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Abstract—In order to realize maximum power point tracking
(MPPT) control of wind energy generation system, it is necessary
to regulate the wind turbine speed at an optimal tip-speed ratio
(TSR). For obtaining the optimal tip-speed ratio, modern wind
turbine controller usually uses wind speed information as a vital
signal to implement the feedback of the controller. However, the
rotor effective wind speed (EWS) cannot be measured by the
anemometer installed at the front of the turbine. In this paper,
we present two methods to estimate the rotor effective wind
speed from the turbine torque and the turbine speed. Then, we
utilize the estimated wind speed and the optimal tip-speed ratio
to compute the generator reference speed. In the entire wind
energy system, a back-to-back arrangement with two voltage
source converters (VSC) has been considered: one on the machine
side controlled by field oriented controller (FOC) and the other
on the grid side controlled by voltage oriented controller (VOC).
Finally, the comparisons of two estimation integrated with the
wind energy system have been emulated to demonstrate good
performance.

I. INTRODUCTION

The demand for renewable energy has been increasing

rapidly in recent decades [1]. Wind energy has been regarded

as an environmentally friendly alternative energy source which

has attracted much attentions [2]. Many initiatives have been

launched to improve the utilizing of wind power in electric-

ity generation [3]. Generally, there are four typical working

regions which need different control policies according to

various wind speed. The operation of a wind generator presents

four typical working regions differentiated by upward wind

speed [4], as shown in Fig. 1:

• Region I: below cut-in speed

• Region II: maximum generable power (MPPT)

• Region III: constant rated power

• Region IV: above cut-off speed

As the wind speed grows up, the wind turbine (WT) shuts

down and the system generates no power at beginning where it

is called zero power region. When the wind speed reaches the

cut-in speed and below the rated wind speed, the wind turbine

works in the maximum power point tracking (MPPT) region.

In this region, the speed of wind turbine is controlled by kinds

of MPPT controllers to make sure that the wind turbine is

operated at the optimal tip-speed ratio [2]. The tip-speed ratio

is defined by the wind turbine tip speed in proportion to the

wind speed, and it plays a vital role in extracting the kinetic

energy from wind to turbine shaft [5]. For all the wind turbines

around the world, this is a common issue which also makes

great challenge during the process of wind energy extracting
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Fig. 1. The typical working region of wind system

process. On one hand, if the rotor of wind turbine rotates too

slowly, most of the wind passes through the space between

two blades without doing any work; on the other hand, if the

rotor of wind turbine rotates too quickly, the area swept by

the rotor will become impassable for the wind like a solid

panel. Hence, there is an optimal tip-speed ratio for a certain

wind turbine to get the maximum power. The third region is

the constant power region, where the power is dynamically

equal to the rated power as a result of varieties of mechanism

control, like pitch control, stall control, or yaw control. In this

region, the wind system is working in the rated condition. The

last region is the cut-off region, where the wind speed is above

the cut-off speed. The harmful wind is too strong to drive the

wind system generating electricity, but to cause the electrical

overloading and mechanical damage. The turbine shuts down

in this region to protect for stranger winds.

Most MPPT controllers require measuring wind speed [6]

[7] and wind turbine speed data in real-time. Therefore, time

delay in measuring process would affect the control precision,

which is an overshooting caused by delay. In practice, the

anemometer is usually installed as a wind speed detector mak-

ing the wind turbine operate at the optimal speed. Whereas,

using anemometer would reduce the system’s dynamic re-

sponse and would also increase the costs of the equipment and

maintenance. Moreover, since the turbine works in a three-

dimension space, it makes the wind speed has a different

distribution in the turbine rotating plane. Consequently, the



effective wind speed (EWS) cannot be measured directly. So

there is a need to design a sensor-less control system for wind

system.

This paper builds a whole wind system with a MPPT

controller based on effective wind speed estimation. To get

maximum power, only a variable speed wind turbine can be

applied to this MPPT controller. We propose two kinds of

method to estimate the EWS. One is based on power balance

equations to predict the effective wind speed, which are

equations describe the relationship between the turbine torque

and turbine speed versus the wind speed of the turbine rotor.

The other one is a polynomial approximation of the turbine

operation point versus the effective wind speed. However,

previous EWS estimation works do not contain the whole wind

generator system [1] [8]. In this paper we propose a method

that the EWS estimation has been applied in the controller

which cooperates with the wind turbine, the generator, and

the converters.

The presented paper is structured as follows. In Section

II, we introduce a model of the wind energy system. In

Section III, the controller of wind energy system is discussed.

In section IV, the MPPT controller with EWS estimation is

discussed. In section V, simulation results are presented to

validate the effectiveness of the entire system with proposed

control scheme. At last Section VI presents the conclusion.

