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Abstract: This research aimed to introduce a comprehensive mathematical modeling approach based
on the maximization of the power coefficient (Cp) to obtain the regulation in pitch angle and tip speed
ratio (TSP), taking into account the detailed power losses at the different stages of the power train of
the wind turbine. The model is used to track the optimal power coefficient of the wind turbine power
train, considering both direct (without gearbox) and indirect (with gearbox) drive configurations. The
result of the direct driveline was validated with a 100 W horizontal-axis wind turbine experimental
system. The model estimated the optimal value of Cp at 0.48 for a pitch angle of 0 degrees and a TSR
of 8.1, which could be obtained at a wind speed of around 11.2 m/s. The results also revealed that,
within the lower wind regime, windage, hysteresis, and eddy current losses dominated, while during
higher wind regimes, the copper, stray load, and insulator gate bipolar transistor (IGBT) losses gained
high values. The developed model was applied to a 20 kW indirect drive wind turbine installed in
Gwadar city in Pakistan. Compared with the direct coupling, the optimal value of Cp was obtained
at a higher value of the pitch angle (1.7 degrees) and a lower value of TSR (around 6) due to the
significant impact of the gear and copper losses in an indirect drivetrain.

Keywords: wind turbine; mathematical modeling; power coefficient; power loss

1. Introduction
1.1. Background and Literature Review

In recent decades, the depletion of fossil fuel sources and increased power demand
have created the space for green energies to support conventional power generation in
energy sectors. Wind energy offers sustainable and renewable energy solutions to meet
energy demands and mitigate climate change. This has driven researchers to investigate
the optimal design of renewable energy systems that include wind turbines [1,2], as well
as propose advanced control systems for the optimal power tracking of both wind and
PV energy [3]. However, the maximum energy generation of a wind turbine cannot be
achieved without optimal range regulation of the power coefficient and loss minimization
of the turbine [4–6].

The extraction of maximum power from wind turbine systems is significantly reliant
on a dimensionless quantity, namely, the power coefficient (Cp). Considering wind turbine
operational dynamics, the role of two regimes of variable wind speed is critical for both
the extraction of maximum power and the safety of the wind turbine. For example, the
wind regime under the nominal wind speed limit requires maximum power extraction, as
the tip speed ratio is a function of wind speed and the pitch angle of the turbine blades.
In the same way, the wind regime above the nominal value of wind speed presents some
concerns about the safety of the turbine blades, gearbox, and electric machine. This issue
can only be handled by regulating the value of Cp during the regime between nominal and
cutout limits of wind speed.
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Many maximum-power-tracking and optimization methods were proposed for regu-
lating the wind turbine mechanical structure’s positions and parameters, such as yaw, tip
speed ratio, pitch angle, angular speed, and torque [7–14]. In the last few decades, several
studies were carried out on power coefficient optimization and expanded through several
theoretical, ideal analyses, maximum tracking points, and optimization based on different
methodologies and perspectives [15–17]. Peng et al. developed a novel composite model
with a higher calculation accuracy of the wind turbine power coefficient and flapping
moment coefficient by taking into account the NREL 5 MW windmill [5]. In their study, the
analysis of effective parameters of a wind system, such as the role of the tip speed ratio
on the axial induction factor, pitch angle, and aerodynamic torque coefficient, and studies
of trust force coefficient were comprehensively carried out. It was concluded that under
uncertain wind situations, the vertical axis wind turbines rotate to generate aerodynamic
power associated with their characteristic curves based on the power coefficient and tip
speed ratio, which is a function of the angular speed of the turbine and wind velocity.
In another study, Pongpak et al. developed a real-time maximum power generation of
vertical-axis wind turbines, taking into account the characteristics curves of turbine power
coefficient through fuzzy pulse width modulation electric load regulation. In their work, the
rotational speed extracting the maximum power was firmly managed via the angular speed
of the wind turbine based on the optimal value of tip speed ratio for each value of wind
speed using the fuzzy logic PWM load regulation technique. It was concluded that across
one day, the energy produced by the proposed model under varying wind speed conditions
was higher than a wind turbine that works under uncontrolled open-field conditions [18].
The value of the performance coefficient R2 = 0.9981 indicates the two vertical axis wind
turbines were identical for cross verification, taking into account the period from 0–24 h.
Dongran Song et al. developed a sequential global optimization problem for the maximum
power extraction of a wind turbine based on a single-objective and non-linear function by
taking into account constraints such as the weighting factor and electric torque variation of
the generator [19]. Liangyue Jia et al. presented a reinforcement learning-based method for
efficiently searching the optimal value of the blade twist angle distribution (TAD), which
is a function of the power coefficient. The basic concept of RL-TAD is to learn the TAD
searching policy through an agent and salvage this agent to search for the optimal TAD
under changing wind regimes based on genetic algorithm methodology. The empirical
results concluded that the power coefficient is better and converges to a value of TAD 3 to
5 times faster than the genetic algorithm method in the offline stage [20].

