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Novel Maximum Electrical & Mechanical
Power Tracking Controllers for Wind Energy
Conversion Systems
Hassan Fathabadi
Abstract—Maximum power point tracking (MPPT) methods
are currently implemented as maximum mechanical power
trackers (MMPTs) in wind energy conversion systems (WECSs).
In this study, the idea of a maximum electrical power tracker
(MEPT) is first introduced. It is shown that the proposed MEPT
extracts maximum output electrical power from a WECS, while
a MMPT only extracts maximum mechanical power from the
wind turbine used in the WECS. The novelties and contributions
of this work are introducing the idea of a MEPT, and presenting
two novel MEPT and MMPT having greater MPPT efficiencies
and shorter convergence times compared to the state-of-the-art
MPPT methods all implemented as MMPTs. Very simple
structure, low-cost, and very good response to sudden variations
in wind speed are the other advantages of utilizing the proposed
MEPT and MMPT. A 600 W vertical wind turbine, a 1 kW
DC/DC boost converter and a microcontroller have been used to
construct the MEPT and MMPT, and experimental and
simulation verifications are presented to validate theoretical
results.
Index Terms—Maximum electrical power tracker; maximum
mechanical power tracker; maximum power point tracking;
wind energy conversion system.

I. INTRODUCTION
WECS essentially consists of a wind turbine and an
electric generator [1], although an efficient WECS
connected to a DC load also includes a three-phase
rectifier, a DC/DC converter, and a MPPT controller [2]. A
wind turbine is the key device of a WECS which converts
wind energy into mechanical energy [3]. Nowadays, big wind
turbines located in large wind farms are widely used to
produce a portion of the electric power consumed in many
countries [4]. Wind turbines are costly mechanical devices
having low energy efficiency, so adopting an appropriate
scheme to extract as much power as possible from WECSs is
necessary [5]. At a certain wind speed, there is an optimum
turbine speed at which the turbine output mechanical power
reaches its maximum [6]. A MPPT controller tracks the
optimum turbine speed, and then regulates the turbine speed to
the optimum speed [7]. There are different MPPT methods
reported in the literature [8] that are explained in detail as
follows. Tip speed ratio (TSR) control is a well-known
technique in which the turbine and wind speeds are
continually measured by sensors or are estimated using
different physical parameters. Moreover, the optimum TSR is
also needed to regulate the TSR of the turbine to the optimum
TSR [9]. Power signal feedback (PSF) control method needs
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the equation expressing the turbine output power or the
maximum power curve of the turbine. This curve should be
first obtained from off-line experiments or estimated by
simulating. The turbine or wind speed is then used to extract
the related maximum power from the mentioned power
equation or curve to provide a reference power value for the
MPPT controller [10]. Hill-climbing search (HCS) method,
also known as perturb and observe (P&O) method, is an
algorithm originally proposed for photovoltaic systems [11], it
searches the maximum power of the turbine by perturbing the
turbine speed [12]. The main drawback is that the algorithm
convergency and tracking convergence time strictly depend on
the current position of the turbine’s operating point and the
perturbation form, i.e., the algorithm may converge to wrong
points [13]. Optimal torque control (OTC) method uses the
mechanical torque equation or optimum torque curve to
extract the turbine optimum torque associated with the current
angular speed of the turbine [14]. Incremental conductance
(INC) algorithm does not need any sensor, and uses the
derivative of the power to track the MPP [15]. In a WECS,
optimal-relation-based (ORB) algorithm uses an experimental
or simulated curve representing the relationship between the
turbine mechanical power and the DC current produced by the
WECS to find the maximum mechanical power of the turbine
[16]. The method does not need any speed sensor, but it has
the disadvantages of the INC, OTC, and PSF control methods.
Different fuzzy-based MPPT methods, which utilize fuzzy
logic controls, have been reported in the literature [17]. The
structure of such controllers is relatively complex but
adaptive, so that, their parameters can be easily changed to
increase the tracking accuracy and speed. In artificial neural
network (ANN) MPPT methods, an ANN consisting of input,
hidden, and output layers is first trained using actual data, the
ANN is then used for MPPT [18].
In this work, the idea of a MEPT is introduced, and it is
shown that in contrast with a MMPT, a MEPT extracts
maximum output electrical power from a WECS. To prove
this claim, two novel MEPT and MMPT having higher MPPT
efficiencies and shorter convergence times compared to the
state-of-the-art MPPT methods have been built. Very simple
structure, low-cost, and very good response to sudden
variations in wind speed are the other benefits of the two
trackers. This paper is organized as follows. The
implementation of the MMPT is explained in Section II.
Similarly, the implementation of the MEPT is presented in
Section III. Experimental and simulation results and energy
efficiency analysis are presented in Section IV, and the study
is concluded in Section V.
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II. IMPLEMENTATION OF THE PROPOSED MMPT
The schematic diagram of the WECS including the proposed
MMPT is shown in Fig. 1. For the wind turbine used in the
WECS, the tip speed ratio is defined as [19]:
λ=