II. WIND ENERGY SYSTEM MODEL

This section focuses on introducing the wind energy gener-

ation system model.

A. Wind Energy Conversion System Model

Fig. 2 shows a basic wind generation system configuration,

which consists the following four parts [1] [9] [10] [11]:

1) Wind turbine, which is a device capturing wind power by

the aero-servo-elastic blades and converting the power

to mechanical torque.

2) Gearbox, which is a transmission component assumed

to be perfectly stiff in our model.

3) Generator, which converts the power from mechanical

form into electricity form.

4) Power converters, which is used as the interface between

machine and grid.

B. Wind Turbine Model

Wind is an intermittent and varying source of energy. Wind

speed is random in magnitude and direction at any site.

Wind speed variations, including time variation and spatial

variation, are caused by many factors such as wind turbulence,

wind shear, tower shadow and turbine rotation. However, the

different distribution can result the same torque on the turbine

blade. Hence, the wind speed profile can be modeled by

using the equivalent turbine torque. Wind turbine model is

analyzed to model the effective wind speed. The model of

wind turbine takes several characteristics into account, such as

the size, blade radius, nominal power, shafts stiffness, losses,

Generator

Converters

Gearbox and shaft

Machine side

converter

Grid side

converter

DC

GridTurbine blades

Fig. 2. Wind energy conversion system [9]

gearbox ratio, etc. Meanwhile, a wind turbine will not change

its characteristics in a short period of time.

1. The kinetic power Pw of the wind is:

Pw =
1

2
ρAV 3

w , A = πR2 (1)

where, Vw, A, ρ are the speed of the wind, the area swept

by the turbine blade and the air density, respectively. Conse-

quently, AVw, ρAVw are the volume and the mass of the air

passing through the turbine blade in an unit time. R is the

blade radium.

2. The power extracted from the wind is:

Pm =
1

2
ρAV 3

wCp(λ, β) (2)

where, Cp is a non-linear power coefficient depending on the

turbine design. Usually, Cp’s unique maxmum value Cpmax

depends on the wind speed. Therefore, in order to obtain the

maximum value Cpmax should adapt to the change of wind

speed.

3. The power coefficient Cp can be represented as:

Cp(λ, β) = c1(
c2
λ

− c3β − c4)e
−c5
λi + c6λ (3)

λ =
ωtR

Vw

,
1

λi

=
1

λi + 0.08β
−

0.035

β3 + 1
(4)

where, λ, β, and ωt are the tip speed ratio, pitch angle and

the speed of the wind turbine. Among them, λ plays the

most critical role since its optimal value concerns with the

maximum power efficiency of the wind turbine. Furthermore,

λ could be calculated from the typical characteristic of the

wind turbine power coefficient ci(i=1,2...6). The relationship

between power coefficient Cp versus turbine speed wt and

wind speed Vw in Eq. 3-4 is described in Fig. 3(a).

4. The turbine torque is:

Ta = Pm/ωt = CT (λ, β)
ρπR3

2
v2 (5)

CT = Cp(λ, β)/λ (6)

ωmr = nωt (7)
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Fig. 3. Curves of the turbine aerodynamic characteristics and the MPP line

where, Ta denotes the aerodynamic torque of turbine. n
represents the gearbox transmission ratio. CT denotes the

torque coefficient of turbine. The relationship between turbine

turque Ta versus wind speed Vw and generator speed wmr in

Eq. 5-6 is described in Fig. 3(b).

III. INTEGRATION CONTROL TECHNIQUE

A. Generator-side converter with field oriented control

Since the torque provided by the turbine changes quickly

with the wind speed, field oriented control (FOC) is employed

to handle with this problem. In the FOC scheme [4] [12]

[13] [14] , as shown in Fig.4, current control is performed in

the rotor-flux-oriented reference frame. The grid-side inverter

provides the DC link voltage control. On the direct axis (x-

axis), a flux control loop commands the current loop. On the

quadrature axis (y-axis), a speed loop controls the current loop.

In this case, the on-line estimation result of the effective wind

speed observer can be further applied in the machine control.

A decoupling circuit has been used to correctly decouple the

direct and quadrature current controls. The controllers used

in the control loops are PI (Proportional-Integral) type. An

asynchronous space vector modulation (SVM) with fPWM =
5kHz has been adopted to command the inverter. However, the

value of fPWM would not suitable for high power applications

to which the proposed MPPT is addressed. It is believed that

this value cannot affect significantly the MPPT algorithm.

The sampling frequency of the entire control system is set

to 10kHz.

