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Abstract. Nowadays, wind generators can supply more electric energy for stan-
dalone and grid-connected applications. This investigative work emphasizes a
new optimal control method design to achieve the Maximum Power Point Track-
ing (MPPT) using Variable SpeedWind Turbines (VSWTs) termed MPPT-PWM.
The VSWT output is initially coupled with a Permanent Magnet Synchronous
Generator (PMSG) to transform wind energy to a fixed DC level using a chop-
per. Later, DC output from the chopper is inverted to obtain AC power using
the PWM technique for adequate power flow. Experiments ratify the remarkable
performance of the MPPT-PWM framework.

Keywords: Variable Speed Wind Turbines (VSWTs) ·Maximum Power Point
Tracking (MPPT) · Permanent Magnet Synchronous Generator (PMSG) · Direct
Current (DC) · Alternating Current (AC) · Pulse Width Modulation (PWM) ·
Horizontal Axis Wind Turbine (HAWT) · Distributed Generation (DG)

1 Introduction

Global warming has augmented the atmospheric gas concentration produced by fossil
fuel burning [1]. Many energy-related issues, e.g., exhausting fossil-fuel reserves, secu-
rity concerns, and global warming, intensify the need for renewable energy. All over
the world, electric power generation via non-conventional sources receives considerable
attention owing to the depletion of fossil fuels andother environmental issues [2–6]. Their
main advantages are pollution-free and inexhaustible, while the main shortcomings are
the cost and uncontrollability. The eolic turbines can harness wind and transform this
ample resource into electricity by generators. For the most part, wind power hinges on
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geographic and weather conditions that vary from time-to-time. Wind power production
is cost-competitive because of three reasons:

1. The state incentives;
2. The wind manufacturing industry has upgraded the aerodynamic efficiency of the

eolic turbine;
3. The power semiconductors evolution and new control methodology for the variable-

speed wind turbine permit the optimization of eolic turbine performance.

Wind supplies kinetic energy, which is pollution-free, cost-competitive, infinitely
sustainable, and one of the fastest-growing renewable energy sources globally. It does
not yield greenhouse gases or toxic radioactive waste. The wind allows the rotation
of fast-moving wings that exert a torque on the rotor. The bladed rotor is the most
fundamental and noticeable part of the wind turbine. Eolic turbines can be twofold
contingent on the blade positions:

1. Based on the axis of rotation:

– Vertical Axis Wind Turbine (VAWT);
– Horizontal Axis Wind Turbine (HAWT).

2. Regarding the operation speed:

– Constant speed;
– Variable rate.

Earlier, the cost and variations of wind energymade it scarcely used. However, recent
technological improvements have reduced the price by increasing the Wind Energy
Conversion System (WECS) throughput. Consequently, the variable speed WECS
encounters several applications, e.g., water pumping systems, standalone schemes for
homes/businesses, telecommunications, radar activation, navigational aids, weather
stations/seismic monitoring, and air-traffic control, to refer to a few.

The present article follows this structure: Sect. 2 discourses about the Maximum
Power Point Tracking (MPPT) scheme via Variable Speed Wind Turbines (VSWTS)
named MPPT-PWM. Results and a technical discussion appear in Sect. 3. Section 4
wraps up this manuscript with conclusions.

2 Development

The rotor revolves around a shaft to convey the nacelle’s motion (which is the massive
housing portion at the wind turbine tower top), as in Fig. 1. The slowly rotating shaft
connects to a gearbox within the nacelle to expressively augment the rotational shaft
velocity. The high-speed shaft output connected to the generator converts the rotation
into electricity at medium voltage (about a few hundred volts) [7–11]. Wind power
production happens twofold: (i) constant speed and (ii) variable speed through power
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electronic converters. Inconsistent speed power production is attractive for awind turbine
because it attains maximum efficiency at all wind speeds.

Fig. 1. MPPT scheme

2.1 MPPT for a WECS

The electrical energy needs with fossil fuel scarcity, demand, and indispensable deploy-
ing a distributed generation (DG) structure to satisfy local demands where renewable
energy sources play a unique role [12–15]. This manuscript proposes and develops an
optimal control method to bring out electricity uninterruptedly through variable speed
wind turbines (VSWTS). For a VSWT coupled with a Permanent Magnet Synchronous
Generator (PMSG), the initial stage converts the output to a fixed DC using a chop-
per. Subsequently, inverting the DC output from the chopper creates AC via the PWM
technique.

