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Abstract: Wind power generation has increased in the past twenty years due to the development
of power electronic converters. Power generation through wind has advantages over other
renewable sources, such as having more efficiency, being pollution-free, and its abundant availability.
Power electronic converters play a vital role in the wind energy conversion system. This paper
presents a wind-electric system with a permanent magnet synchronous generator, diode rectifier,
DC-DC converter (buck-Boost or Cuk converter), and a three-phase five-level inverter. The five-level
inverter is a modified form of a cascaded H-bridge inverter that uses a single DC source as an
input irrespective of several levels and phases. As the wind speed changes, the Permanent Magnet
Synchronous Generator (PMSG) voltage and frequency changes, but for practical applications, these
changes should not be allowed; hence, a voltage controller is used that maintains the output voltage
of a DC converter, andthus a constant AC output is obtained. The DClink voltage is maintained at
the desired voltage by a Proportional plus Integral (PI)-based voltage controller. The DC link voltage
fed to the multilevel inverter (MLI) is converted to AC to feed the load. The MLI is controlled with a
new Selected Harmonic Elimination (SHE), which decreases the total harmonic distortion (THD).
The system is simulated with an Resistive plus Inductive (RL) load and is tested experimentally
with the same load;the results prove that the Cuk converter has a better efficiency compared to the
Buck-Boost converter, and the system has less THD when compared with the conventional SHE Pulse
Width Modulation (PWM) technique.

Keywords: wind energy generation; permanent magnet machines; DC-DC power converters; voltage
control; DC-AC power converters
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1. Introduction

Renewable energy sources such as wind, photovoltaic, and biogas are the primary alternative
sources that are used for electrical power energy generation. Among the various conventional energies,
wind energy is cheap and available in plenty when compared to other sources [1]. The wind energy
system is the most advantageous alternative for generating electrical power in stand-alone applications,
as it is easy to harness the energy from wind easily. The maintenance of wind generators is reasonably
accessible as they do not require any fuel [2]. The generation of power, issues raised from the wind
due to the development of power electronic converters. Electric energy from wind can be generated
from wind turbines, generators, power electronic components, and controllers [3]. Figure 1 shows the
proposed wind electric system. The proposed system uses a Permanent Magent Synchronous Generator
(PMSG) based wind system; the output of PMSG is fed to a three-phase load via a three-phase cascaded
multilevel inverter (MLI) (with a single source).

As the wind speed changes, the PMSG voltage and frequency changes, but for practical applications,
these changes should not be allowed. Hence, a voltage controller is used that maintains the output
voltage of the DC converter; hence, a constant AC output is obtained. The timeperiod of the switching
operation of the inverter switches is set in such a way that the output frequency does not change.
The MLI is controlled using a new Selected Harmonic Elimination (SHE) technique which reduces
the total harmonic distortion (THD). This proposed SHE eliminates more harmonic content from
the output also when compared to the conventional SHE. The output voltage of the wind generator
increases/decreases with the increase/decrease in wind speed. To overcome, this change in voltage,
the AC voltage is converted to a DC voltage; this DC voltage is converted to a DC voltage at the
desired magnitude using a DC-DC converter. However, it is necessary to maintain the output voltage
of the converter at a constant value to make it suitable for any particular application. The constant DC
voltage is then converted back to the AC voltage of the desired frequency using an inverter.

The three-level inverter has a higher voltage THD, which results in more losses and poor
performance. Multilevel inverters are preferred in renewable energy systems due to their excellent
power quality improvement behavior [4,5]. Hence, a multilevel inverter is preferred, which will
produce an output voltage of lower THD. Further reduction in the THD is achieved by using the SHE
Pulse Width Modulation (PWM). Figure 1 depicts the block diagram of the system with an uncontrolled
rectifier, DC-DC converter, and MLI.
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Figure 1. Diagram of a wind-electric system (WES) with a diode rectifier, DC-DC converter,
and multilevel inverter (MLI).