1.2. Research Gap and Originality Highlights

Previous studies mainly focused on addressing the power coefficient tracking sub-
jected to boundary conditions related to wind speed and the aerodynamic train of the
wind turbine, such as the blade design and pitch angle or TSR. However, few studies have
addressed the impact of the optimal power coefficient on the load regulation of the power
train and power loss reduction of wind turbines.

Therefore, following the previous studies, this research aimed to introduce a com-
prehensive mathematical modeling approach based on the maximization of the power
coefficient to obtain regulation of the pitch angle, power coefficient, angular speed, and
torque, taking into account the detailed power losses at the different stages of the power
train of the wind turbine system. Toward this aim, two coupling configurations of wind
turbine drivetrains were considered, including direct and indirect coupling with the gener-
ator. The direct-coupling configuration had the prominent edge over indirect coupling as
the power drop due to friction and lubrication viscosity in the gear stage could be saved
on a small scale, and a low-speed wind turbine consisted of at least a four-pole electric
machine for operation. The model results were validated with the experimental wind
turbine emulator, which consisted of a baseline 100 W horizontal wind turbine that was
directly coupled with a four-pole permanent magnet synchronous generator (PMSG). The
proposed study of optimal Cp was further enhanced by applying the developed model in a
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real case scenario wherein the baseline turbine capacity was a 20 kW indirect drive wind
turbine consisting of a gearbox that was installed in Gwadar city in Pakistan. Moreover,
the developed model is applicable to all kinds of wind turbines, regardless of the amount
of power and place of use.

The rest of the paper is organized as follows: In Section 2, the mathematical model
of the wind turbine power coefficient, along with the constraints and types of losses, are
explained, considering all unavoidable stages of the turbine power train. Section 3 covers
the results and discussions of Cp maximization and minimum power loss optimization
models. The final section concludes the paper based on the findings of this study.

2. Model Development

The power coefficient of a turbine is tightly managed at the optimal value of the tip
speed ratio determined by the aerodynamic angular speed and linear wind velocity in
order to yield the maximum aerodynamic work in a wide range of wind regimes. The
maximization model of the power coefficient can then be expressed as follows:

maxCp =

(
C1

(
C2

λi
− C3β− C4

)
e−

C5
λi + C6λ

)
(1)

subject to:
C7

λi
=

C9

λ + C8β
− C10

β3 + 1
(2)

Pg =


0 v < VCin

Tgωg VCin < v < Vrat

Prated Vrat < v < VCout

(3)

ωg = f (λ, v) (4)

Tg = f
(
Cp, v, λ

)
(5)

Pe f f = Pg − PLoss (6)

0 ≤ Pe f f ≤ Prated (7)

βmin < β < βmax (8)

where Cp is the power coefficient; C1, C2, C3, C4, C5, and C6 are the aerodynamic power
coefficients; λi is the ith value of the TSR; β is the pitch angle of the blades, and λ is the TSR
of the turbine. C7, C8, C9, and C10 are the coefficients of the TSR; Pg is the mechanical power
under nominal wind speed and is a function of torque and angular speed of the turbine
in W [21]; v is the wind speed in m/s; VCin is the cut-in wind speed required to acerate
the turbine shaft; Vrat is the nominal value of the wind speed in m/s; VCout is the cut-out
wind speed, which is considered a feasible value for the operation; ωg is the angular speed
of the turbine in rad/s; Tg is the torque of the turbine in N-m; Prated is the nominal value
of turbine power in W; and Pe f f is the effective output power of PMSG. PLoss is the total
power loss, including all stages and types in W, βmin is the lowest pitch angle in degrees,
and βmax is the maximum pitch angle in degrees.

As explained by constraint (3), the wind turbine mechanical drivetrain steps down
the high torque belonging to the main shaft of the turbine aperture end to a low torque
transfer on the high-speed shaft to meet the electromechanical requirements of the electric
source. The size of the wind turbine defines the coupling configuration of the turbine
shaft, which is either directly coupled with the generator or indirectly coupled through a
gearbox, including a gear train series to ensure the rotational compatibility of the generator
in terms of revolution per minute (rpm). Generally, small-scale wind turbines are found
directly coupled, while large-size wind turbines require a gear train to interface with an
electricity-generating module. The relation of the rotational speed shift from the turbine
shaft to the generator shaft in constraint (5) can be estimated as follows:
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ωg =
2vλ

D
=

2πn
60

(9)

n =
120vλ(Ng1Ng2 . . . Ngp)

πDP
(10)

where n is the rotational speed in revolutions per minute (rpm); Ng1, Ng2, . . . , Ngp denote
the gear ratio of each gear; and p is the number of gears. The maximum gear ratio is 1:6 [22],
and in the case of direct coupling, the ratio will be 1:1. In other words, for a small-size wind
turbine directly coupled with a generator, Ng1, Ng2, . . . , Ngp = 1. D is the diameter of a
turbine (m) and P is the number of poles of a generator. Similarly, the shifting relation of
high torque to low torque shaft in constraint (5) can be estimated by using the following
formula [23]:

Tg =
1

2Ngωg
ρπr2v3Cp (11)

where ρ is the power density (kg/m3) and r= D
2 is the radius of the swept area (m).

