect information about voltage and current
at output terminals of the generator to
determine the location of operating point and
MPP [1], [3-18]. Recently, some advanced
techniques have been proposed in WTG
system based on intelligent techniques such
as artificial neural networks (ANN) or fuzzy
logic (FL) but they have high requirements
for control and device.

From above analysis, it needs to have more
researches to evaluate the ability to harness
power from WTG using power converters
corresponding to different values of wind
speed. The next section will introduce
mathematical models of both horizontal
turbine and generator type PMSG. The third
section will analyze working regions of the
turbine and make clear about some
techniques that can help to harness power at
MPP. The fourth section will present some
simulation results for a 8,5 kW rated
generator type PMSG in a wind speed
variation. The last section will show some
conclusions and contributions of this paper.

Il. Mathematical Model Of Wtg

A. General structure of WTG

Systems of turbine and generator convert
wind energy to mechanical energy on
turbine axis. The general structure of this
system is depicted in Fig.1 [1-3], [12], [16].

Mechanical conversion “ Electrical conversion

Turbine blades Hop 50 Generator Power converter

Aff(HONE '

EanL\ PDi\ er transformer
conversion

Mechanical
driven system

Wind conversion

Fig.1 General structure for WTG

Turbine blades are designed in horizontal or
vertical axis types to convert wind kinetic
energy to rotating movements on turbine
axis. They must be designed to stand high
wind speed, sudden change of wind direction
or many different harsh operating
conditions.

The gearbox is coupled to turbine and
generator axis. It converts low speed of
turbine axis (about (30+60) round/min) to
high speed of generator axis (about
(1200+1500) round/min).

The generator converts magnetic rotating
field on generator axis to electric energy.

Power converters and transformers help to
regulate working modes for the generator,
step up voltage and synchronize to the grid.

B. Mathematical model of wind turbine

Turbine blades only convert apart energy of
wind energy to mechanical energy on
turbine axis, called Pm. Value of Pm can be
determined by equation (1) [8-9]:
c,-B
" 1)

where: Py is instantaneous wind power; Cp is
a function of tip speed ratio A (or called
TSR) and pitch angle B.

Function of C, can be determined by
manufacturers for each type of turbine as
equation (2) [8-9]:
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c =
Cp(X’B)=Cl(f—Csﬁ—C4je AN WY (2)
where: c1, Cz, C3, Ca, Cs, Cg are constants; A is

function of TSR and B; 5 _ QunieR ; oturbine is
V

w

turbine speed, R is radial of turbine blades.

For each value of f3, it always has an optimal
value, called Aop that provide Cpmax and Pmpp.

Mechanical moment Tm can be determined
by equation (3) [8]:

——

" Oyrpine (3)
The relationship between electrical moment
Te, mechanical moment T and ®twrbine IS

defined by equation (4) [8-9]:

d
Tm - Te =J a Oyrpine + Dp(’oturbine (4)

where: J is inertia constant (kgm?) and Dy is
damping factor.

C. Mathematical model of generator type
PMSG

Mathematical model of PMSG can be
described by establishing dqg rotational axis
from equations in three-phase system to dq0
axis. This axis can help to dispose of
inductance variation by using stator and
rotor quantities. Using Park's transform, we
have equation (5) [8-9]:

V _2 V. sin(ot) +V, sin mt—z—JT +V. sin mt+E
d 3 a b 3 c 3

(®)

v, = g{vacos(wt) + Vbcos((ot - 2?71] + Vccos(wt + Zétﬂ

V, =%(va+vb+vc)

where, o is rotational speed on the axis.

la, lg, lo current quantities are also
transformed same as voltage quantities.