For a low-power wind energy conversion system in isolated areas, permanent magnet synchronous
generators (PMSGs) are of great interest in research [6,7].

The PMSG converts the mechanical energy of the wind turbine to electrical energy and produces
a three-phase AC voltage. The PMSG does not require DC excitation, as the permanent magnet
produces a magnetic field without requiring a coil. Hence, it does not require slip rings and brushes.
This reducesweight, cost, losses, and maintenance [8]. They can be surface-mounted, surface-inset,



Electronics 2020, 9, 979 3 of 19

and interior PMSGs depending on the magnet locations on the rotor of the PMSG [9,10]. Among other
PMSGs, surface-mounted PMSGs are the most efficient [11].

2. Modeling of Wind PMSG System

2.1. Wind Turbine Model

The kinetic energy contained in the wind is converted into mechanical energy employing the
wind turbine. The power captured by the turbine (PT) is:

PT =
1
2

CpρAvw
3 (1)

A is the swept area of the rotor blades; ρ is the density of air; vw is the velocity of wind; and Cp

is co-efficient of power, which is the ratio of the power extracted by the wind turbine PT to the total
power in the wind (Pair) and is given by:

Cp =
PT

Pair
(2)

The maximum theoretical value of Cp is 0.59, which is called the Betz Limit. Cp is a function of the
tip speed ratio (TSR), which is denoted by λ and defined as the ratio of the tangential tip speed of the
blade to the wind velocity. The expression for Cp as a function of TSR and pitch angle γ is:

Cp(λ,γ) = c1

(
c2

1
β
− c3γ− c4γ

x
− c5

)
e−c6

1
β (3)

where c1 to c6 and x are dependent on the turbine type and its dimensions. β is a function of λ and is
given by:

1
β
=

1
λ+ 0.08γ

−
0.035
1 + γ3 , λ =

ωwr
vw

(4)

where r is the radius of the turbine rotor and ωw is the rotor speed in rad/s. Theturbine/aerodynamic
torque in Nm is given by:

TT =
PT

ωw
(5)

The mechanical torque and the aerodynamic torque are equal when the gearbox is not used,
which is the case if the permanent magnet synchronous generator is used [12]. The power coefficient
Cp has a maximum value at a specific TSR value called the optimum TSR (λopt). The optimum value of
TSR depends on the type and aerodynamics of the turbine. Figure 2 shows the Cpvs. TSR curve.
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The transfer function of the PMSG motor Gpmsg(s) is given as Gpmsg(s) =
Fequ

Requ + Lss , where Requ,
Fequ, and Ls isthe equivalent resistances, flux linkages, and inductances.
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2.2. PMSG

PMSG allows the operation of the wind energy system without any gearbox, and hence these
systems are less expensive and maintenance-free. The fundamental Root Mean Square(RMS) value of
the induced voltage is expressed by:

Eg =
2π
√

2
f NphKw1ϕp (6)

where f is the frequency of the voltage induced, Nph is the number of turns per phase, ϕp is the flux per
pole, and Kw1 is the winding factor of the fundamental harmonic component. ϕp is given in terms of
the peak value of the fundamental component of flux density (Blmax) asthe flux per pole:

ϕp = Blmax
Dl
p

(7)

where D and l are the diameter and length of the stator core, respectively. p is the number of pole pairs.
The terminal voltage of the stator is given by:

VS =

√
Eg2 − (IaXs cosϕ+ IaRa sinϕ)2 + IaXs sinϕ− IaRa cosϕ (8)

where Ia is the phase current and Xs is the synchronous reactance and is given in terms of the
magnetizing reactance and leakage reactance as:

Xs = Xm + Xl (9)

The efficiency of the generator is the ratio of electrical output power (Pem) to the mechanical input
power (Pm) and is given by (10), where the expression for Pm is:

η =
Pem

Pm
(10)