2.2 Mathematical Model of the VSWT

Wind turbines convert the eolic kinetic energy Ec into electrical energy utilizing power
converters. The energy obtained from conversion mainly hinges on the wind speed as
well as the swept area of the turbine. The wind kinetic energy is:

Ec = mV 2/2 (1)

The rate of energy change yields wind power as follows:

Pw = dEc/dt = V 2[dm/dt]/2 (2)

Then, the mass flow rate is given as:

dm/dt = ρAV (3)

Substituting (3) in (2) yields:

Pw = (
ρAV 3

)
/2 (4)
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The power coefficient becomes:

Cp = Pm/Pw (5)

Where Cp < 1. From the two previous expressions, the wind output power turns
into:

Pm = (
ρAV 3Cp

)
/2 (6)

With A = �r2 and:

Pm = (
ρ�r2V 3Cp

)
/2 (7)

If λ is the ratio between the blade tip speed towind speed, thenCp becomes a function
of λ. Cp relates to the pitch angle β (from rotor blade), and its theoretical upper limit is
0.59, according to the Betz limit. Hence:

λ = Rω/V (8)

And:

Cp = 0.5[116/λ1 − (0.4B) − 5]Exp{−16.5/λ1} (9)

The wind turbine torque on the shaft is calculated from the power as follows:

Tm = Pm/ω = (
ρ�r2V 3Cp/2ω

)
(10)

If the tip speed ratio formula is employed, then the torque coefficient Tm is:

Tm = (
ρ�r3V 2Cp/2λ

)
(11)

Using the ratio of power coefficient to the tip speed ratio Ct = Cp/λ, it becomes:

Tm = (
ρ�r3V 2Ct/2λ

)
(12)

2.3 Control Strategy for Maximum Power Point Tracking (MPPT)

Although the wind speed changes with time, wind turbine optimization can run at near
peak power production for several wind speeds. Besides output optimization, different
controlmethods are applicable. Subsequently, the suggested control strategy is discussed.

The eolic turbine sends maximum power by altering the rotor speed consistent with
the airstream speed to function at the leading power coefficient (Cp). The MPPT control
is an active area undergoing an investigation to get maximum power from the existing
wind power. The DC voltage measurements from both the three-phase diode bridge
rectifier and the wind turbine power source during the DC-DC boost chopper’s duty
cycle control provide wind turbine MPPT. Figure 2 depicts a general relation between
power and voltage, which resembles themechanical energy and rotor speed of the PMSG
relationship. The controller is developed with two inputs to reduce the error and number
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Fig. 2. Power vs. voltage curve

of the control blocks, which produces the right duty cycle to the boost chopper, with
maximum output power. Figure 2 reveals one point corresponding to the full power at
any wind speed value at a specific amount of DC voltage. The PMSG rotor speed and
the DC voltage follow a linear relationship. They are changing the chopper duty ratio
shifts the operating point from one curve to another with changing wind speed.

As indicated in Fig. 2, the power-voltage curve encompasses two regions:

1. Positive Region (located on the right side of the MPP).
2. Negative Region (located on the left side of the MPP).

Table 1. Control actions for various operating points

�P + + − −
�V + − + −
Region I II II I

�D − + + −

Table 1 condenses the control actions and describes the recommended MPPT pro-
cedure. The voltage varies as the wind speed changes. The boost chopper control goes
periodically and aims at tracking the optimum operational point by sensing the turbine
output power and output voltage of the rectifier by varying the duty ratio of the boost
chopper according to the control strategy proposed.
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2.4 Algorithm for the Maximum Power Point Tracking (MPPT) Using PWM
(MPPT-PWM)

The MPPT Algorithm includes several steps summarized below:

1. First, the DC voltage at the rectifier and power of the wind turbine.
2. Then, theDCvoltage at thewind turbine’s rectifier and power in the (K + 1) iteration.
3. Compare the previous wind turbine power, voltage value with new wind turbine

power, voltage by using the formulae:

�P = P(K + 1) − P(K) (13)

And:

�V = V (K + 1) − V (K) (14)

4. Check whether �P > 0 or �P < 0. Based on the following four conditions duty
ratio of the boost chopper is increased or decreased.

