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Abstract: Wind energy generation systems are becoming increasingly important for harmonic distortion control and power
quality standards. In recent years, variable speed technology has also advanced rapidly due to progress in power electronics.
The three key components of a wind power conversion system (WECS) are electrical generators, machine-side converters
(MSC), and grid-side converters (GSC). Among these, the permanent magnet synchronous generator (PMSG) is widely
used due to its favorable characteristics. Once wind energy is converted into electrical power, it can be injected into the
utility grid via synchronous generators or grid-side converters. Therefore, various topologies and control strategies must be
investigated to determine the most suitable approach for the machine-side converter. This work focuses on the application
of model predictive control (MPC) for a surface-mounted permanent magnet synchronous generator wind turbine. The
electrical model of the machine is employed for the control design. The power converters are selected in consideration of
the complex and highly nonlinear aerodynamic behavior of wind turbines. Although MPC is a relatively recent application
in power electronics, it is a promising control technique. Furthermore, MATLAB and Simulink are used to implement the
MPC algorithm and to provide a simplified model of the turbine system.

Keywords: WECS, PMSG, wind turbine, rectifier, inverter, transformer, utility grid, MSC, GSC, neutral point clamped
(NPC)

1. Introduction

There is a surplus of interest in environmentally friendly and practical forms of energy such as solar power, wind
energy, biomass, wave energy, etc. because of the rising energy demand and the rapid depletion of conventional energy
sources, which pose a threat to the environment [1, 2]. The era of wind turbine power generation began in the 1980s [3].
Wind turbines have grown in size over the last thirty years, with the current maximum capacity per unit [4]. Wind power’s
rapid incorporation into the electrical grid has raised many concerns about the safety and reliability of the current electric
power system. Wind farms, or massive wind turbines, have been connected to the grid in several nations after their grid
standards were amended [5]. Power electronic converters have been a staple of the wind energy industry since commercial
wind turbines have been operating on the grid. There have been significant advancements in this technology in the last 30
years [6—8].
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Among all these energy sources, wind energy is the most attractive because of its efficiency and affordability. With
77.6 GW of additional wind-producing capacity added to the world’s energy networks in 2022. Figure 1 presents the results
of the most recent analysis of wind generation worldwide with increasing installed wind capacity to 906 GW overall (i.e., a
9% increase over 2021). Note that the top five global markets for new installations were Finland, China, the United States,
the United Kingdom, and Sweden. The amount of wind energy produced in 2026 and 2030 will nearly double and increase
by 1.8 times, respectively [9-11].

Annual Percentage Change in Wind Energy
Generation 2022

India,2.87%

Finland,45.53%
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Figure 1. Gigawatts of installation energy

Furthermore, when looking at the installed capacity annually, the most popular renewable energy source now is wind
energy with the quickest growth. In contrast to other alternative sources of energy, the commercial phase of the wind
energy business is maturing. Further, wind turbines are constantly growing both in size and nominal generation capacity
in order to provide electricity at a more affordable price than from traditional sources [12, 13]. Furthermore, to solve
the issue of robust multiscale coordination control, ref. [14] has looked at the issue in directed networks against a group
of hostile or uncooperative nodes. Additionally, a multiscale filtering technique based on local data that is resistant to
both Byzantine and defective nodes has been created. In addition to establishing the necessary and sufficient criteria that
provide multiscale consensus with generic time-changing scales in the face of both locally and globally bounded threats,
this builds on the idea of network robustness.

MPC is a control method that adjusts and maximizes a control system’s inputs in order to minimize expected output
error and eventually accomplish the reference control goal. By using this method, the objective function is solved, and an
ideal input sequence is found at each sample time (Ts). Following each time step, the plant’s present condition is taken into
account as the beginning state, and the procedure described above is repeated as in Figure 2.

In the previous literature, the primary requirement for Wind Energy Conversion Systems (WECSs) to maintain the
power generated by the wind turbine at its maximum value while enhancing aerodynamic properties is the modeling of the
appropriate blade pitch control scheme [15, 16]. The direct-drive Permanent Magnet Synchronous Generator (PMSG)
has several appealing characteristics, including fewer maintenance requirements, hefty gearbox removal, and increased
energy density [17]. The others [18], suggested and proved that a reliable FCSMPC approach with updated forecasts
works. In [19] presented a plan for frequency control that may be used with isolated grid Wind Turbine Generators (WTGs).
The authors of [20] suggested using a new type of modulated predictive current control that requires less computing
power for a three-phase back-to-back linked Neutral-Point Clamped (NPC) converter in a wind energy system that uses
Permanent Magnet Synchronous Generators (PMSGs). In [21], the amplification of high-frequency noise pollution is
addressed by proposing a new hybrid parallel cascaded extended state observer model-free predictive control framework
that makes use of a three-level Neutral-Point-Clamped (NPC) power electronic converter. In [22] provides a high-power
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wind turbine operation plan that complies with the standards of the next-generation grid code and is supported by Model
Predictive Control (MPC). More than two voltage levels can be achieved using a three-level Neutral Point Clamped
(3L-NPC) back-to-back converter, although far fewer components are needed than, say, five-level topologies [23-27].
Thus, a potential design for high-power wind energy applications is a direct-drive PMSG wind turbine system with a
3L-NPC back-to-back power converter using model predictive control. With the suggested design, the NPC inverter’s cost
function solely consists of reference monitoring and switching frequency reduction, which improves grid current quality
and DC-link capacitor voltage balancing.