Pm = Pem + Pcu + Prot + Pcore (11)

where Pcu is the copper loss of the stator, Prot is rotational losses, and Pcore is the core losses of the
machine. In order to make the control and analysis simple, the equations in the d and qaxes are
considered. The PMSG voltage in the d-q reference frame with the permanent magnet pole axis and
the d-axis coinciding with each other is given by

vds = Rsids +
dψd

dt
−ωeψq (12)

vqs = Rsiqs +
dψq

dt
+ωeψd (13)

where ωe is the electrical speed in rad/s, and ψd, and ψq are, respectively, the d and qaxes’ flux
linkages. vds, and vqs are, respectively, the stator d and q axes’ voltages in the synchronously rotating
reference frame. ids, and iqs are, respectively, the d and q axes’ stator currents in the synchronously
rotating reference frame. The flux linkages in the d-q are ψd = Ldids + ψm, ψq = Lqiqs, where Ld
and Lq are, respectively, the d and qaxes inductances and ψm is the permanent magnet flux linkage.
The electromagnetic power is given by:

Pem =
3
2
ωe

(
ψdiqs −ψqids

)
(14)

where ωe = pωm, p is the number of pairs inthe pole and ωm is the mechanical speed of the rotor in rad/s.
Hence, the electromagnetic torque after substituting for the dand qaxes’ flux linkages is given by:
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Te =
Pem

ωm
=

3
2

p
(
ψmiqs +

(
Ld − Lq

)
iqsids

)
(15)

The d and qaxes’ currents have negative signs for the generating machine; hence,
the electromagnetic torque and power are also negative.

The transfer function of the turbine GT(s) is given as GT(s) = 1
Jequ + F , where Jequ and F is the

inertia and friction equivalents.

2.3. Diode Rectifier

The three-phase diode rectifier converts the three-phase voltage of the PMSG into a pulsating DC
voltage. The capacitor at the output of the diode rectifier converts this pulsating DC voltage into a
smooth DC. The average output voltage Vs of the diode rectifier is given by:

Vs =
3
√

3Vm

π
(16)

where, Vm is the peak value of the phase voltage of the PMSG.

2.4. DC-DC Converter

The primary purpose of introducing a DC-DC converter, the front-end stage of the MLI is to
regulate the voltages. The output from the PMSG is fluctuating and is not predictable. This increases
the voltage stress across the inverter switches, which increases the size of the filters used in the circuit.
Furthermore, power quality is affected. For prevent these effects, a DC-DC converter is introduced
to regulate the voltage. Literature provides the usage of boost topology; in this paper, the boost is
replaced by buck-boost and Cuk topologies. A Proportional Integral (PI) controller regulates the output
voltage of the DC-DC converter.

2.4.1. Case (i) with a Buck-Boost Converter

A DC-DC buck-boost converter is used to convert the output DC voltage of the diode rectifier into
the DC voltage of the desired magnitude. The closed-loop voltage control of this converter maintains
the output voltage at the reference value. Figure 3a shows the circuit diagram of a buck-boost converter.
There are two modes of operation of the converter.
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Figure 3. The power circuit of (a) the buck-boost converter and (b) Cuk converter.

In mode I, when the switch is in the ON condition, the inductor current increases from a
minimum value Imin to a maximum value Imax, and the diode is in the OFF condition. In mode II,
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the switch is turned OFF; the diode is turned ON, providing a path for the inductor current and
thereby decreasing the inductor current. Equations (17) and (18) respectively show the modeling of the
buck-boost converter in mode I and II. Equation (19) gives the average output voltage of the buck-boost
converter [13], which is the DClink voltage.

diL
dt

=
1
L

Vs,
dvc

dt
= −

1
CR

VDC (17)

diL
dt

=
1
L

VDC,
dvc

dt
=

1
C
(−iL −

1
R

VDC) (18)

VDC =
−Vsδ
1− δ

(19)

where Vs is the average output voltage of the diode rectifier and δ is the duty ratio of the switch “S”.
Equations (20) and (21) give the equations for the design of the converter [14]:

L =
Vsδ
f ∆I

(20)

C =
Ioδ

f ∆Vo
(21)

where Io is the output current of the converter, f is the switching frequency, ∆I is the inductor ripple
current, and ∆Vo is the ripple voltage of the capacitor.