B. Grid-side converter with voltage oriented control

A grid-side converter has been adopted based on a high-

performance technique: voltage oriented control (VOC), as

shown in Fig.4. VOC is based on the idea that the injected

current can be decoupled into the direct (d) component and

quadrature (q) components. It works in the grid voltage

vector reference frame [4] [12] [13] [14]. In this synchronous

reference frame, the unitary power factor condition is achieved

since the active power and reactive power flow are determined

by the DC vector and quadrature current vector, respectively.

By imposing the direct-axis of the rotating coordinates on

the grid voltage vector, a simplified dynamic model can be

achieved. The Kirchhoff’s voltage laws (KVL) voltage space-

vector Eq. 8 [15] of the system are presented as follows:

ugd = usd +Risd + Ldisd
dt

− ωLisq
ugq = usq +Risq + L

disq
dt

− ωLisd
(8)

The direct and quadrature components of the inverter voltages

are then computed as follows:

usd = ωLisq + ugd +∆usd

usq = −ωLisd +∆usq
(9)

IV. MPPT CONTROL TECHNIQUE

A. Polynomial approximation of tip-speed ratio

The characteristics of the power coefficient are normally

expressed in terms of the tip-speed ratio (as seen Eq. 3), which

is defined as:

λ =
vtip
v

=
ωtR

v
(10)

As the Fig. 3(a) shows typical turque curves under different

wind speeds. And Fig. 3(b) shows the optimal value of tip-

speed ratio λopt corresponding to the maximum power coef-

ficient Cpmax . Clearly, the turbine speed has to be regulated

according to wind speed so that optimal tip-speed ratio is

maintained for maximum power capture. As turbine torque

Ta is determined by the function of λ and the turbine angular

speed ωt, Eq. 10 is re-written for solving the effective wind

speed:

V̂w =
ωtR

λ
(11)

Then, the turbine power can be expressed as

Pm = 0.5CpρπR
2(
ωtR

λ
)3 (12)

The torque produced by the turbine can be computed as

Ta = Pm/ωt = 0.5CpρπR
2(
R

λ
)3ωt

2 (13)
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Fig. 4. Block diagram of the VOC-FOC technique

According to Eq. 13, there is a relationship between Ta, λ,

and ωt.

λ = f(ωt, Ta) (14)

To solve the Eq. 13, it is practically to use a high order

approximation in Eq. 14 as λ is a multivariate high order

function.

In the first step, let the torque Ta changed by different fixed

ωt, we can get the following Eq. 15

λ(ωi) = fi(Ta) (15)

where, rewrite the ωt as ω for short, i is the index of ω, fi is

the function determined by ωi.

λ(Ta, ω1) = C0(ω1) + C1(ω1)Ta + C2(ω1)Ta
2 . . . CN (ω1)Ta

N

λ(Ta, ω2) = C0(ω2) + C1(ω2)Ta + C2(ω2)Ta
2 . . . CN (ω2)Ta

N

...

λ(Ta, ωi) = C0(ωi) + C1(ωi)Ta + C2(ωi)Ta
2 . . . CN (ωi)Ta

N

(16)

where, N is the order of Cj (j = 1 to N), Then, let ω change,

we can get Cn(ω) = un(ω). Similarly, M is the order of UM

C0(ω) = U00 + U01ω + U02ω
2 + . . .+ U0MωM

C1(ω) = U10 + U11ω + U12ω
2 + . . .+ U1MωM

...

CN (ω) = UN0 + UN1ω + UN2ω
2 + . . .+ UNMωM

(17)

Substuting the Cj in Eq. 16 by Eq. 17. Finally, get the

following Eq. 18 from Eq. 15-17

λ(Ta, ω) = (U00 + U01ω + . . . U0MωM )
+ (U10 + U11ω + . . . U1MωM )Ta

+ (U20 + U21ω + . . .+ U2MωM )Ta
2

...

+ (UN0 + UN1ω + . . .+ UNMωM )Ta
N

(18)



B. Solve the nonlinear equation of tip-speed ratio

As the power coefficient is determined by both the tip-speed

ratio λ and the pitch angle β in degrees (Eq. 3 and 4), the

parameters c1 − c6 are designed by the turbine type. Set the

pitch angle β = 0, 1
λi

= 1
λ
− 0.035

Cp(λ, β = 0)

= c1(c2(
1
λ
− 0.035)− c4)e

−c5(
1

λ
−0.035) + c6λ

= ( c1c2
λ

+ 0.035c1c2 − c1c4)e
−

c5
λ
+0.035c5) + c6λ

(19)

Simplify the very small and complicate components, and let

α1 = c1c2
α2 = 0.035c1c2 − c1c4
α3 = e0.035c5

(20)

Then, the equation Eq. 13 can be rewritten as

Ta =
ρπR5ω2

t

2λ4
((α1α3 − α2α3λ)e

−
c5
λ + c6λ

2) (21)

Let B = ρπR5

2 , thus equation Eq. 21 becomes:

Ta

ω2
t

= B
Cp

λ3
(22)

Thus,
Ta

ω2
t

=
B

λ4
(α1 − α2λ)α3e

−
c5
λ +

c6B

λ2
(23)

It means all points for which Ta

ω2

t

= K have the same result.