For PMSG, magnetic flux is created in
direction of d axis. Stator voltage equations
can be described by equations (6) and (7) [8-
9

q

Vi =Rl + oA +%x; (7)
Leak magnetic flux can be determined by
equations (8) and (9) [8-9]:

Ay =—-L,ii+¥ (8)

Ay =—Li; 9)
where:V; and V;, are stator voltage on d-q
axis; iy and i; are stator current on d-q axis;

Ay and A; are stator leak magnetic flux on

d-q axis; we is electrical speed of rotor;
Rs is resistance of stator winding; ¥ is flux
of permanent magnetic created by rotor.

Replacing equations (8) and (9) into
equations (6) and (7), we have voltage
equations (10) and (11) [8-9]:

e—q'q

Vi = —R4iS + oL it —L, %i; (10)

S 1S H d 1S
\% :—Rslq+coeLdld+coe‘I’—anlq (11)

Equivalent circuit of PMSG based on
equations (10) and (11) is depicted in Fig. 2
[8-9].

Rs L,

Fig.2 Equivalent circuit of PMSG

Electrical moment can be determined by
equation (12) [8-9]:
3 . .

T, :Ep[‘l’lz —(Ly —Ly)isis | (12)
where: Lq is inductance on g axis; R is
resistance of stator winding; iq is current on
q axis; iq is current on d axis; vq is voltage
on g axis ; vq is voltage on d axis; «r is
rotational speed of rotor; p is the number
pair of poles.

In a PMSG, magnetic flux created by a

d magnet is constant and can be supposed in d

Vi =—RJ5 —o A +—AS (6) ; s s :
d std ~ Beltg T4 M axis. So, A, quantity in electrical moment
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equation can be ignored. Moreover,
inductance quantities in d axis and q axis
have the same value (L¢=Lg). Due to this
reason, equation (8) can be converted to
equation (13) [8-9]:

3P s
T, = ?p\mq (13)
Current quantities on d-g axis can be
determined by equations (14) and (15) [8-9]:
i =%(—Vj ~Ryif + o, Lai%) / La (14)

S 1 S S S

i; =g(—Vq —Ri; —o,Ldi§ + o, ') / La (15)
Power at output terminals of PMSG can be

determined by equation (16) [8-9]:

Pg=Pm—P

loss
where: | = /iff +iff

I1l. Maximum power point tracking
techniques
A. Working regions of a wind turbine

=T, 2 _R,IZ (16)
p

Working regions of a wind turbine can be
divided into 4 parts as described in Fig. 3

[1], [16].

Region| Region

| 11 Region 111

‘Wind speed (m/s)

Veut-in Ve Veut-out

Fig. 3 Working regions of a wind turbine

where: Veutin 1S cut-in speed; Veut-out IS Cut-
out speed; vr is rated speed; Pr is rated
power.

Region | (vw < Veutin) Or Region IV (v >
Veut-out): generator does not generate power,
where vy is wind speed. In Region 1, turbine
rotates too slowly and does not create

Region Il (Veut-in< Vw < Vr): PMSG can
generate power but it is always smaller than
rated power.

Region 11 (Vi £ vw < Veutout): the generator
can generate rated power.

B. TSR technique to track MPP

TSR technique determines MPP by
evaluating values of wind speed in P(w)
curves. These curves must be created by
simulation or experiment for each turbine.
Value of optimal TSRept at any working
condition will help to extract maximum
power from WTG as depicted in Fig. 4 [7],
[16].
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b. P(TSR) cuve
Fig. 4 P(w) and P(TSR) curves

To use this method, wind speed must be
measured continuously to track MPP in real
time. So, the cost for whole system using
small rated power increases. Based on
TSRopt, optimal speed for the turbine can be
determined by (18) [7]:

TSR v

a)opt - Igpt - (18)

enough magnetic field. In Region 1V,  where: R is the radius of the circle swept by
turbine must be cut out to protect blades of the turbine.
mechanical units. i
The controller will compare wopt and current
value of o to determine suitable control
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pulse and regulate power converters as
depicted in Fig. 5 [7].

GENERATOR

= POWER
Vy, t  CONVERTER » T0L0AD

*

CONTROLLER

MPPT CONTROLLER

Fig. 5 TSR control method

This method cannot help to harness
maximum power because of the fast change
of wind speed and the inertia of wind turbine
and generator.