2.4.2. Case (ii) with the Cuk Converter

The Cuk converter has two modes of operation. The output voltage can be higher or lesser than the
input voltage depending upon the value of duty ratio. The input current is continuous, which is not the
case for a buck-boost converter. Figure 3b shows the circuit diagram of a Cuk converter. Equations (22)
and (23) respectively show the modeling of a Cuk converter in mode I and II. Equation (24) gives the
average output voltage of the Cuk converter.

diL1

dt
=

1
L1

Vs,
diL2

dt
=

1
L2

(Vc1 + VDC)

dvc1

dt
= −

1
C1

iL2,
dvc2

dt
= −

1
C2

(iL2 +
1
R

VDC)
(22)


diL1

dt
=

1
L1

(Vs − VC1),
diL2

dt
=

1
L2

VDC

dvc1

dt
= −

1
C1

iL1,
dvc2

dt
= −

1
C2

(iL2 +
1
R

VDC)
(23)

VDC =
−Vsδ
1− δ

(24)

Equations (25)–(28) give the design equations for the circuit parameters [14]:
L1 =

δVs

f ∆IL1
, L2 =

δVs

f ∆IL2

C1 =
(1− δ)Is

f ∆VC1
, C2 =

δ Vs

8L2 f 2∆VC2

(25)

where Is is the input current (current from the diode rectifier), f is the switching frequency, ∆Vc1 and
∆Vc2 are the ripple voltages of the capacitors C1 and C2 respectively, and ∆IL1 and ∆IL2 are the ripple
currents of the inductors L1 and L2 respectively. Figure 3a,b shows the buck-boost and Cuk converters,
respectively. The values of the inductance and the capacitance are chosen to be higher than their critical
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values. The input voltage of the DC-DC converter varies as the PMSG output voltage varies because of
the variation in the wind speed.

2.5. PI Controller

The voltage output of the DC-DC converter is kept at the desired voltage using a PI controller.
The PI controller is widely used because it has only two parameters that need to be tuned. Besides this,
its steady-state error is lower. The outputof the PI controller has two parts. The proportional partis
proportional to the magnitude of the error e(t) or to the difference between the reference and the actual
output. The integral part is proportional to the integral of the error [15]. The values of the PI controller
gains are found using Zeigler’s second method of tuning. The steps for finding the parameters are:

1. The system is run by keeping the integral gain (I) as zero. The value of proportional gain (P)
is increased from zero to a value Pcr(critical)from zero until a constant magnitude oscillation
is produced.

2. This value of the P(Pcr) and the period of oscillation Tcr are calculated.
3. The gains of the controller are found using Equations (26)–(28):

P = 0.45Pcr (26)

Ti =
Tcr

1.2
(27)

I =
P
Ti

(28)

The above steps yielded the P and I values 0.00045 and 0.0035, respectively.

2.6. Five Level Converter

The output of the DC-DC converter is fed to the multilevel inverter (MLI). MLIs have more
efficiency, a lower total harmonic distortion (THD), and lower switching stresses The Cascaded H
Bridge (CHB) inverter has many advantages over diode-clamped and flying capacitor inverters;
for example, it does not require clamping diodes and balancing capacitors, and it is easy to construct for
higher levels. The CHB inverter requires a separate DC source for each bridge. The paper uses a new
five-level inverter, which is the modified form of the CHB inverter, but it does not require a separate DC
source. This inverter requires a single DC source irrespective of levels and phases, thus reducing the
complexity and cost of the inverter. The inverter requires an (m − 1)/2 number of transformers, form
the multilevel inverter [16–38] The inverter converts the DC voltage into a five-level AC voltage of
the desired frequency (50 Hz). Figure 4 shows the proposed three-phase five-level inverter. There are
many switching techniques available for MLI; selective harmonic elimination is crucial among them.
In SHE, the harmonic equations are considered.
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2.7. New Selective Harmonic Elimination

Selective harmonic elimination (SHE) providesan output voltage with fewer harmonics by
adjusting the switching pattern. Transcendental equations describing the harmonics are solved in
Newton-Raphson (N-R) to obtain two switching angles of a five-level inverter, as shown in Figure 5.