Constraint (6) indicates that a wind turbine cannot turn 100% of the wind power into
effective power. Thus, a significant portion of kinetic energy is distributed in different
stages of the turbine, namely, the aerodynamic stage, gearbox stage, electric stage, and
inverter stage, in terms of numerous types of power losses, such as swept area loss, gear
loss, copper loss, core loss, windage, and IGBT losses. Figure 1 depicts the overall scheme
of wind turbines, mapping different types of losses at each stage.
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The total power loss (PLoss) in constraint (6), which occurs in the different stages of a
wind turbine, is calculated as follows:

PLoss = Psa + Pgl + Pcu + Pcore + Pw + Pb + Pst + Pigbt + Pf wd (12)

where PLoss is the total power loss distribution in wind turbine; Psa is the swept area loss;
Pgl is the gearbox loss; Pcu is the copper loss in the PMSG; Pcore is the core loss, which is
further classified into eddy current (Ped), anomalous (Pa), and hysteresis loss (Ph) of an
electric machine [24] and is estimated using Equation (16); Pw is the windage loss; Pb is
the bearing loss; Pst is the stray load loss; Pigb is insulator gate bipolar transistor (IGBT)
loss in power electronics devices, such as inverters; and Pf wd is the forward-switching loss
of IGBT.

As Cp depicts a drop in energy during the conversion of aerodynamic kinetic energy
into mechanical energy, the difference between the wind power and mechanical power is
known as the swept area loss (Psa):



Energies 2022, 15, 4159 5 of 19

Psa =
1
2

ρπr2v3(1− Cp
)

(13)

where ρ is the wind density in kg/m3 and r is the turbine radius in m. Furthermore, the
gearbox loss can be estimated using the following formula:

Pgl =
(

1− ηg

)
Pg (14)

where ηg is the gear system efficiency.
PMSG generators require a constant angular speed and torque for magnetization,

particularly under the rated wind speed, which can cause frequency and voltage irregular-
ities, and this can be unsafe for the load. Therefore, the power density of a PMSG tends
to increase when increasing the rpm of the machine. However, high power is correlated
with higher current levels, and major copper and core losses in the stator are related to the
current magnitude and operating frequency. The copper loss is associated with the square
of the current and the resistance has a positive temperature coefficient, which increases
with the rising temperature and can be calculated using

Pcu = QI2
i R (15)

Ii =
Pg

Vi
(16)

where Q is the number of phases, Ii is the input current to the PMSG, R is the stator winding
resistance, and Vi is the operating voltage of PMSG.

Core losses of the PMSG consist of the eddy current loss (Ped), anomalous loss (Pa),
and hysteresis loss (Ph) [25] and can be determined using the nonlinear Steinmetz equation
as follows:

Pcore = Ped + Ph + Pa (17)

Ped = ke f 2B2 (18)

Ph = kh f Bn (19)

Pea = ka f 1.5B1.5 (20)

f =
ωg

2π
(21)

where f is the frequency, kh = 9 f 0.4 ∗ 10−4 is the hysteresis coefficient, ke = 2.2 f−0.68 ∗ 10−3

is the eddy current coefficient, ka = 1.6 f−0.11 ∗ 10−3 is the anomalous coefficient, and
n = 1.11 f 0.16 − 0.009 f + 0.93 is the Steinmetz coefficient [26].

Mechanical losses of the generator consist of the ball bearing loss (Pb) and windage
loss (Pw). The air friction between the rotor and stator causes a power drop in an electric
machine. Windage is a type of air friction loss that occurs due to the air gap between
the rotor and stator, and it has a non-linear relationship with the angular speed of the
generator. In general, both the windage and bearing losses are minimal in small-scale and
low-rotational-speed electric machines, where they can be expressed as [22,27]:

Pw = KWωg
2 (22)

Pb = KBωg (23)

where KB is the constant associated with the rotor weight, the diameter of the axis, and the
rpm, while KW is a parameter associated with the rotor length and shape. The slots are
contained inside the stator windings and power loss due to the proximity effects of slots
conductors (Pst) can be estimated as a stray load loss:

Pst = 0.005×
Pg

2

Prated
(24)
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In order to obtain the required output voltage and stable frequency, a bi-directional
inverter based on power electronic devices, such as IGBT, FET, BJT, and diodes, is used.
Even though IGBTs are becoming more efficient, thus far, their power dissipation cannot be
ignored; the evaluation of the IGBT and forward-switching losses can be determined with
the following approximation equations [27], where the IGBT loss is expressed as

Pigbt =
√

2.
I0

π
.
(

kton + kto f f

)
. fc + D.(b.

