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= ABSTRACT - This paper presents wind energy conversion system using CHB MLI and phase interleaved boost converter
to overcome high voltage and current ripple. Developments in power electronics technology have a direct impact on advances in
wind energy conversion systems. WECS output voltage may fluctuate depending on wind speed. For WECS to maintain a constant
output voltage, a power converter is required. This paper explains how to configure a phase-interleaved boost converter and voltage
controller to maintain a stable intermediate circuit voltage in the system. The proposed cascading H-bridge multilevel inverter (CHB
MLI) converts DC/AC using a novel topology. Separate DC sources are not utilizing the suggested topology. Multi-level inverters
are operated by specific harmonic disposal pulse width modulation, or SHE-PWM are utilized. PMSG voltage, CHB-MLI voltage,
boost converter voltage and rotor speed have seven different levels of simulated waveforms. Among the many advantages of three-
phase alternating DC-DC boost converters, that are high efficiency, fast dynamics and very low current ripple. The output voltage
is increased to 400 V using a three-phase interleaving converter, which also maintains a higher efficiency of about 98%. DC-DC
power converters have proven to be essential components of many applications and topologies. The interleaving technique is
necessary to address the main disadvantages of DC-DC power converters: increased voltage, reduced efficiency, and rippled current.
Interleaved boost converters have several advantages, including lower switching losses, lower voltage and current ripple, increased
efficiency, and more. To improve the converter's overall functionality, the "n" parallel converter is connected through an interleaved
boost converter. This paper presents a performance analysis of a multiphase alternating boost converter to reduce high voltage and
current ripple. MATLAB/Simulink is used for analysis and simulation of phase-interleaved boost converters.

Keywords: Phase Interleaved Boost Converter; DOF-PID Controller; Wind Energy Conversion System; Cascaded H-Bridge
Inverter.

interleaving boost converter can be reduced by using
interleaving technique [2]. The output current of the capacitor
will have significant ripple if a simple conventional boost
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DC/DC converters with multiple levels are regarded as a
substitute that satisfies requirements like high power density
and low blocking voltage. [4-6]. Compared with the
conventional topology proposed in [7], a multilevel resonant FC
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1. INTRODUCTION

The main goal of a DC-DC converter is to raise the input voltage
to the appropriate output voltage level and achieve significant
voltage gain [1]. The converter's duty cycle needs to be higher
than 50% in order to produce the necessary voltage level. An
interlacing boost converter for regenerative systems is proposed
as a solution to this problem. Interleaved boost designs are
becoming an increasingly effective tool for efficiently
managing input current as power density increases. Step-up
converters operating in two phases are used in applications
requiring high efficiency, low current ripple, fast dynamics, and
increased power density. The inductance current of an

converter with symmetrical structure and fewer active
switching devices was introduced in [6]. Therefore, the
equivalent series resistance of each part in the circuit can affect
the resonance frequency of each charge/discharge loop. As a
result, each resonant frequency will oscillate above or below a
specific switching frequency.

The largest and most complex multilevel topology is arguably
the general multilevel topology presented in [8]. In this
topology, the clamping components can be active switches or
passive devices (capacitors and diodes). Its abundance of
passive components and active switches is its main
disadvantage, making it difficult to commercialize in
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application in real life. Based on the multilevel modular
inverter, a modular DC/DC converter with multiple levels has
been suggested in [9, 10] due to its many advantages, including
low EMI, fast transient response, power distribution, small
passive component size (especially for output filters), and low
current ripple.

Because of the uniform distribution of high input current
between parallel components in this circuit configuration, there
are fewer current stresses the semiconductor devices and
lowering losses. Furthermore, the continuous conduction mode
interleaving approach improves the DC-DC boost converter's
performance and dependability by mitigating the control impact
of input current and output voltage.

The paper's contribution is that due to the inherent limitation of
wind power, the wind turbine's output voltage must be increased
in slow wind conditions.

e The voltage multiplier and interleaved three-phase boost
converter produce a better voltage gain and less output and
input current ripple when compared to traditional boost
converters.

e Additionally, the converter is only capable of handling
half the output voltage at its voltage limit. However, if the
converter operates with a light load, the switches will
receive a higher voltage.

e The problem of higher voltage stress at light loads is
resolved by the new PWM control scheme.

e To keep low voltage difficulties on the power range
switches, the traditional alternating PWM technique is
coupled with the suggested PWM control mechanism at
higher loads.