The five-level output is expressed in the Fourier series as:

va(ωt) =
∞∑

n=1,3,5

4VDC
nπ

(cosθ1 + cosθ2) sin(nωt) (29)

where θ1 and θ2 are the switching angles, and 0 < θ1 < θ2 < π/2. The fundamental voltage and its
peak are given as

V1 =
4VDC
π

(cosθ1 + cosθ2)

Vm1 =
4VDC
π

(30)

The modulation index (MI) is given as MI =
V1

Vm1
.

Equation (30) is rewritten for the fundamental and third harmonic as Equations (31) and (32):

cosθ1 + cosθ2 =
πV1

4VDC
(31)

cos(3θ1) + cos(3θ2) = 0 (32)

Equations (31) and (32) are solved by the Newton-Raphson method as follows:

• Set initial values for θ0 =
[
θ0

1,θ0
2,θ0

3, . . . ,θ0
N

]
;

• Obtain the Fundamental and harmonic equations as


f1(θ1,θ2,θ3, . . . θN) =

π
4 Mi

f2(θ1,θ2,θ3, . . . θN) = 0
...

fN(θ1,θ2,θ3, . . . θN) = 0


;

• Obtain f
(
θ0

)
= f 0;
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• Linearize the function f 0 +
[
∂ f
∂θ

]0
∆θ = 0;

• Obtain the Jacobian matrix
[
∂ f
∂θ

]0
=



∂ f1
∂θ0

1

∂ f1
∂θ0

2

. . .
∂ f1
∂θ0

N
∂ f2
∂θ0

1

∂ f2
∂θ0

2

. . .
∂ f2
∂θ0

N
...
∂ fN
∂θ0

1

... . . .
∂ fN
∂θ0

2

. . .

...
∂ fN
∂θ0

N


;

• Obtain the new switching angle and repeat the procedure until the precise value is obtained;
• θnew = θold + ∆θ.

Solving (31) and (32) by the Newton-Raphson method, θ1 = 0.179 radians and θ2 = 0.87 radians.
Hence, when these switching angles are used for triggering, the third harmonic is eliminated while
other harmonics remain in the output.

A new SHE minimizes one more harmonic, e.g., the seventh harmonic, in addition to the fifth-order
harmonic elimination. The seventh harmonic is minimised to a lower value, say 0.0001, as given by
Equation (34):

cos(5θ1) + cos(5θ2) = 0 (33)

cos(7θ1) + cos(7θ2) = 0.0001 (34)

The switching angles are calculated by solving (33)and (34), and their values are θ1 = 0.09 rad and
θ2 = 0.538 rad, thus reducing the THD still further. This technique considers the fifth and seventh
harmonic equations to find the switching angles, while the fundamental equation is ignored [26].
The equations are solved using the Newton-Raphson method, which solves the transcendental
equations using initial approximate values [27,28]. Figure 5d shows the output voltage of the five-level
inverter with new SHE-PWM, and Figure 5e shows the THDs of the output voltage for the same load.

It is found from Figure 5c,e and Table 1 that the conventional five-level inverterhas a voltage
THD of 20.92%, whereas the proposed new SHEPWM has a voltage THD of 17.48%. Hence, the new
SHEPWM has a lower THD compared to the conventional SHEPWM.
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Figure 5. (a) The 5-level output (half wave). (b) Output phase voltage for the conventional five-level
inverter. (c) Total harmonic distortion (THD) of the output phase voltage for the conventional five-level
inverter. (d) Output phase voltage for the five-level inverter with new Selected Harmonic Elimination
(SHE) Pulse Width Modulation (PWM). (e) The output voltage of the single-phase five-level inverter
with new SHE PWM.