I2
o
2
+

√
2

π
.a.I0) (25)

where I0 is the surge current (A), kto f f is the IGBT turn-off switching energy (mJ/A), kton
is the IGBT turn-on switching energy (mJ/A), fc is the carrier frequency, D is the IGBT
duty ratio, and a and b are the IGBT (on) voltage approximation coefficients. The forward
switching losses are calculated using

Pf wd =
√

2.
I0

π
.krr. fc + (1− D).(d.

I2
o
2
+

√
2

π
.c.I0) (26)

where krr is the recovery switching energy (mJ/A), while c and d are the forward voltage
approximation coefficients. D is the duty cycle in seconds; fc is the carrier frequency; and I0
is the surge current, which was assumed to be related to the operating frequency (f), which
varied from 0 to 50 Hz, and the current (I), which varied from 0–5 A [27].

3. Results and Discussion
3.1. Estimation of the Optimal Value of the Power Coefficient in a Direct Drive Configuration

The developed model was applied to find the optimal values of the Cp of a 100 W
direct-drive wind turbine. The detailed input data used in the model calculation process is
given in Table 1.

Table 1. Input data used in the optimization model.

Parameter Value Reference

Wind Turbine

Rated power (Prated ) 100 W [28]

Blade length (L) 0.58 m [28]

Rated wind speed (Vrat ) 11.4 m/s [29]

Cut-in wind speed (VCin) 2.8 m/s [30]

Cut-out wind speed (VCout) 25 m/s [31]

Aerodynamic Power Coefficients and Wind Regime Limits

C1 0.5176 [32]

C2 116 [33]

C3 0.4 [34]

C4 5 [23]

C5 −21 [33]

C6 0.0068 [32]

TSR Coefficients

C7 1 [34]

C8 0.08 [23]

C9 1 [32]

C10 0.035 [35]
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Table 1. Cont.

Parameter Value Reference

Copper Loss

Inlet voltage (Vi ) 24 V [36]

Number of phases (Q) 3 [37]

Armature resistence (Ra) 0.195 Ω [38]

Mechanical losses

Rotor weight (KB) 0.00005 [22]

IGBT Loss

Recovery switching energy (krr) 655 mJ [39]

D 0.5 s [39]

d 0.00233675 [38]

c 2.19211 [27]

kton 0.26 mJ [39]

kto f f 3.45 mJ [39]

a 1.09619 [27]

b 0.00112801 [38]

Collector-to-emitter voltage (VCE ) 2.2 V [27]

Magnetic flux density (B) 1.2 Wb/m2 [40]

The power coefficient significantly impacts the transformation of kinetic energy into
aerodynamic power. It adopts the power extraction from the swept area under the nominal
wind speed. In the case of more robust wind over the turbine’s nominal wind speed, it is
necessary to tune the position and speed of the blades to waste excessive energy for the
sake of prevention measures. The dynamics of the power train further reduce the unsteady
behavior of the wind profile, which requires a variation in the tip speed ratio and pitch
angle, both for maximum power extraction and to secure the mechanical structure of the
turbine. As a result, the value of Cp varies when the wind velocity increases above the
nominal speed. Likewise, the tip speed ratio is a function of the angular speed of the
turbine shaft and wind velocity. Therefore, a wind speed above the nominal level causes a
steady decrease in Cp.

Figure 2 shows the optimal value of the Cp in the different wind speed regions
estimated based on the nonlinear optimization model. To better understand the impact
of Cp on the mechanical output power of the wind turbine, the wind speed regions were
classified into five regions: no power generation region, acceleration region, active region,
optimal region, and finally, power coefficient control region.