¢ In the end, the experiment confirms the control scheme.
Low wind conditions increase the output voltage of a
PMSG and decreases in high wind conditions, remaining
constant through the DOF PID controller.

The following research illustrate the remaining section of this
study. In Section 2, related work is explained. The suggested
approach and the related algorithm are described in Section 3.
Section 4 analyses the results of the implementation. Section 5
presents conclusions and next steps.

2. RELATED WORK

M. A. Harimon et al. (2017) [11] proposed, a three-phase AC
DC-DC boost converter can increase the DC output voltage
when the input voltage and current are low by reducing the
ripple in the output voltage and input current, the interleaving
technique with continuous conduction improves the efficiency
as well as the suggested techniques' accuracy.

K. Latha Shenoy et al. (2017) [12] presents the planning,
construction and evaluation of interleaved boost converters for
use in green energy projects. An output voltage of 400 V can be
generated from an input voltage of 100 V using the interleaving
technique. This is done in an open loop framework. Through the
system, transmit the power to the load more efficiently. The
efficiency obtained by this method is 98%.
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Prachi Shinde et al. (2018) [13] proposed a traditional
interleaved boost converter with an interleaved structure to
lower the input curve and input voltage ripple. Increased
efficiency is achieved by using capacitive and inductive
switching.

S. Kirubadevi et al. (2022) [14] proposed wind power system
using permanent magnets and synchronous generators is
considered for analysis. Wind energy conversion efficiency can
be increased by improving electronic power control circuits and
maximum power point tracking (MPPT).

Btissam Majout et al. (2022) [15] provides a precise sliding
mode control method that solves the vibration problem with
conventional sliding mode control and is built upon a unique
method for constant, smooth operation. When using a
synchronous generator with permanent magnets and variable
wind speed, a control strategy is implemented.

3. PROPOSED WIND ENERGY

CONVERSION SYSTEM

In figure 1, a three-phase load, PMSG, phase-alternating boost
converter, diode bridge rectifier, and applied CHB are shown.
The electrical energy from wind energy that the PMSG converts
is received by the diode bridge rectifier. To create a closed loop
and generate the required voltage for the output, the DC output
is rectified and fed into the boost converter. The 3-phase load is
powered by a seven-level three-phase CHB inverter, which
receives output from the boost converter.

Phase
Interleaved +
Diode z EUUSE 3 phase [— -
onverter —
CHBE MLI
. /= Rectifier || — —
SHE-PWM

DOF-PID
Controller

Reference

. DC Voltage

+

Figure 1: 3-phase PMSG based WECS

3.1 Wind Turbine Modelling

Equation 1 provides the energy extracted from the wind
according to a known affinity.

1
P, = EcppAv‘f, (1)

The wind speed is vw, the power factor is cp and A= n R? is the
floating area of the rotor in linear meters and the rotor radius is
R. Air density is expressed as p, which is 1.225 kg/m3 at 288 K
and 1 atmospheric pressure.

The wind turbine's efficiency in converting wind energy into
electrical power is measured by its coefficient of power.

Coefficient of power = power generated by the wind turbine

total power in the wind
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Assuming a ratio A between bank angle and maximum speed,
equation (2) gives cp. The c, function, which is depending
depending on the pitch angle y and tip speed A.

1
1 - —
c,(Ly) = ci(c, 7 GV~ cy* —c5)e P 2

The turbine's dimensions and type determine the coefficients c1
through c6, and x. The power coefficient selected by the wind
turbine, Cy, B is determined by a function of A and y is provided
by eqn. (3).

The x- type and size of the turbine determine the coefficients c;
to cs, § Which are functions of A and vy, given by equation (3).

11 0.035
B A+0.08y  1+y3

©)

A wind turbine is used to generate mechanical energy by
converting kinetic energy of the wind into mechanical energy.
This section examines HAWT because of its excellent efficacy.
Furthermore, the following indicates the machine tip-speed
ratio (A):

Where 1 = “;—‘"’R 4)
Here A is the machine tip-speed ratio. The variables R represent
the blade length, w,, - rotor speed (in rad/s), and wind speed (in
m/s) - v,,, respectively.