Table 1. Comparison of the voltage THD for the conventional five-level inverter and the new SHEPWM
with the RLload.

Voltage THD

Conventional five-level inverter 20.92%
Proposed five-level inverter with New SHEPWM 17.48%

3. Simulation of the WES with DC-DC Converters and the Proposed CHB MLI

The system with PMSG, a diode rectifier, DC-DC converter, and five-level MLI is simulated in the
MATLAB/ Simulink in closed loop for changing speeds of wind and with the RLload. The turbine
rotor is coupled to the shaft of PMSG, whose output is fed to the diode rectifier. The voltage output
of the diode rectifier is fed to the DC-DC converter whose output is connected to the proposed MLI,
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which is operated with the new SHEPWM. New SHEPWM reduces the harmonic and improves the
power quality at the output [23,24].

The various parameters used in the simulation are given in the Appendix A. Figure 6 shows the
simulated waveforms of the wind speed, PMSG voltage, DC-DC converter voltages, line voltage of the
MLI, and load current. The speed of the wind varies from 9.6 m/s to 11.2 m/s at 2.5 s and from 11.2 m/s
to 9.4 m/s at 5 s. Figure 6a shows the wind speed vs time graph and the PMSG voltage. The RMS
PMSG voltages from 0–2.5, 2.5–5, and 5–7.5 seconds are around 100 V, 170 V, and 80 V, respectively.
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Figure 6. Simulation results: (a) wind speed vs time and Permanent Magent Synchronous Generator
(PMSG) voltage for the increase in wind speed at 2.5 s and decrease in wind speed at 5 s; (b) converter
voltage, MLI line voltage, and its expanded scale with an RLload for the buck-boost converter;
(c) converter voltage, MLI line voltage, and its expanded scale with an RLload for the Cuk converter;
(d) load current in the expanded scale with the buck-boost converter (top) and Cukconverter (bottom).
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Figure 6b shows the output voltage of the buck-boost converter, theline voltage, and its expanded
scale with an RLload for MLI. The output voltage of the Cuk converter, the MLI line voltage,
and its expanded scale are shown in Figure 6c. Figure 6d shows the load current for the RLload
of 750 + j75.36 Ω/phase. Figure 7a,b shows the phase voltage of the MLI fed on the buck-boost and
Cuk DC-DC converters and its expanded scale, respectively. Figure 7c shows the line voltage THD of
the MLI.
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Table 2 shows the time taken for the DClink voltages of the two converters to settle to the reference
value with the change in the PMSG voltage.

Table 2. Settling times for the DClink voltage of the two converters with the change in PMSG voltage.

Converter Time to Settle with an Increase
in PMSG Voltage

Time to Settle with the Decrease
in PMSG Voltage

Buck-boost 0.9 s 0.8 s
Cuk 0.9 s 1 s

4. Hardware Implementation and Experimental Results

The three-phase diode rectifier, the two DC-DC converters, and the five-level inverter of the
proposed topology are implemented in the hardware. The three-phase supply and a three-phase
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autotransformer mimic the variable speed operation of the turbine and the PMSG combination.
The autotransformer feeds the three-phase diode rectifier, whose output is fed to the DC-DC converter
(buck-boost or Cuk). The output from the DC-DC converter is given to the proposed five-level MLI,
whose output is connected to a three-phase load through the isolating transformers. The switching
device used for the MLI and DC-DC converters is CT60AM-18F. The field-programmable gate
array (FPGA) produces switching signals (24 PWM signals) for the inverter, and the PI controller
is implemented in a PIC microcontroller (PIC 4011). The PWM signals are given to the switches
through the optocoupler and the driver circuits. Figure 8a shows the hardware implementation of the
complete five-level MLI, and buck-boost converter. The hardware implementation of the system with
the five-level MLI and Cuk converteris shown in Figure 8b. Table 3 describes the components used in
the hardware.
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Figure 8. Experimental setup of the five-level MLI with the (a) buck-boost converter and
(b) Cuk converter.