• If �P > 0 and �V > 0, then D = D − ΔD
• If �P > 0 and �V < 0, then D = D + ΔD
• If �P < 0 and �V < 0, then D = D − ΔD
• If �P < 0 and �V > 0, then D = D + ΔD

5. Repeat steps 3–5 until ΔP = 0.

3 Results and Discussions

Several Matlab-Simulink simulations have been carried out to validate the design of the
MPPT-PWM framework. They are depicted and analyzed subsequently.

3.1 Simulated Model for the WECS

MATLAB-Simulink Models. Figure 3 depicts the model that simulates the eolic tur-
bine. The corresponding inputs are wind velocity, clock pulse, the turbine’s angular
velocity, the generator’s angular velocity, and the stator voltage. The wind turbine out-
puts are the turbine’s angular velocity, the generator’s angularmomentum, stator voltage,
λ, power coefficient Cp, torque, and power.

Figure 4 shows the Matlab/Simulink model for the PMSG for different wind speeds
with the permanent magnet generator’s corresponding performance analysis. Figure 5
shows the WECS system simulation model that consists of a wind turbine, a PMSG,
boost chopper with an inverter block undergoing simulations at various wind velocities.
The wind turbine inputs are wind velocity, clock pulse, the turbine angular velocity, the
generator’s angular velocity, and the stator voltage.
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Fig. 3. Matlab/Simulink model for the wind turbine.

Fig. 4. Matlab/Simulink PMSG model.

Fig. 5. Matlab/Simulink model for WECS.

Figure 6 shows the overall MPPT-PWM system simulation model, which comprises
a wind turbinemodule, permanent magnet generator unit, boost chopper, inverter circuit,
and control blocks. The controller output is duty-cycled. It is fed into the boost chopper.
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Simulation entails various wind velocities and aid in performing analysis. The wind
turbine receives the wind velocity, clock pulse, the turbine’s angular velocity, the angular
velocity of the generator, and the stator voltage.

Fig. 6. Matlab/Simulink model for the overall MPPT-PWM system.

3.2 Power vs. Speed Characteristics

Figure 7 displays the Power vs. Speed characteristic curve of the eolic turbine. For
example, with a wind velocity of 11 m/sec, then the equal power and speed values are
1241 W and 31 rpm, respectively. Likewise, the power vs. Speed characteristic curve is
obtained for several wind speed values.

Fig. 7. Power vs. speed characteristics of the wind turbine.

PMSG Output Waveform. Figure 8 shows the PMSG output waveform, where for a
10 m/s wind velocity, the peak-to-peak voltage is 78 V. Increasing the wind velocity also
augments the PMSG voltage.
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Fig. 8. PMSG output waveform

Figure 9 displays the diode rectifier output for a wind velocity of 10 m/s. This
component transforms the AC voltage input into DC. The rectifier output goes to the
boost chopper, where there is a control to maintain a constant voltage and peak power.

Fig. 9. Rectifier output voltage.

Inverter Output Voltage. Figure 10 depicts the inverter output voltage, which converts
the incoming dc voltage into equivalent AC. The inverter is of a Sinusoidal Pulse Width
Modulated (SPWM) type. The PWM pulses fed to the six inverter switches result from
three-phase sinusoidal reference waves with a triangular carrier wave.
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Fig. 10. Inverter output voltage.

4 Conclusion

This work introduces a system calledMPPT-PWM for variable-speedwind energy trans-
formation employing a PMSG within a grid with sustainable and clean energy sources.
The optimal duty cycle control of the chopper deliveredmaximum power to the wind tur-
bine. The rectifier output voltage is used as the reference for theMPPT control. Likewise,
the MPPT control works without a wind speed sensor with a simple control algorithm
(compared to other existing methodologies, which utilizes voltage and power as refer-
ences). The MPPT-PWMmethod is advantageous since it is independent of information
about wind velocity or optimal wind generator power characteristics.

Experiments using Simulink confirmed that the design’s viability had been per-
formed with suitable batteries and supercapacitors. Wind-based energy can benefit from
decent charging time, charging efficiency, and energy system lifetime despite leakage
and residual strength.

The future will have energy harvesters working with wireless communications.
According to the demands and availability of alternative energy sources, transducers
will transform non-electrical energy into electrical power. Radio-Frequency (RF) energy
harvesters can convert using wind, photovoltaic cells, or other energy types [15]. They
will demand models that predict the necessary amount of power, energy availability, and
useful optimization algorithms to establish the optimum combination of energy sources
and routing [16] straightforwardly.
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