Every wind turbine uses aerodynamic forces to capture wind
energy. The two primary forces in aerodynamics are lift and
drag. Lift acts perpendicular to the relative flow, whereas drag
pushes the body in that direction.

Equation. (5) gives the aerodynamic torque (z,,) in Nm.

P
Ty = (5)
where rotor speed (w,, ) is expressed in rad/s and P, is a
mechanical power. Because there is no gearbox, the
aerodynamic and mechanical moments of the generator are
equal.

3.2 PMSG Modelling

With PMSG, wind turbines can operate at variable speeds.
There are many benefits to using PMSG, including fewer
maintenance issues due to the absence of excitation and slip
rings. It is cheaper because it does not require a gearbox when
used to convert wind energy. The dg model of the PMSG, based
on a synchronously rotating reference frame, is given by
equations (6) to (13).

vy = Rgig + wpy), + P\VZ (6)
vg = Rsig + oy + pyy (M

Where Rs is the stator resistance per phase, the flux connection
on the d and g axes is represented by, igand i rare and p=d/dt
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respectively. The g and d-axis voltages are expressed as vg and
v}. The q and d axis flow links are described as y” = L,i;

q q-q
y A i r
Vg = Lalg t v,

where \V;m is the permanent magnet flux linkage, and the

corresponding Lq and Lq. With the above substitutions made
eqns. (6) and (7) become

Where the permanent magnet flux linkage is ¥y, and Lq and Lq
are the stator's d- and g-axis inductances. respectively.

When the above is substituted, eq. (6) and (7) become

v = Ryif + o (Lsi + ), ) + pLi ®
va = Rsig — wrliig + p(Laig + v,,,) ©
Since PV, = 0,

vl = Rall = i + Ui 1)

The PMSG moment equation is given by equation (11).
3 P . .
T, = (3) (5) (wiis — viis (11)

Equations (12) and (13) provide formulas for calculating active
and reactive power.

P_3

T2

Q_3

T2

(vaig + vgig) (12)
(vgig + vgig) (13)

3.3 Diode Bridge Rectifier

The PMSG's three-phase AC voltage is converted to DC voltage
using a diode rectifier. On the other hand, a rectifier's average
output voltage can be obtained by applying equation (14).

_ 3V3Vmpn

Voavg = (14)

s
where Vmpn represents maximum phase voltage of the PMSG.

3.4 DOF PID Controller

The first and most important factor to consider when designing
a control system is the degrees of freedom (DOF), determines
the viability of system control and corresponds to the maximum
number of threads that can be controlled simultaneously.

u =K, (br —y) + -2 = y) + Kas(cr - ) (15)

Figure 2 illustrates the DOF PID control system. Fast output
response and lack of stability characterize the four-phase
alternating boost converter system. Less stable errors and
simpler reaction times are two advantages of DOF PID
controllers. For this reason, choosing a DOF PID controller for
this system is very suitable.
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Figure 2: Operation diagram of the DOF PID controller

3.5. Formatting of Mathematical Components

Figure 3 depicts the circuit of a three-phase AC DC-DC boost
converter. This circuit layout includes the recommended circuit
layout, electricity diodes (D1, D, and D3) and power switches
(S1, Sz, and S3) and three step-up inductor equivalents (L1, L»
and Ls3). The load R and each phase of the converter's output
filter capacitor C are linked. At each phase switch, the duty
cycle D is constant, but the phase difference is 360 m/n, where
the phase function is n. In this configuration, there is a 120°
phase shift between each phase.

Three separate boost switches work together to form an
interleaving circuit. All stages of the converter will operate like
conventional boost converters. Because it offers advantages
over discontinuous conduction mode (DCM) and works well
with interleaved boost converters, continuous conduction mode
(CCM) was chosen. In the initial mode, S1, Sz, and Ss are all
closed. As for the second, third, fourth and fifth forms, it is
identical; in the sixth case, Additionally, both when S; is closed
and S; and S3 are both open, and when S; is closed and S; and
Ss are both open as well.