R ωm
Vw

(1)

where V w is the wind speed, R and ωm are respectively the
radius and angular speed of the wind turbine. At a certain
wind speed, the optimum angular speed ωm −opt , at which the

Fig. 1. Schematic diagram of the WECS including the proposed MMPT.

maximum output mechanical power of the turbine occurs, can
be obtained using (1) as:
ωm −opt =

λopt Vw

(2)

R

where λ opt is the optimum tip speed ratio which is a specific
parameter of a wind turbine. The circuit of the high-efficient
DC/DC boost converter used in this study is shown in Fig. 2
[20]. The switch S1 is a N-MOSFET which is switched with a
constant switching period ( Ts ), where Ts = 1 f , and f s is
s
the switching frequency. Duty ratio DS1 is defined as
DS 1 =

ton

Fig. 2. DC/DC boost converter used in this study.

, where t on is the switch on-time. The input
Ts
resistance of the converter ( Rin ) is obtained as [20]:
Rin ≈

(1 − DS1 ) 2
n2

(3)

RL

where R L is the load of the converter, and n is the turns ratio
of transformer T. As shown in Fig. 1, Iin = k I g , where k is a
constant, I g is the output current of the permanent magnet
synchronous generator (PMSG), and I in is the converter input
current. It is deduced from (3) that the PMSG output current,
and hence its rotor speed (turbine speed) can be controlled by
varying the duty ratio DS1 . An increase in DS1 causes a
reduction in Rin , this increases I g , and hence the braking
electromagnetic torque induced by the PMSG ( TL ). The
increase in TL reduces ω m according to the following
equation expressing the dynamical behavior of the wind
turbine:
Tm − TL − fωm = J

dωm
dt

(4)

where J is the overall inertia of the system, f is the viscous
friction coefficient, and Tm =

Pm

ωm

is the turbine torque, where

Pm is the turbine output mechanical power. Similarly, a
reduction in DS1 increases ω m . The experimental
ωm − DS1 curve of the constructed WECS is shown in Fig. 3. It
can be summarized that ω m , and hence λ can be regulated to
the λ opt by varying DS1 that is carried out by the proposed

MMPT shown in Fig. 1. The proposed MMPT continually
measures the wind speed using an anemometer, and calculates
the associated optimum angular speed ωm −opt using (2). The
turbine angular speed is found from the angular frequency ωe

Fig. 3. Experimental ωm − DS1 curve of the constructed WECS.

of the electric voltage produced by the PMSG as ω m =

ωe
P

.

There are only three operation regions as below:
Operation region 1: If ωm = ωm −opt , there is no need to
change ω m by varying the converter duty ratio D S1 , so:
DS1 (k + 1) = DS1 (k )

(5)
Operation region 2: If ωm > ωm −opt , the turbine speed should
be reduced by increasing DS1 , so:
DS1 (k + 1) = DS1 (k ) + Δ DS1

(6)

where Δ DS1 is a positive value that will be explained next.
Operation region 3: If ω m < ω m −opt , the wind turbine speed
should be increased by decreasing D S1 , so:
D S1 (k + 1) = D S1 ( k ) − Δ D S1

(7)
The operational flowchart of the proposed MMPT is shown
in Fig. 4. In this study, to minimize the tracking convergence
time and maximize the MPPT efficiency, the amount of the
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increase/decrease in DS1 is selected based on the absolute
value of the difference between the turbine angular speed and
the optimum angular speed, i.e., ω m − ω m −opt . In fact, Δ DS1
is selected larger for the large amount of ω m − ω m −opt , and is
selected smaller and smaller when ω m − ω m −opt

decreases.