No power generation occurred in the region below the cut-in limit of the wind speed,
i.e., a wind speed of under 2.8 m/s; the wind force was unable to accelerate the mechanical
structure of the turbine in order to produce electrical power. In this region, the applied
kinetic energy was not enough to overwhelm the internal resistance in terms of the losses
of the wind turbine. The rated power region was divided into three sub-sections: the
acceleration region dealt with above the cut-in and less than a 5.1 m/s wind speed; the
active region was where the power exponentially increased with varying wind speeds
ranging from 5.1 m/s to 9.7 m/s; and finally, when the wind speed was above 9.7 m/s
and was lower than the rated wind speed, i.e., 11.4 m/s, the wind turbine was running
in its optimal zone and produced the highest power. In this region, the turbine extracted
maximum power from the swept area. Thus, this region was called the maximum-power-
coefficient-tracking region. From the no generation region to the optimal region, the optimal
values of Cp, pitch angle (β), and TSR were estimated to be 0.48, 0◦, and 8.1, respectively,
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in which the turbine rotor gained its rated angular speed corresponding to the wind speed
of 11.2 m/s.
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In the Cp control region, the mechanical power increases exponentially when the wind
speed is observed above the rated speed and below the cut-out speed. Meanwhile, the
net mechanical force is proportionally applied to the generator and causes an increase
in the rotational speed and torque of the generator. In other words, the rotational speed
and torque of the generator exceed their rated limits. As a result, mechanical damage can
happen to the generator, such as a bearing fault. However, constraints (7) and (8) in the
model were used to level the rated power and rated speed of the turbine by controlling
the value of Cp by employing TSR and β control. The maximum value of Cp could be
obtained under the nominal limit of the wind regime. When the wind speed increased
from the nominal speed, i.e., 11.2 m/s, the value of Cp started to decrease moderately,
which is essential for the optimal operation of the wind turbine to ensure the safety of the
mechanical and electrical modules of a turbine. The estimated values of Cp based on the
TSR and pitch angle shown in Figure 2 were close to those reported in similar works [13,23].
Any value more than the cut-out wind speed, i.e., 26 m/s or more, was critically harmful to
the structural damage of the turbine. Since the value of Cp declined to zero at the speed of
25 m/s, as shown in Figure 2, the NLP solver gave an infeasible solution when the speed
increased above the cut-out limit. Thus, to prevent any unsafe conditions, the brakes are
activated to shut down the turbine and the value of Cp is supposed to be zero at this stage.

Figure 3 shows the variation in the optimal value of Cp with the corresponding optimal
values of β and TSR.

3.1.1. Power Loss Estimation Based on the Optimal Value of Cp

The distribution of power losses based on the optimal value of Cp is depicted in
Figure 4. Based on the results of the model, the optimal value of Cp was estimated to be
0.48; thus, 52% of the total energy was lost in the initial mechanical stage of the turbine’s
swept area. Similarly, a considerable amount of power was lost in the PMSG in terms of the
copper loss, core loss, stray load loss, bearing loss, and windage loss. Likewise, an amount
of power was also dissipated in the bi-directional inverter in order to regulate the operating
frequency and voltage. These losses included IGBT power dissipation and switching losses.
Windage, hysteresis, and eddy current losses dominated within the lower wind regime,
while in higher wind regimes, such as 6.3 m/s to 11.2 m/s, the copper, stray load, and
IGBTs losses eventually gained high values in this region. At the wind speed of 5.4 m/s,
the copper loss increased due to the higher value of the input current. After the nominal
wind speed, around 60% of the power drop consisted of copper and bearing loss, and 40%



Energies 2022, 15, 4159 9 of 19

of the total was distributed to other types, such as anomalous, windage, eddy current, and
IGBTs losses, as shown in Figure 4.
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In other words, the kinetic energy is the function of wind speed and dramatically
increases as the wind speed rises steadily. However, the maximum aerodynamic power
should not exceed the rated value in order to stabilize and meet the capability of the
generator. This can be managed by optimizing the value of the power coefficient, and
therefore, the rest of the power is allowed to drop in the swept area first.

3.1.2. Validation of the Model Results with the Experimental System

The result obtained from the model was compared with the measured output power
from the experimental system. The experimental system consisted of a 100 W horizon-
tal wind turbine emulator installed at the energy and environmental systems laboratory,
Kyushu University, Japan. Figure 5 shows the experimental system consisting of a dy-
namometer coupled with a 100 W horizontal axis dynamo of PMSG, a 400 W induction
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motor, and a variable frequency device (VFD) to control the linear frequency and change
the angular speed of the induction motor.
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Table 2 shows the detailed technical specifications of the experimental setup used in
this study.

Table 2. Technical specifications of the experimental system used in this study.

Induction Motor

Torque type 12:V/F control (variable)

Rated power 0.4 kW

Number of poles 4

Rated voltage 200 V

Rated current 2.2 A

Frequency 50 Hz

V/F control 12A12

Power factor 75.6

Rated rpm 1410

Permanent Magnet Synchronous Generator

Item type AC wind generator

Model NE-100S

Number of phases 3

Magnetic steel material Neodymium

Breaking method Electromagnetic

Brand WolfGo

Manufacturing country China

Tachometer TI-900 (measuring range: 2.5 to 99,999 rpm)

Clamp-on power meter Hioki PW3360-20

In order to compare the model results with the experimental system, the input aerody-
namic power was artificially generated using the induction motor coupled with the wind
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turbine. The value of the variable frequency device (VFD) could vary from 0 Hz to 50 Hz,
and as a result, the rotational speed also changed in the range of 0 to 1410 rpm. However,
theoretically, the value of the rpm was slightly higher than the measured value, where such
a difference is called the rpm deviation. To calculate the power that applies to the wind
turbine shaft, technical parameters, such as the rotational speed, torque coefficient, rated
torque, and machine efficiency, need to be determined. First, the rpm of the wind turbine
was measured with the help of a digital tachometer to find the rated torque of the machine,
which could be calculated using