Table 3. Details of the components used in the hardware.

Hardware Items Specifications

Switching devices CT60AM-18F
Microcontroller PIC 4011 (dsPIC00F4011)

FPGA Spartan 3E
Opto-coupler 6N137
Gate driver IR2110

Transformers Toroidal core, turns ratio: 1:1, 230 V, 2 A, 50 Hz
Buck-boost L = 50 mH, C = 330 µF

Cuk L1 = 50 mH, L2 = 1500 µH, C1 = 330 µF, C2 = 660 µF
Load 750 Ω, 240 mH

Controller P = 0.00045, I = 0.0035

The hardware setup of the system with the diode rectifier, five-level MLI, and DC-DC converters
with an RL load of 750 + j75.36 Ω is tested for varying input AC voltages. The waveforms of the input
AC voltage, DClink voltage, DClink current, MLI phase voltage, and load current are obtained for the
AC input voltages of 60 V rms and 90 V rms. Figure 9a,b shows the input AC voltage, buck-boost
converter voltage, DClink current, MLI phase voltage, and MLI/load current for the RL load for the
AC input voltages of 60 V rms and 90 V rms, respectively. Figure 10a,b shows the input AC voltage,
Cuk converter voltage, DClink current, MLI phase voltage, and MLI/load current for the RL load for
the AC input voltages of 60 V rms and 90 V rms, respectively. The experimental line voltage THD of
the MLI is shown in Figure 10c. The waveforms at 60 V rms and 90 V rms respectively are similar to
the simulation waveforms shown in Figure 6 for the nearby rms value.
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Figure 10. Experimental results: (a) input AC voltage, Cuk converter voltage, DClink current, MLI
phase voltage, and MLI/load current for the AC input voltage of 60 V; (b) input AC voltage, Cuk
converter voltage, DClink current, MLI phase voltage, and MLI/load current for the AC input voltage
of 90 V; (c) line voltage THD.

It can be seen from Figures 8 and 9 that the DClink voltage of the system (with the two converters)
is regulated at the desired level of 160 V even when the input voltage is changed.

Table 4 shows the comparison of the THDs of the line voltage. From Table 3, the line voltage THD
from the simulation is 12.35%, and it is 12.16% from the hardware, which is 4% less than the THD
obtained [23,24].
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Table 4. Comparison of theline voltage THDs.

Line Voltage THD %

Simulation 12.35
Experimental 12.116

The efficiencies of the buck-boost and Cuk converters are measured for a resistive load connected
at the output of the converters. Figure 10 shows the waveforms obtained for the buck-boost and Cuk
converters, respectively. The waveforms of the input and output DC voltages and currents for the
buck-boost converter are shown in Figure 11a. The waveforms of the input and output DC voltages
and currents for the Cuk converter are shown in Figure 11b. Table 4 shows the readings obtained
during the measurement of the efficiencies of the buck-boost and Cuk converters. From Table 5, it is
noted that the efficiency of the Cuk converter is 93.12%,which is higher than that of the buck-boost
converter, which has an efficiency of 82.05%.
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Figure 11. Input and output DC voltages and currents of (a) the buck-boost and (b) Cuk converters for
efficiency measurements.

Table 5. Of theline voltage THDs.