The time variation is (1-D)/T during open time (t-open) and DT
during closing time (t-close). The timing diagram for converting
signals with a 120° phase difference between signals is shown
in figure 2.

Ls D3
by 2828 S
L
L ? D2
| L
[ - D1
st [s2 s3

b Lj . _q%} . Vout

Figure 3: Three-phase interleaved DC-DC boost converter

The circuit of a three-phase AC DC-DC boost converter can be
identified by its reduced output voltage ripple and decreased
input current voltage. An AC DC-DC boost converter with three
phases: its circuit design is characterized by two things: reduced
output voltage ripple and reduced input current limitation. The
switching signal's time diagram is displayed in figure 4.
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Figure 4: MOSFET gate signal waveform, input current, and phase
current (inductance current)

The total current passing through all of the inductors (lin) is the
input current of an interposer. One of three parallel phases can
then be used to separate the high input current and low input
voltage. Accordingly, switching components with lower current
values can be considered. In addition, because power switches
S1, Sz and Sz have the same duty cycle D, the average value of
inductance currents I4, I, and I3 has a phase shift of 120° and is
evenly distributed. The ripple suppression function reduces
ripples in the input voltage and output current.

3.6 Proposed CHB Multilevel Inverter

Multi-level inverters (MLIs) are popular because they have
fewer EMI problems and possess the ability to deliver high
voltage and high power. Compared with traditional inverters,
PWM has less total harmonic distortion (THD), switching
losses, and three or more voltage levels. As a result, their use in
controlling medium and high voltage AC drives has increased
[8-9]. Multi-level inverter designs have been created in a variety
of ways, including: inverters classified as three different kinds
of inverters: flying capacitors, neutral point inverters (NPC),
and cascaded H-bridge (CHB) inverters. Among these,
clamping diodes and capacitors are not needed for the CHB
inverter.

Using a series of cascading single-phase inverter modules, they
are capable of reaching high voltages. They need the least
number of parts to function. They are also powerful, flexible
and easy to control. The disadvantage of CHB inverters is that
they require separate DC power. As shown in figure 2, a sector
of a seven-level CHB is proposed using a single DC source. A
transformer connects the load to the inverter output. Three
transformers are used in the inverter and a series connection is
made between their secondary windings. The connection is
made between the load and the secondary winding of the
transformer [16-17]. There are seven voltage levels: + Vpc, 2+
Vbe, +Vpg, 0.
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For conventional inverters, the multicarrier sinusoidal PWM
method is used control method [18-19]. Its popularity comes
from its ease of use and the beneficial effects it generates first
harmonics under all operating conditions, including the
“overmodulation” that allows them [20-23]. It is very simple to
use and can be applied to any MLI. An m-1 carrier or a triangle
wave of the same frequency and amplitude is required for m-
class inverters [24-26]. CHB Inverter with Seven Levels and
One DC Source is shown in figure 5.

@M
]
@b

Sa Saz
Sas
Say

Figure 5: CHB Inverter with Seven Levels and One DC Source

S

The most widely used control method for traditional inverters is
known as multicarrier sinusoidal PWM, or simply multicarrier
sinusoidal PWM. It is simple to deploy and works with any
MLI. An m-1 (triangular) carrier wave of the same amplitude
and frequency is required for the m-level inverter [27-30].

The following four carrier pulse control strategies have distinct
phase relationships:

e Phase arrangement (PD) uses (m-1) carriers, all in phase
with each other. Six carriers are compared with one sine
wave for a seven-level inverter. With vertical
displacement, the six carriers are grouped together.

e The carrier (m-1) is used in a phase difference (POD)
arrangement, where all operators are 180 degrees out of
phase and in phase with the carriers above and below
ZERO reference. There is a vertical variation in the
arrangement of the six carriers.

e  FEach carrier wave in an alternating phase opposition
pattern (APOD) is offset 180 degrees from the next and is
compensated vertically (m-1).
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e  Phase shifting (PS) uses carrier waves (m-1), each shifted
by 2m/(m-1) radians. The specified CHB inverter
switching signals can be generated using PID technique.
When comparing the sinusoidal modulated signal with six
triangular carriers, a control signal is generated. Since the
PID scheme gives the least harmonic distortion to the line
voltage.