τrat =
60 I.V.η

2πn
(27)

where τrat is the rated torque in N-m; I is the rated current; V is the rated voltage; and η is
the machine efficiency, which varies from 10–25% under the nominal range of the linear
frequency and the measured rotations per minute (rpm). The actual torque is a function of
the rated torque and the torque coefficient, which can be determined based on

τact = τrat.α (28)

where τact is the actual torque in N-m and α is a dimensionless torque coefficient that can
be estimated from the torque coefficient curve given by the manufacturer [41], as shown
in Figure 6. The value of the torque coefficient of the four-pole 400 W induction motor
changed from 0.3 to 0.5 when the frequency was limited between 3 Hz and 6 Hz:

α = 0.1 + 0.0666 f 3 < f ≤ 6 (29)
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In the same way, the response of torque coefficient was observed to be steady and
linear from 0.5 to 0.83 within the frequency range of 20–30 Hz:

α = 0.371 + 0.0214 f 20 < f ≤ 30 (30)

The range that gave the optimal value of linear frequency, such as 50 Hz, could be
extracted from Equation (31). As can be seen in Figure 6, the value of the torque coefficient
slightly changed from 0.83 to 1 throughout the full range of the x-axis.

α = 0.8 + 0.00333 f 30 < f ≤ 60 (31)

Similarly, in the upper half of the frequency interval, i.e., 60 Hz to 120 Hz, the value
of the α decreased unsteadily, and it could be calculated using the following nonlinear
model equation:
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α = 0.0001473 f 2 − 0.03519 f + 2.553 α = 0.0001473 f 2 − 0.03519 f + 2.553

60 < f ≤ 120
(32)

In order to compare the model results with the measured values from the experimental
system, the mechanical power (Pg) shown in Equation (3) was estimated using the following
formula, taking both the measured rpm and actual torque into account:

Pg = 2πn
τact

60
(33)

Applying a different frequency to the induction motor, the output voltage and current
of PMSG were measured by the clamp meter connected to the datalogger. The output power
measured from the experimental setup was compared with the output power estimated by
the model.

The model was tested in two modes: (1) Given a fixed value of Cp at 0.48 [42] and
(2) considering the optimal values of Cp obtained from the model using a wide range of
wind speeds (shown in Figure 2). As shown in Figure 7, in both modes, the output power
estimated by the model showed a similar trend to the experimental system. During the
experimental system measurements, the frequency varied from 20–50 Hz with a 5 Hz step
difference, and a total of seven measurements were made in this regard. Likewise, the
wind speed based on these frequency values was calculated in the range of 4.49–11 m/s.
After applying the same wind regime to the mathematical models for both the fixed Cp and
dynamic Cp modes, the power at 30 Hz (6.65 m/s of wind speed) was measured at 37.66 W
in the experimental system and found to be 41.54 W and 42.71 W in the fixed Cp and
dynamic Cp modes, respectively. Similarly, the power at 45 Hz (9.9 m/s) was measured at
83.01 W and was found to be 86.76 W and 90.52 W for the fixed Cp and dynamic Cp modes.
Figure 7 shows the power curves based on both model results and measure data from the
experimental system. The trends of the three models can be seen in Figure 7, where the
wind speed on the x-axis ranges from 4.5 m/s to 11 m/s, and the power given in W on the
y-axis ranges from 0 to 120 W

The output power at the optimum Cp mode was the highest throughout the wind
interval because of its dynamic ability to find the optimal and maximum value of power
coefficient of each value of wind speed, resulting in lower power losses. Whereas in the
fixed Cp mode, the value of the power coefficient was constant since there was no change
in the tip speed ratio and the pitch angle of the wind turbine.

3.2. Model Application to a Real Case Study in Pakistan Considering the Indirect
Drive Configuration

The proposed study was further enhanced to analyze the potential of wind power
generation in Pakistan. The potential of wind energy is much higher than the installed
capacity throughout the country. The wind energy potential in Pakistan is roughly 300 GW
for electric power generation [43,44], which is around 9.3 times the country’s current
installed capacity. Many wind corridors are observed across Pakistan, especially in the
northern and southern parts of the country, which are shown in Figure 8. The range of
wind power is classified from poor wind speed, such as 0–5.4 m/s, to excellent wind speed,
such as 7.8–8.6 m/s, in different parts of the country.

The developed model was applied to evaluate the optimal power generation from
a pilot project, which hosted 20 kW wind turbines (see Table 3) in order to meet the
electricity demand of a 10 kW medium-wave radio transmitter and the allied equipment
of the Pakistan Broadcasting Corporation (PBC) station located in Gwadar city in the
southwestern province Baluchistan, Pakistan [45], and it also helps to contribute to the
2030 renewable energy plan of Pakistan [46]. The registered average wind speed in some
areas of Sindh and Baluchistan provinces in autumn was 3.9 m/s, and at the beginning of
summer, it is significantly higher at about 10 m/s [43]. In addition, based on the collected
data, the wind speed fluctuated from 0.58 to 20.07 m/s from September 2017 to October
2018, which is classified as an excellent wind speed at a 20 m height from surface level [47].
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Table 3. Technical specification of the 20 kW wind turbine model.