All the points on the same cylinder Ta = Kω2
t have the same

λ. According to Eq. 23, λ has four solutions, two of them are

imaginary roots that could be neglected.

C. MPPT control

From the Fig. 1 we know that, a MPPT control technique

should be applied to extract the maximum power from the

wind turbine when the rotor speed is below the rated speed

and a rotor power control mechanism should be activated when

the rotor speed exceeds the speed of rated power. As the Fig.

3 shows, the optimal turbine speed is unique versus different

wind speed. It means that we need to find the exact maximum

power point so that the power can be extracted as much as

possible. As the Fig 5 shows, for this MPPT control technique,

the wind turbine is assumed to work in the second region. In

this MPPT module, the pitch angle is set to zero or a very

small value to exploit the wind power optimally. Both of the

MPPT and pitch control techniques need to know the variable

wind speed which is used as a key feedback signal for the

control system in real time. Currently, the wind speed used in

the control system is usually measured with an anemometer.

However, in this paper, the estimated effective wind speed V̂w

is calculated and used instead of the measured wind speed as

follows. After obtaining the result of λ in Eq. 18 and Eq. 23,

substute λ to the Eq. 11, we can get the estimation of effective

wind speed V̂w. Then the estimated wind speed can be applied

in the Fig. 5. The optimal generator speed can be written as

follows. The reference of generator speed should be calculated

by the optimal tip-speed ratio. λopt = 7, then, we get

ω̂mrref =
nλoptV̂w

R
(24)

Avoiding the turbulence of turbine mechanics, we use a low

pass filter to give a clear reference value of generator speed

shown in Fig. 5. Finally, the generator speed follows the

optimal value to realize the MPPT control.

Wind Speed

Estimation

Fig. 5. Block Diagram of the MPPT Technique

V. SIMULATION RESULTS

In the simulation, we set the wind speed vary from 7 to 10

m/s, pitch angle to zero. The objective of this simulation is

to test the accuracy of the wind speed estimation, as well as

the robustness of the system. c1 to c6 in Eq. 3 are given as

follows: 0.5176, 116, 0.4, 5, 21, 0.0068.

At first, we perform the polynomial approximation of λ
by fixed turbine speed and varying torque. According to

Eq. 16, let the N = 3 , M = 3, λ is approximated by

third ordered polynomial torque and third ordered polynomial

turbine speed. Because of the high nonlinear characteristic of

λ, when the turbine speed is below 5 rad/s, the λ curve cannot

be approximated, due to the fact that each torque has two or

more corresponding λ. Therefore, the λ curve can only be

analytically approximated in the high turbine speed area. In

Fig. 6(a) shows the third order polynomial approximation of

the torque lines at different speeds. According to Eq. 17, the

approximation results of Ci(w) are shown in Fig. 6(b).

Then, the wind speed can be calculated from Eq. 18, 11, as

seen in Fig. 6(c). The estimation using polynomial approxima-

tion (in red) responses the system faster than solving nonlinear

equation on-line (in green). The figure 6(d) illustrates the

results of reference generator speed calculated by MPPT (in

red) and the actual generator speed (in blue) measured from

induction machine based on the FOC-VOC model. From this

figure, we can see that the speed of induction machine catches

the optimal generator speed given by MPPT well in 2s.

Meanwhile, according to Eq. 3, the measured power coeffi-

cient Cp is shown in Fig. 6(e). It can be seen that, the power

coefficient is near the optimal value 0.45. Also, the variation

of the Cp is very small, which means that the system generates

the maximum power after 2nd seconds and it is stable.

The Fig. 6(f) illustrates the output voltage and current in

the same phase controlled by VOC and SVPWM. The phase

of the current and voltage can be regulated to fit the grid, as

well as to provide reactive power. When the current and the
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VI. CONCLUSIONS

This paper presents a whole wind system with a MPPT

controller based on effective wind speed estimation. There are

two methods to estimate the EWS to get maximum power. One

method is based on power balance equations to predict the

effective wind speed, which describe the relationship between

the turbine torque and turbine speed versus the wind speed.

The other one is a polynomial approximation of the turbine

operation point versus the effective wind speed. The work has

the whole wind generator system. The controller designed in

this paper has been cooperated with the wind turbine, the

generator, and the converters in simulation. The simulation

shows a good performance in both the estimation in EWS and

the maximum power point tracking.
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