When ω m − ω m −opt is large, the operating point of the wind
turbine is far from the MPP, so a large increase/decrease in
DS1 is needed to rapidly move the operating point to around
the MPP, and thus, Δ DS1 should be selected larger. In this
study, Δ DS1 is selected as:
⎧0.100
⎪
⎪0.010
⎪
⎪
Δ DS1 = ⎨0.005
⎪
⎪0.002
⎪
⎪0.001
⎩

when ω m − ω m−opt

≥ 20 rad

s
when 10 rad ≤ ω m − ω m−opt < 20 rad
s
s
when 5 rad ≤ ω m − ω m−opt < 10 rad
s
s (8)
when 2 rad ≤ ω m − ω m−opt < 5 rad
s
s
rad
rad
when 0
≤ ω m − ω m−opt < 2
s
s

wind speed is 6 m / s . It can be seen that C p (λ ) reaches its
maximum at λ 1 = λopt while Ctg (λ ,ω m , id , iq ) gets to its
maximum at λ 2 , where λ 1 = λopt = 4.92 and λ 2 = 4.72 , and
this explicitly validates the theoretical result presented by
(12). Using Fig. 5, the converter input power Pin supplied by
the rectifier and filter capacitor is obtained as:
Pin = Vin I in = Pg − Ploss (id , iq )
(13)
where Ploss is the rectifier power loss which depends on the
PMSG output currents. The turbine-generator-rectifier power
coefficient Ctgr (λ ,ω m ,i d , i q ) is defined as:
Ctgr (λ ,ω m ,id , iq ) =

Pin
Pw

(14)

C tgr (λ ,ω m ,i d , i q ) can be expressed in detail by substituting

(13) in (14) as:
C tgr ( λ ,ω m , i d , i q ) =

Pg − Ploss (i d , i q )

= C tg (λ ,ω m , i d , i q ) −

Pw
Ploss (i d , i q )

(15)

0 .5 ρ A V w 3

III. IMPLEMENTATION OF THE PROPOSED MEPT
The schematic diagram of the WECS including the proposed
MEPT is shown in Fig. 5. The PMSG output electric power
Pg can be expressed in the (dq ) reference frame as:
Pg = 3 (vd id + vq iq )

(9)

where vd , v q , id and i q are the d-q output voltages and
currents of one phase of the PMSG. Pg can be obtained by
subtracting the friction and copper losses from the turbine
mechanical power as:
Pg = Pm − 3 R s (i d 2 + i q 2 ) − fω m 2
(10)
= C p (λ ) Pw − 3 R s (i d 2 + i q 2 ) − fω m 2
where C p is the power coefficient of the turbine, and R s is
the equivalent single-phase resistance of the stator. In this
study,
the
turbine-generator
power
coefficient
Ctg (λ ,ω m , i d , iq ) evaluating the power efficiency of the wind
turbine together with the coupled PMSG is defined as:
C tg (λ ,ω m , i d , i q ) =

Pg

(11)

Pw

where Pw = 0.5 ρ AVw 3 is the wind power, ρ is the air density,
and A is the cross sectional area of the turbine. The turbinegenerator power coefficient is obtained by using (10)-(11) as:
Ctg (λ ,ω m ,id , iq ) = C p (λ ) −

3 Rs (id 2 + iq 2 ) + fω m 2
0.5 ρ AVw 3

Fig. 4. Operational flowchart of the proposed MMPT.

(12)

It is deduced from (12) that the turbine-generator power
coefficient Ctg (λ ,ω m , i d , i q ) and the turbine power coefficient
C p (λ ) reach their maximum values at different values of λ

due to the second term of the right side of (12) that depends
on the turbine and wind speeds. Fig. 6 shows C p (λ ) and
Ctg (λ ,ω m , id , iq ) curves of the implemented WECS, when the
Fig. 5. Schematic diagram of the WECS including the proposed MEPT.
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It

is

deduced

from

(15)

that

C tgr (λ ,ω m ,i d , i q )

and

C tg (λ ,ω m , i d , i q ) both reach their maximum values at the same

value of λ as shown in Fig. 6 because the second term of the
right side of (15) only depends on the PMSG currents and the
wind speed, i.e., it does not depend on the turbine speed. Fig.
6 shows that C tgr (λ ,ω m ,i d , i q ) and Ctg (λ ,ω m , id , iq ) both get
to their maximum values at λ 2 = 4.72 that verifies (15). It is
clear that to extract as much power as possible from a WECS,
λ 2 which maximizes C tgr (λ ,ω m ,i d , i q ) should be tracked
rather than λ 1 which maximizes C p (λ )

because λ 2

maximizes the electric power supplied to the converter, while
λ 1 only maximizes the output mechanical power of the wind
turbine. Thus, the MMPT proposed in previous section tracks
λ 1 while the MEPT presented in this section tracks λ 2 .Using
(14), the converter input power can be expressed as:
Pin = Pw Ctgr (λ ,ω m ,id , iq ) =

1
ρ AVw 3 Ctgr (λ ,ω m ,id , i q )
2

(16)