Parameter. Value Reference

Rated power (Prat) 20 kW [47]

Turbine swept area diameter (D) 10.58 m [47]

Turbine blade radius (R) 5.29 m [47]

Magnetic flux density of generator (B) 0.82 Wb/m2 [48]

Armature resistance of generator (Ra ) 0.2873 Ω [48]

Apparent power of generator (S) 25 KVA [49]

The capacity of the power generated by the wind turbine is primarily dependent on
the swept area of the turbine. However, the rational speed is a function of the square of
turbine radius and angular speed, which is increased by decreasing the diameter of the
swept area and increased since the value of TSR increased. Thus, the mutual relation of
mechanical power with the turbine blade radius is directly proportional, while the angular
speed is inversely proportional to blade radius, which causes the speed deviation between
the turbine shaft and electric generator.

In order to obtain the nominal power of a 20 kW generator, a gear stage was used
in the indirect coupling design of the wind turbine power train. For this reason, the gear
stage helped to reduce the deviation gap between aerodynamic and electric machine speed
and assisted in increasing the rpm for maximum power generation of a 20 kW electric
machine. In other words, the wind turbine shaft drove a generator through a gearbox
stage at the required speed to rotate from 1000 to 1500 rpm for an optimal operation and
good efficiency of a four-pole electric machine [50]. Figure 9 shows the distribution of
power losses based on the optimal value of Cp for the selected 20 kW indirect drive wind
turbine. In addition, based on numerical values of model results, the cumulative power of
effective and losses in a direct and indirect transmission configuration of a wind turbine
was slightly different. For example, the daily cumulative electricity produced by the direct
coupling-based power train was 137.03 kWh. While, in the case of a gearbox driveline, it
was nominally higher at 139.57 kWh, which indicated the value of Cp had improved by
regulating the angular speed through a gearbox to produce more electricity, which was
1.8% higher than the direct-drive wind turbine. On the other hand, the involvement of the
gearbox itself caused the power drop along with more power loss in the PMSG and power
electronics stage due to an increase in angular speed and linear frequency.

Figure 10 represents the model results for a 20 kW wind turbine installed in Gwadar
city. Figure 10a illustrates the one-year wind profile from October 2017 to September 2018,
where the wind speed varied in terms of the monthly average from 1.3 m/s to 11 m/s [46].
Figure 10b represents the behavior of the decision variables of the model. The pitch angle
value varied from 0 to 1.5 degrees in the direct-drive configuration, and the tip speed ratio
ranged from 7.5 to 8.3. Similarly, the value of Cp varied from 0.01 to a maximum value of
0.48. However, the change in pitch angle in the indirect coupling was slightly higher at
1.7 degrees, and the value of TSR decreased to approximately 6, which was higher in terms
of the pitch angle and lower regarding the TSR compared with direct coupling. Thus, the
pitch angle influenced the TSR in the gear stage coupling to obtain the maximum value of
power coefficient under changing wind regimes.



Energies 2022, 15, 4159 15 of 19

Energies 2022, 15, x FOR PEER REVIEW 15 of 20 
 

 

In order to obtain the nominal power of a 20 kW generator, a gear stage was used in 
the indirect coupling design of the wind turbine power train. For this reason, the gear 
stage helped to reduce the deviation gap between aerodynamic and electric machine 
speed and assisted in increasing the rpm for maximum power generation of a 20 kW elec-
tric machine. In other words, the wind turbine shaft drove a generator through a gearbox 
stage at the required speed to rotate from 1000 to 1500 rpm for an optimal operation and 
good efficiency of a four-pole electric machine [50]. Figure 9 shows the distribution of 
power losses based on the optimal value of Cp for the selected 20 kW indirect drive wind 
turbine. In addition, based on numerical values of model results, the cumulative power of 
effective and losses in a direct and indirect transmission configuration of a wind turbine 
was slightly different. For example, the daily cumulative electricity produced by the direct 
coupling-based power train was 137.03 kWh. While, in the case of a gearbox driveline, it 
was nominally higher at 139.57 kWh, which indicated the value of Cp had improved by 
regulating the angular speed through a gearbox to produce more electricity, which was 
1.8% higher than the direct-drive wind turbine. On the other hand, the involvement of the 
gearbox itself caused the power drop along with more power loss in the PMSG and power 
electronics stage due to an increase in angular speed and linear frequency. 

 
Figure 9. Distribution of the power loss in different stages of the indirect drive wind turbine. 