Output setpoint

Predicted output
Output
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/—Offi/
Control action

Control action of past

— £
L] Time

Control horizon

Prediction horizon

Figure 2. Model predicative control principle of PMSG

A novel power converter topology based on a model prediction technique is presented in this dissertation for
wind turbines with three-level ratings. The converter-based variable-speed wind turbines are designed to achieve high-
performance operation. Additional benefits of MPC include its dynamic response and flexibility to incorporate irregularities
and limitations in controller design. It is therefore a relatively new application of MPC in power electronics, yet it is a
promising means of controlling the system. MATLAB and Simulink codes were generated depending on a simplified
turbine model. Passive converters at the generator end are combined with multilevel converters at the grid end of the
configuration. Furthermore, it includes fewer active switches than BTB-NPC converters, which reduces control system
complexity and total cost. As fewer switching states are involved with the recommended topology, computational costs
are lower than with BTB-NPC converters. Additionally, linear controllers and modulation stages are eliminated by the
MPC approach. The result is a dynamic response that is excellent. NPC inverters also regulate reactive power and the net
dc-bus voltage. A noticeable improvement has been made in the quality of the grid power. Based on simulation results
using the proposed topology, the voltages on the DC-link capacitors are equally balanced regardless of the reduction in
the NPC inverter switching frequency. As the weighting factor changes from 0 to 5,000, the NPC inverter switching
frequency changes from 1,142 to 365 Hz, and the grid current THD increases from 2.63 to 4.82%. The suggested design
only improves grid current quality and DC-link capacitor voltage balancing with reference monitoring and switching
frequency reduction, which is the only cost function of the NPC inverter.

2. Mathematics and general description

A full power rated back-to-back Neutral Point Clamped (NPC). connects the generator to the grid, and when connecting
the hub of the wind turbine to the generator shaft, a gearbox is often employed to increase rotational speed. A specialized
low-speed multi-pole generator must be employed to provide the necessary nominal frequency in the stator terminals in a
direct-drive design, and because the drive train is free of a gearbox, the hub, and rotor may be connected directly.
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The produced power is subsequently transferred to the AC grid using back-to-back NPC, which also provides sufficient
decoupling due to their DC connection. With this setup, the wind turbine’s capacity to tolerate faults is enhanced, and
when a grid fault occurs, the generator does not experience harsh transients. The model power converter topology contains
a diode rectifier for rectifying the AC voltage to DC first to change the frequency and magnitude of the generator side and
integrate the generator side three-phase to the grid side. DC link voltage is connected to a three-level NPC inverter whose
configuration can be seen in Figure 3.

Load
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Utility
Grid

 Wind - gy Machine gy e Side
Generator Side ~
[ ] T Generator

(PMSG) Generator

Gearbox Transformer

Figure 3. Detailed circuit configuration for grid side SPMG

The voltage of the grid side is determined by the switching sequence applied to the generator. From now on, in order
to simplify the MPC computations dq frame will be used for current and voltage waveforms. For this abc to dq frame, Park
Transformation is used [21] by considering the abc and dq frame illustration, as shown in Figure 4.
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Figure 4. Representation of abc and dq frames of PMSG and angular correspondence
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Hence, the dq voltages will be the inputs of the mathematical model to be built, whereas the dq frame currents will be
the state variables. The output to be observed can be selected from anything. However, since the cost function is built to
maximize the active power and minimize the reactive power, which is directly related to dq axis currents respectively, the
power is selected to be the output to be observed.

The continuous time model for the stator side currents (before the rectifier) is shown in Equation (1):

. R Olg . e
d lds - T{; Lys lds Ly 0 Vds 0
- = + + (1)
i _oly R || o L ||, _ oy
as Lo Ly qs Ly 4s Lys

Figure 5 displays the block schematic of the MPC scheme for the NPC rectifier. Moreover, to achieve the DC-link
neutral-point voltage control’s control goal, the estimator subsystem is employed. two capacitors’ voltage included in
the DC-link measurement. The DC-branch currents are estimated using the grid-side currents and the ideal switching
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states of the NPC inverter, see Equation (2). Lagrange extrapolation is used to advance the reference currents to the (k+ 1)
sampling moment.