4. SIMULATION AND RESULTS
Different wind speeds are simulated for the system using
MATLAB/Simulink. The line, phase, boost converter, rotor
speed, and voltage waveforms of the PMSG's CHB-MLI are
represented by the simulated waveforms in figures 6-10. The
phase "a" voltage of the PMSG is shown in figure 7. Voltage
fluctuates. as a function of the rotor speed of the PMSG at times
t=2s,5s, and 8.5 s PMSG, wind, as shown in figure 6 and
figure 7.

The PMSG voltage change resulting in the boost converter
voltage change at 2.5, 5, and 7.5 seconds is shown in figure 8.
Then it takes 3.5, 5.7 and 9 seconds respectively to reach the
reference DC voltage of 225 V.

Additionally, the PLC's phase and line voltage varied at 2.5, 5,
and 7.5 seconds, respectively, before stabilizing at 3.5, 5.7, and
9 seconds. Figures 9 and 10 depict the PLC's line voltage and
phase on an enlarged scale. The phase voltage of the PLC is
shown in figure 11 at an enlarged scale.

Rotor Speed (rad/s)

wow
5

Rotor Speed (rad/s)
Eop oM N
w e h B8 &

=}

Time (s}

Figure 6: Rotor speed of the PMSG
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Figure 7: Phase ‘a’ voltage of the PMSG
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Figure 8: Boost converter voltage
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Figure 10: Phase voltages of the MLI
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Figure 11: MLI extended range phase voltage

The simulation and experimental parameters for the three-phase
DC-DC boost converter and the conventional DC-DC boost
converter are shown in table 1. Table 2 shows the Parameters
and its units used in the proposed system.
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i Table 1: Specifications

Specification Value
Inductance L (mH) 25
Power, P (W) 25
Boost Ratio, 2
Load Resistance, R (Q2) 100
Output Ripple, r (%) 1
Inductance (interleaved), L1, L2, Ls (mH) 1
Input voltage/Output voltage, Vin /Vo 25/50
M)
Capacitance, C (uF) 470
Duty Cycle, D 0.5
Switching Frequency, f (kHz) 25 25

In this analysis, the specifications of both converters are the
same. Based on the simulation results, figures 12 and 13 depict
the fluctuations in the three-phase AC DC-DC boost converter's
output voltage and input current, respectively. As shown in
figures 13 and 14, the interleaving converter's input current (lin)
is the total current passing through all of the inductors. The high
input voltage and low input current can then be separated using
one of the three parallel phases. Therefore, it has been
demonstrated that the three-phase alternating DC-DC boost
converter connection significantly reduces input as well as
output current, voltage ripple.

‘i Table 2: Parameters and its units used in the proposed
system

Variables Description Units
Rated power 15 MW
Blade radius, R 35.25 m
Rotor speed 120-210 m/s
Resistive Load 20 kw
Load resistance 6.5 Q
Capacitor link 5000 uF
Load voltage 360 Volts
Boost converter voltage 250 Volts
Line Voltage of the MLI 560 Volts
Phase voltages of the MLI 490 Volts
Output voltage of DC-DC 0.92 meter
boost converter
Output current of DC-DC 49.99 meter
boost converter
0.6
0.5
§ 0t ,'/‘\n / ‘v‘l //*\\ /u’l"\ /'\I "u‘.\\ ‘,"‘\“ ",'w‘. ,//"5 ',"\.\ \ ,'l‘\'.
03 | | \\ / \ / '\\ [\ / \ / \ / \ /\/ \y” \ [\ / \
[} / \ \ / \F ‘2 \,‘ fi ) [ \[ \/ \/ \ 1Y S
3 /v VIV V VYV VY VN
< 02 v ¥ ¥ v v v v ¥ v
1,=0.92A
0.1
[
0 -
9.704 9.7042 9.7044 9.7046 9.7048 9.705 9.7052 9.7054 9.7056
Time (sec)

Figure 12: Output current ripple for the 3-¢ interleaved DC-DC
boost converter
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Figure 13: Output voltage ripple simulation results for 3-¢b
alternating DC-DC boost converter