Figure 10 represents the model results for a 20 kW wind turbine installed in Gwadar 
city. Figure 10a illustrates the one-year wind profile from October 2017 to September 2018, 
where the wind speed varied in terms of the monthly average from 1.3 m/s to 11 m/s [46]. 
Figure 10b represents the behavior of the decision variables of the model. The pitch angle 
value varied from 0 to 1.5 degrees in the direct-drive configuration, and the tip speed ratio 
ranged from 7.5 to 8.3. Similarly, the value of Cp varied from 0.01 to a maximum value of 
0.48. However, the change in pitch angle in the indirect coupling was slightly higher at 
1.7 degrees, and the value of TSR decreased to approximately 6, which was higher in terms 
of the pitch angle and lower regarding the TSR compared with direct coupling. Thus, the 
pitch angle influenced the TSR in the gear stage coupling to obtain the maximum value of 
power coefficient under changing wind regimes. 

In the indirect coupling configuration, the aerodynamic angular speed and torque 
are functions of the gear ratio, as its role is to change the speed and torque from one stage 
to another stage, such as from lower to higher, or vice versa. Usually, the angular speed 
is lower and aerodynamic torque is higher on the turbine side, depending on the blade 
radius. On the other hand, once the gear stage is involved in the turbine power train, both 
parameters changed their scales, i.e., the angular speed of the generator became higher 

Figure 9. Distribution of the power loss in different stages of the indirect drive wind turbine.

In the indirect coupling configuration, the aerodynamic angular speed and torque are
functions of the gear ratio, as its role is to change the speed and torque from one stage
to another stage, such as from lower to higher, or vice versa. Usually, the angular speed
is lower and aerodynamic torque is higher on the turbine side, depending on the blade
radius. On the other hand, once the gear stage is involved in the turbine power train, both
parameters changed their scales, i.e., the angular speed of the generator became higher and
varied from 75 to 160 rad/s, and the torque level decreased from 50 to 10 N-m during the
available wind regime, as shown in Figure 10c.

Figure 10d illustrates the power losses in different stages of a wind turbine based on the
available range of wind speed, i.e., 0 to 20 m/s. The wind speed peaked in December-2017
and the last quarter of 2018. Therefore, gear and bearing losses were higher in December,
and eventually, the electric and power electronics losses rose in June and July. The highest
power loss occurred at approximately 1200 W at the end of May 2018 when the wind speed
was higher than the rated value of 9.3 m/s. The gear loss varied from 0 to 450 W, depending
on the wind speed. At the beginning of August, the gear loss rose unsteadily and reached
its maximum value of approximately 450 W due to the rapid variation of wind speed that
month. The copper loss was the second highest, followed by the IGBTs losses in the turbine
power train, as these were functions of the current and linear frequency, respectively. At the
point of the nominal speed, i.e., 9.3 m/s, most losses reached their peak values and became
constant with slight variations, such as bearing, stray load, windage, and eddy current loss.
This smooth drop in power resulted from optimizing the Cp value by changing the values
of the TSR and pitch angle. The cumulative annual electricity generation from the wind
turbine system was estimated at 45 MWh, and the total power loss was significantly high,
at around 1 MWh in a year.
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4. Conclusions

This research introduced an optimization model that was based on the maximization
of the wind turbine power coefficient, taking into account the detailed power losses at the
different stages of the power train for both direct and indirect coupling configurations. The
result of the direct driveline indicated the optimal value of Cp at 0.48 for a pitch angle
of 0 degrees and a TSR of 8.1 at a wind speed of approximately 11.2 m/s in the case of a
small-scale 100 W wind turbine. The comparison between the result of the optimization
model and the experimental system revealed that the output power in the optimal Cp mode
was the highest throughout the wind interval, resulting in lower power losses. Furthermore,
the research results indicated that the direct-coupled turbine models performed better for
optimizing the Cp maximization of the wind turbine system. According to the results, by
implementing the indirect-coupled configuration, around 45 MWh/y electricity could be
extracted from a 20 KW wind turbine based on the available real wind regime of Gwadar
city (2017–2018). As a result, the amount of the power loss in the indirect coupling driveline
was estimated at 1 MWh/y, highlighting the rule of the optimal value of Cp in adjusting
the rotational speed of the generator in an indirect coupling driveline to produce more
electricity from the wind turbine systems. Moreover, the developed model can help to
quickly find the power losses in existing technology and the ongoing wind system design.
Similarly, it proposed that when the speed of the wind regime was lower than the nominal
speed, small-scale low power wind turbines are the suitable selection for installation in
such sites. However, indirect driveline-based wind turbines are a reasonable choice for
producing wind energy in high-speed wind corridors areas.

Future work could concentrate on developing a model predictive controller (MPC)
for the current optimization study to force the power coefficient to follow the reference
trajectory, therefore, to draw the maximum aerodynamic power against the precise change
in wind speed.
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