C. PSF method

To execute PSF method, MPP can be
tracked by measuring the speed at the shaft
of the turbine and using the orbit of power
reference. This orbit is also provide by
manufacturers.

The controller will compare Popt and current
value of P to determine suitable control
pulse and regulate power converters as
depicted in Fig. 6 [16].

:> POWER

Vy CONVERTER

= @
T

@ 'Dr)pi +
—> 4;?_; CONTROLLER
P

MPPT CONTROLLER

——» TOLOAD

Fig. 6 PSF method
D. HCS method

HCS method always determines peak power
of the turbine by "searching - remembering -
recording™ process. It can help to overcome
some disadvantages of above method by
tracking the operating points and the
relation of power and speed. This process
calculates values of power in the past and
the current operating point will be
determined at uphill or downhill as depicted
in Fig. 7 [7], [13], [16].

P ----- --".':_
Uphil

Downhill

Ley)

Q

Fig. 7 Principle of HCS method
MPP at each wind speed can be determined
by the following relationship:

If 9P g or APK) _ 4, the rotating speed ®
dw Aw(k)

< ®OMPP

di:o or AP(K) =0, the rotating speed ® =
de Aw(K)

WMPP

di<o or APK) o the rotating speed ® >
dw Aw(K)

WMPP

where: AP(k)=P(k)-P(k-1),
Aao(k) = (k) -a(k-1) .

The control algorithm of HCS method is
represented in Fig. 8.

V>V, >V

Mechanical Power, p
@
ke s}
o

r

Rotational Speed , wr

a. The change of operating points at differenct wind speeds

| Aorer(K) = - || Aorer(K) = - | | Aorei(K) = |

I I I |
| mref(k) = (x)ref(k-l) + Amref(k) |7

b. Control algorithm
Fig. 8 HCS control method to determine MPP
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Supposing that the turbine is operated at
point B as shown in Fig. 8a. The wind speed
increases and point B will be moved to point
C corresponding to new values of
mechanical power and rotational speed of
the turbine. The controller must be created a
suitable control pulse to increase the
rotational speed of the turbine that help to
move point C to point D (hew MPP). The
controller collects the information about
current and voltage values at output
terminals of the generator to determine
mechanical power. The speed sensor is used
to measure instantaneous speed of the
turbine. The value of step in Fig. 8b can be
adjusted to have a fast response of the
turbine and the convergence speed of the
algorithm. If it is too high, it can affect
much to the power fluctuation and loss in
power converters.

IV. Simulation Results

A WTG is regulated by a rectifier (without
controlling) and a DC/DC buck power
converter with parameters in TABLE I.

Simulation parameters of a WTG is shown
in TABL 1.

Table | Parameters of Power Converter

Number | Name of parameter | Symbol Value
1 Inductance L 8x10*H
2 Capacitance C 2x10*
3 Switching frequency fw 50 kHz
4 Voltage at DCbus Ve 400
Table 1. Parameters of WTG
Number | Name of parameter Symbol Value
1 Rated power P (W) 8500
2 Rated wind speed Ve (m/s) 12
3 Radius R (m) 5
4 Resistance of stator Rs (Q) 1.2
winding
5 Equivalent inductance of | L4 (H) 0.066
stator winding on d axis
6 Equivalent inductance of | Lq (H) 0.066
stator winding on g axis
7 Self inductance Lo (H) 0.066
8 Magnetic flux of the Flux 1.546
rotor (Weber)
9 Inertia of rotor and J (kgm?) 0.12
turbine
10 Damping factor of rotor D, 0.005

Cp function can be determined by (19) [13],
[18]:

116 = (19)
C,( ) ~0.5176| == ~0.4-5 |e " +0.00681.

where: 1 __ 1 0035
A, A+0.083 1+p°

Based on Cp(A, B) function, the P(A, vw)
curves are represented in Fig. 9. It is easy to
show that Pmpp1 is the largest power value
(corresponding to 8.5 kW-rated power at 12
m/s-wind speed). In cases of decreasing
wind speed to 10 m/s, 8 m/s, 6 m/s, P(X, vw)
curves become lower than it at 12 m/s wind
speed, so peak power at these curves is also
smaller than rated power. It means that the
operation of the turbine can be correctly
neglected in real working process by using
the mathematical model of Cp(2, B) function.