Converter
Input DC

Voltage (VDCI)
(V)

Input DC
Current (IDCI)

(A)

Output DC
Voltage (VDCO)

(V)

Output DC
Current (IDCO)

(A)
Efficiency

Buck-boost 159.61 1.102 160.36 0.9 82.05%
Cuk converter 161.63 1.203 160.4 1.1289 93.12%

5. Conclusions

A PMSG-based wind electric system with the buck-boost/Cukconverter and the proposed five-level
MLI are considered. As the wind speed changes, the PMSG voltage and frequency changes, but for
practical applications, these changes should not be allowed. Hence, a voltage controller is used that
maintains the output voltage of the DC converter; hence, a constant AC output is obtained. A PI
controller is deployed to regulate the output voltage of the buck-boost/Cuk converter. The time period
of the operation of the inverter switches is set in such a way that the output frequency does not change.
The MLI is controlled using a new SHE technique which reduces the THD. This SHE eliminates more
harmonic content from the output also when compared to the conventional SHE. The whole system
is simulated in a closed-loop for variable wind speeds with the RLload. The simulated waveforms
of the wind speed, PMSG voltage, DClink voltage, voltages of MLI, and load current are obtained
for the increasing and decreasing wind speeds for the RLload. The system with the buck-boost and
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Cuk converters is implemented in hardware with a three-phase AC and three-phase autotransformer,
which mimic the variable speed wind turbine and PMSG combination. The system is experimentally
tested with an RLload for varying AC input voltages.

The waveforms of the AC input voltage, DClink voltage (buck-boost/Cukconverter voltage),
MLI phase, line voltages, and load currents are obtained for variable input voltages for both the
converters. From the simulated and hardware results, it can be seen that the buck-boost and Cuk
converters can control the voltage for the increasing and decreasing PMSG voltages, which is evident
from the simulated and the experimental results. This reduces the stress level in the MLI. The efficiency
of the Cuk converter is higher than that of the buck-boost converter. Hence, the proposed Cuk
converter-based PMSG drive with the new SHE technique for MLI focuses on reducing the filter size
andnumber of DC sources for MLI and reduces the THD.
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Nomenclature

PT Power captured by the turbine
A Swept area of the rotor blades
P Density of air
vw velocity of wind
Cp s Co-efficient of power
Pair Total power in the wind
γ Pitch angle
R Radius of the turbine rotor
ωw Rotor speed
f Frequency of voltage induced
Nph Per phase number of turns
ϕp Flux per pole
Kw1 Winding factor of the fundamental harmonic component
D and l Diameter and length of the stator core
P Number of pole pairs
Ia Phase current
Xs Synchronous reactance
Pem Electrical output power
Pm Mechanical input power
Pcu Copper loss of stator
Prot Rotational losses
Pcore Core losses of the machine
ωe Electrical speed
ψd, and ψq d and q-axes flux linkages
vds, and vqs Stator d and q axes voltages in the synchronously rotating reference frame
ids, and iqs d and q axes stator currents in the synchronously rotating reference frame
Ld, and Lq d and q-axes inductances
ψm Permanent magnet flux linkage
p Number of pairs of the pole
ωm Mechanical speed of the rotor
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Vs Average output voltage of the diode rectifier
Vm Peak value of the phase voltage of the PMSG
F Switching frequency
∆I Inductor ripple current
∆Vo Ripple voltage of the capacitor
Is Input current (current from diode rectifier)
∆Vc1 and ∆Vc2 Ripple voltages of the capacitors C1 and C2
∆IL1 and ∆IL2 Ripple currents of the inductors L1 and L2
Tcr The period of the oscillation
θ1 and θ2 Switching angles

Appendix A

Simulation Parameter Value

Buck-boost converter
L, C 50 mH, 330 µF

Switching frequency, duty cycle range 18 kHz, 10–90%

Cuk converter
L1, L2, C1, C2 50 mH, 1500 µH, 330 µF, 660 µF

Switching frequency, duty cycle range 18 kHz, 10–90%

Transformer ratings
kVA rating, turns ratio, voltage rating,
current rating, frequency

0.5 kVA, 1:1, 230 V/230 V, 2 A/2 A, 50 Hz

PI controller
kp, ki 0.00045, 0.0035

Time delay for PI action, sampling time 5 ms, 0.05 s

Load parameters RLloads 750 + j75.36 Ω
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