Therefore, it also reduces the conduction loss of semiconductor
devices. Figure 15 illustrates the current limit of a three-phase
AC DC-DC boost converter on a semiconductor. The current
limit has been shown to decrease with increasing stage
frequency in an AC boost converter.

w o Uoput Current {AY ]
o L - TR -
¥
fuzee= L A AlL.=02A

0. 1. 3 -

V. .=30V AV_.=002V Qutput Voliage (V)

P V=28V

* 3 v "

vy : | Input Voltage (V)
0. Ve SR ST . -
i}
$vov s vian L sodmavany) 4 gadiv)

Figure 14: Three-phase AC DC-DC step-up converter experimental
results: measured input voltages, output voltages and input currents

Three-phase DC-DC. Therefore, it is widely accepted that
considering the use of multiphase DC-DC boost converters will
help reduce the conduction losses of semiconductor devices and
limit the low-voltage current. The converter performs better
overall and is therefore more reliable. The waveform of the
three-phase interleaved DC-DC boost converter illustrates the
stress on semiconductors in figure 15.

1.0 .
Mosfet Current 1

Iinmean= 0.33A
0.0
Mosfet Current 2

1.0

Tipmean= 0.33A
0.0+ /
1.0+ - . - - -

Mosfet Current 3

NN

9.8748 9.8‘750 9‘87752 9.8‘754 9.8’756 9‘BI758 9‘87760 x le-1

Figure 15: Stress on semiconductors in the three-phase interleaved
DC-DC boost converter
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Figure 16: Voltage gain between the existing converter and the
proposed converter

The recommended converter's performance is displayed in
figure 16 and experimentally measured under load. The power
and efficiency are measured at different loads by varying the
load resistance. At 16 watts rated power, efficiency is 91.3%
and efficiency reaches a maximum of 92.5%, Increasing
conduction losses reduces efficiency to 87.7%.

5. CONCLUSIONS

The implementation of a phase alternating boost converter and
a voltage controller capable of maintaining a stable intermediate
circuit voltage in the system will be discussed. The voltage is
regulated by a boost converter in reaction to variations in wind
speed. The voltage controller attains the responsibility of
maintaining a constant DC output voltage to the boost
converter. The CHB-MLI topology needs to be reconsidered to
eliminate the need for a separate DC power supply. SHEPWM
is used to enable MLI. Simulated waveforms have been
obtained for PMSG rotor speed, voltage, pulse signal gain, line
voltage, and phase angle. The waveforms convincingly
demonstrate that the designed PI controller and boost converter
can maintain the DC voltage at an appropriate level. This article
has covered several areas related to three-phase AC DC-DC
step-up converters.

According to the findings, when cascaded H-bridge inverters
are utilized with WECS, they result in lower THD. Using the
nearest level modulation technique, this cascaded topology is
compared to the Modular Multilevel Converter (MMC) and it is
found that MMC performs better than cascaded H-bridge
inverters since its THD is almost half that of the latter.
Consequently, there will be less system cost. A modular
multilevel converter may process high voltages without the
need to connect series-switching components. By supplying
high-quality power and lowering common-mode voltages, they
can accomplish greater amounts of output levels with increased
efficiency and fewer harmonic content.

Compared with existing boost converters, the voltage multiplier
and interleaved three-phase boost converter result in decreased
input and output current ripple and increased voltage gain.
Additionally, the converter is only capable of handling half the
output voltage at its voltage limit. However, if the converter
operates with a light load, the switches will receive a higher
voltage. The problem of higher voltage stress at light loads is
addressed by the new PWM control architecture. The
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experiment confirms the control scheme were the low wind
conditions increase the output voltage of a PMSG and decreases
in high wind conditions. The analysis shows that current stress
is reduced by 33% and semiconductor conduction loss is
reduced by 32%. Additionally, this helps reduce semiconductor
conduction losses in the converter due to the alternating multi-
phase configuration. The voltage across the switches of the
suggested converter is 60% lower than that of a traditional
interleaved boost converter.

The following is the project's future scope.

A. By employing this method and utilizing advanced power
electronics equipment, we can lower harmonics in the output
waveform while raising the inverter's level.

B. The HVDC power transmission and electric car drives will
be another area in which this approach is used.

C. Power electronics devices provide high speed and a
significant amount of automation.
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