The main criterion to select appropriate values for Δ DS1 is to
reach a maximum value for the MPPT efficiency along with a
minimum value for the tracking convergence time. When α
is large, the operating point of the WECS is far from the MPP,
so to minimize the tracking time, a large increase/decrease in
DS1 is needed to rapidly move the operating point to around
the MPP, and thus, a larger amount of Δ DS1 should be
selected. By approaching the MPP, α becomes smaller and
smaller, so to maximize the MPPT efficiency, the
increase/decrease in the converter input current should be
smaller to exactly track the MPP, and thus, a smaller value
should be chosen for Δ DS1 . Considering the above
explanation and noting the parameters of the implemented
WECS, more than 65 experiments were performed by
choosing different values for DS1 that demonstrated selecting
Δ D S1 according to the following role provides the highest
MPPT efficiency along with the shortest tracking convergence
time:

So, at a certain wind speed V w , the converter input power is a
function of λ obtained by only scaling Ctgr (λ ,ω m ,i d , i q ) , i.e.,
Pin and Ctgr (λ ,ω m ,id , iq ) both get to their maximum values at

λ 2 . A typical Pin − λ characteristic of the implemented

WECS is shown in Fig. 7. The conditions that should be
fulfilled on the different parts of the Pin − λ curve are as
follows. At the MPP (λ 2 , Pin −max ) :
the MPP:

d Pin
= 0 , at the left side of
d I in

d Pin
dP
< 0 , and at the right side of the MPP: in > 0 .
d I in
d I in

The power slope α is defined as:
d Pin Δ Pin
= α ; when Δ I in ≠ 0
≈
d I in
Δ I in

(17)

where Δ Pin and Δ I in are respectively the deviations of the
converter input power and current that are obtained as:
⎧Δ I in = I in (k ) − I in (k − 1)
(18)
⎨
⎩Δ Pin = Vin (k ) I in ( k ) − Vin (k − 1) I in (k − 1)
where Vin (k ) and I in (k ) are the kth samples of the converter

input voltage and current when they are converted from
analog to digital form. The flowchart showing the operation of
the proposed MEPT is shown in Fig. 8. At first, the converter
input voltage and current are sampled and read, then the
MEPT calculates the deviations of the converter input power
and current using (18). After that, the power slope α is
computed using (17). Now, one of the following three
conditions occurs:
1- If α = 0 (at the MPP), there is no need to change ω m , so
there is no need to vary I in , and thus, DS1 (k + 1) = DS1 (k ) .
2- If α > 0 (right side of the MPP), ω m should be decreased
by increasing DS1 as DS1(k + 1) = DS1(k ) + Δ DS1 .
3- Similarly, if α < 0 (left side of the MPP), ω m should be
increased, by decreasing DS1 as D S1 (k + 1) = DS1 ( k ) − Δ DS1 .
If Δ I in = 0 , the MPPT controller returns to next loop and
reads the next samples of the converter voltage and current.

Fig. 6. C p (λ ) , Ctg (λ ,ωm , id , iq ) , and Ctgr (λ ,ωm ,id , iq )
curves.

Fig. 7. Typical Pin − λ characteristic of the WECS, λ 2 = 4.72 .
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proportional to the wind speed. The anemometer output
current is converted to a voltage in the range of 0-5 V using
the potentiometer RV1, and is then supplied to pin 18 which is
an analog/digital (A/D) pin of the microcontroller. The
microcontroller extracts the angular frequency of the PMSG
voltage ( ωe ) from the square waveform supplied to pin 20
using its internal timer, and measures the wind speed by
sampling the voltage supplied to pin 18 with a sampling
period of 100 μs . Then, the microcontroller produces an
appropriate duty ratio DS1 to track the MPP of the wind
turbine. After that, the determined duty ratio DS1 is supplied
to the MOSFET switch S1 as a periodic switching pulse with
the duty cycle of D S1 and a switching frequency ( f s ) of 100
kHz through the transformer Trans-WE to regulate ω m to
ωm −opt . The optimum tip speed ratio of the wind turbine used
in

this

study

is

4.92

( λ opt = 4.92 ),

and

the

experimental Pm − ωm characteristics of the wind turbine for
different wind speeds are shown in Fig. 10. The wind turbine
was located in a wind tunnel, the constructed WECS was set
up. At the wind speeds of 4 m s , 6 m s , 8 m s and 10 m s ,
Fig. 8. Operational flowchart of the proposed MEPT.