5
x10 Pmpp1

3
T

wind speed=12 m/s

wind
speed=10 m/s

speed=8 m/s

wind
speed=6 m/s

Power (W)
N I

o
~
-
o
o
©
=]

Fig. 9 P(A, v) curves of simulated turbine

A scenario is considered as depicted in Fig.
10. There are three time ranges that values of
wind speed are constants, including 0.4+1) s,
(1.8+3) s, and (6+7) s. There are two time
ranges that wind speed increases, including
(1+1,8) s and (4.5+6) s. In time range
(3+4.5) s, wind speed decreases slowly and
suddenly reduce from 10.5 m/s to 8.5 m/s at
4.5 s. This scenario describes the variation of
wind speed in natural operating conditions.

Wind speed (s)

Time (s)

Fig.10 Variation of wind speed
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Simulation result about current at output
terminals of phase A from the generator in
whole considered time range is represented
in Fig. 11. Magnitude of the current
increased or decreased same as the variation
of wind speed variation.

Current (A)

| I I )
1 2 3 4 5 6 7
Time (s)

Fig.11 Current at output terminals of phase A in whole
considered time range

Considering in a specific timer range (1+2)
s, current in phase A has pure sine waveform
as depicted in Fig. 12. It showed the
accuracy of controller to regulate the
generator.

Current (A)
o

I
1 1.1 12 13 14 15 16 17 18 19 2
Time (s)

Fig. 12 Current in phase A in time range (1+2) s

Simulation result about power from WTG in
whole considered time range is depicted in
Fig. 13. Value of power reached to
maximum power corresponding to rated
power in time range (1.8+3) s and was held a
constant value due to constant wind speed. If
wind speed is smaller than 12 m/s and
constant, power from the generator was also
held at constant values but they were smaller
than rated power. Moreover, power from
WTG also increased or decreased
corresponding same as the variation of wind
speed. It means that the mathematical model
of WTG and controller were designed
correctly to completely neglect the response
of WTG in all cases with the variation of
wind speed values.

9000 -

8000 -

7000 -

Power (W)

6000 —

5000

I I I I I I |
1 2 3 . 4 5 6 7
Time (s)

Fig. 13 The variation of power from WTG

V. CONCLUSIONS

Successful simulation for a 8.5 kW rated
power is the main science contribution of
this paper to have evaluations before
installing WTG in real systems. This paper
also introduced the general structure for a
wind system, mathematical model for a
turbine and a generator type PMSG,
characteristics for a WTG, and three control
methods applied in wind system, including
TSR, PSF, and HCS methods. Simulation
results were carried out by
MATLAB/Simulink software using
achieved mathematical models and HCS
method.

From simulation results, the paper proved
the only one peak power at a wind speed
value. A new MPP will appears in cases of
having a new value of wind speed. In a
specific variation of wind speed, HCS
controller helped to track MPP correctly and
power from WTG is always maximum. The
simulation results showed that WTG only
generated rated power if values of wind
speed are higher than rated value (12 m/s).
Furthermore, power from WTG is always
smaller than rated power and has classical
proportions of wind speed. It represented the
high accuracy of mathematical models,
control design and simulation for whole
system. The high response of the controller
help to evaluate the operation of WTG in
different working conditions.

Research results of the paper can be applied
in real applications of isolated grid with the
participation of energy storage systems or
grids that can absorb all power from MPP. In
cases of using small rated power for PMSG,
they are also used to apply in a hybrid
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