⎧0.100
⎪
⎪0.010
⎪
Δ DS 1 = ⎨
⎪0.005
⎪
⎪⎩0.001

when α ≥ 10 W A −1
when 1 W A −1 ≤ α < 10 W A −1
when 0.5 W A −1 ≤ α < 1 W A −1

(19)

when 0 W A −1 ≤ α < 0.5 W A −1

The proposed MMPT and MEPT use the variable step-size
duty cycles respectively defined by Eq. (8) and Eq. (19), so no
oscillation around the MPP, diverging or even converging to
an incorrect point occurs during the MPPT process.

the output mechanical powers of the wind turbine extracted by
the MMPT were measured using a shaft power meter SE110
made by Shoyo Engineering company. The output mechanical
powers and the associated MPPT efficiencies are summarized
in Table I. The experimental results reported in Table I
demonstrate that the proposed MMPT has the MPPT
efficiency of 98.04% at the rated wind speed ( 10 m s ).
TABLE I
MAXIMUM MECHANICAL AND ELECTRICAL POWERS EXTRACTED BY THE
PROPOSED MMPT AND MEPT.

IV. EXPERIMENTAL AND SIMULATION RESULTS
In this section, experimental and simulation results
associated with the proposed MMPT and MEPT are presented
in three distinct sub-sections as follows.
A. MMPT: Experimental results
Based on Fig. 1, a WECS has been built the electric circuit
of which is shown in Fig. 9. A microcontroller MC68HC11A8
has been used to implement the MMPT. The flowchart shown
in Fig. 4 has been applied to program the microcontroller. The
three-phase output voltage of the PMSG is converted to the
DC form using a three-phase diode bridge consisting of the
six power diodes D3-D8 and the filter capacitor Cin . The
output line voltage of the PMSG is decreased by the
transformer T2 , and is supplied to an Op-Amp LTC 1047
which converts the input sine waveform to a square waveform
with the angular frequency ω e . The square waveform is then
supplied to pin 20 which is a bit-port of the microcontroller.
An anemometer MAX 40+ has been used that needs a +24 V
supply voltage, and produces 4-20 mA output current

Fig. 9. Electric circuit of the constructed WECS including the MMPT.
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respectively 99.28% and 98.04% along with the shortest
convergence times of 15 ms and 18 ms compared to the stateof-the-art MPPT techniques. It was also deduced that the
MEPT and MMPT not only provide very good responses to
sudden variations in wind speed but also are simpler and
lower-cost compared to the conventional ones, so that, the
construction cost of the MEPT and MMPT is respectively 44
Euro and 132 Euro.

Fig. 10. Experimental Pm − ωm characteristics of the wind turbine.

B. MEPT: Experimental results
Based on the WECS shown in Fig. 5, a WECS including the
proposed MEPT has been built. The electric circuit of the
constructed WECS is shown in Fig. 11. A microcontroller
MC68HC11A8 has been used to implement the MEPT. The
flowchart shown in Fig. 8 has been utilized to program the
microcontroller. The converter input current I in is continually
measured by INA 168, and is supplied to pin 18 which is an
A/D pin. The converter input voltage Vin is first scaled by the
potentiometer RV1, and then, is supplied to pin 17. The
microcontroller continually samples the converter input
current and voltage with a sampling period of 100 μs , and
produces an appropriate duty ratio DS1 to track the MPP of
the WECS. After that, the determined duty ratio DS1 is
supplied to the MOSFET switch S1 as a periodic switching
pulse with a switching frequency of 100 kHz and the duty
cycle of DS1 through the transformer Trans-WE. At the wind

Fig. 11. Electric circuit of the constructed WECS including the MEPT.

speeds of 4 m s , 6 m s , 8 m s and 10 m s , the output
electrical powers of the WECS extracted by the MEPT and
MMPT, and the MPPT efficiencies are reported in Table I.
The experimental results reported in Table I verify that the
proposed MEPT has the MPPT efficiency of 99.28% at the
rated wind speed ( 10 m s ). It can be seen that the MEPT

Fig. 12. MEPT: Experimental waveforms of the converter.

explicitly extracts more power compared to the MMPT. The
experimental waveforms of the DC/DC boost converter of the
MEPT at the rated wind speed are shown in Fig. 12, and the
photo of the constructed WECS is also shown in Fig. 13.
V. CONCLUSION
In this study, the idea of a MEPT was introduced. A MEPT
was compared to a MMPT by constructing two novel MEPT
and MMPT. It was shown that a MEPT extracts maximum
electrical power from a WECS, while a MMPT only extracts
maximum mechanical power from the wind turbine used in
the WECS. The experimental and simulation verifications
were presented, and the proposed MEPT and MMPT were
also compared to the state-of-the-art MPPT methods. The
experimental and simulation results together with the
comparison explicitly demonstrated that the proposed MEPT
and MMPT provide the highest MPPT efficiencies of

Fig. 13. Constructed WECS including MEPT.
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