NPC Rectifier .
L pr Ipi P
icy,
. = VCI
. ’.121' Izi 7
ic2)
T Ve2
_| N N
4

-
| - Emin @

Vde(k) Cost Fuction

i*g dgtkt1)

:
Extrapolation

Figure 5. Schematic representation MPC of PMSG side linked with NPC rectifier

NPC rectifier terminal voltage predictions are made using the voltage measurements of the DC-link capacitors and
the dq-frame switching signals, as in Equation (3).
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where ¢,T",,, and I', represent the DT matrices.

Figure 6 shows the schematic a3 frame MPC for the linked grid NPC inverter. Starting from measuring the feedback
signals grid currents and voltages i,, v¢, and capacitor voltage v.i. Afterward, the Synchronous Reference Frame Phase
Locked Loop (SRF-PLL) method yields the observed grid voltage angle 6,. So, abc- frame grid transformed into v,,
and ig 44. Then, af.r-axes currents derived from v}, and Qy loops were used to implement the MPC strategy with the
generator side. For enhancing the transient performance, a 1*" order extrapolation is used in Equation (2).

For a surface mount machine, Lg; and L, are the same. A similar model for the grid side three phase is accurate.
Similarly, the grid side discrete-time current representation is shown in Equation (2).

Sail (k>
Vag (k) cos @, (k)  sin6, (k)
=ve1 (k) [T%] Sit (k) (6)
Vg (k) —sinB, (k) cos 6, (k)
Seit (k)

where vy, (k) and v, (k) represent gid voltages, respectively on the dq-axes. Further, T, /qp represents abe to a8 frame
transformation matrix.

ipr NPC Rectifier
P T - - =
Ip | ipi o b Direction of Ig

vCl T Z-% ri,Li
2 : - " }; AN— T

Reference

1%
| : : Extrapolation P g.0p®) Currents
Estimator

.
_____ L £ S
: Veop®  igap® | Vo sie)
. Pl
P

: Predictive igepktl) e

" Module 7] gene
I b2 Cost Fuction
] 3
1 Ii*g,uﬁ(kﬂ)
|
|
|
|
|

Digital Control System for Grid side NPC Inverter

Figure 6. Schematic representation MPC linked with NPC inverter

For a prediction made one sample in advance, all of these objectives are contained in a quadratic cost function as
Equation (7):

G; (k) = A’iaé’ia (k) + )‘iBgiﬁ (k) + )“dc,igdmi (k) +lsw7igmi (k) (7

where A;, A;, Age s and Ag,,; represent the weighting factors for both the d and g axes.
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R =g = B8 21, Ao = 2 (8)

*
IBg Ve

To determine the best switching state combination that minimizes the cost function, expected iz, and i, are compared
to the current dq-axes reference. Throughout (k + 1) sample time, the NPC receives the specified switching states.

Figure 7 describes the MPC tracking for the reference. By measuring DC voltage, grid current, and voltage, then,
calculate currents in the dg-axes grid for the (k + 1)-state. In an iterative loop, the MPC predicts the grid currents and
output voltages of the NPC while also minimizing the cost function. Then, choosing an ideal vector and related switching
signals, which are subsequently applied straight to the NPC. Then, the extrapolated references are compared with the
expected variables at each cycle. During the subsequent sampling period, the switching state (out of 27) that minimizes the
cost function is selected and applied to the NPC inverter gating terminals.
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Figure 7. Proposed predictive control algorithm with delay compensation for NPC inverter

3. System constraints and parameters

There are several different wind turbine generator types with different power specifications. Using a passive generator
side machine, a low-power machine was selected for modelling and its parameters to be used are shown in Table 1.

Therefore, while simulating there will be a constraint on the input voltages not to exceed the rated value provided.
Additionally, by using 540 V DC voltage as the passive rectification output, thinking the operation is ideal.
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Table 1. Parameters of the proposed wind energy conversion system

Parameter Value
Py 3.6 MW
Os 152 kVAR
Vi (Stator phase r.m.s voltage) 1700 V
I; (Stator phase r.m.s current) 582 A
fs-os (Generator electrical stator frequency) 9.75Hz
T,» Rated Mechanical Torque (kN-m) 1283 kKN-m
Ry Stator Winding Resistance 38.5mQ
L4 d-axis Synchronous Inductance 9.75 mH
L, g-axis Synchronous Inductance 9.75 mH
Ts Sampling time 100 p
Ade,»y Weighting factor 0.1
Aswp Weighting factor 100
Aswi Weighting factor 100

4. MATLAB/SIMULINK model predictive control implementation

It is proposed to develop a Medium Voltage (MV) converter for power conversion systems based on Permanent
Magnet Synchronous Generators (PMSGs) for wind energy. This inverter is made up of a diode rectifier, a three-level
boost converter, and a Neutral-Point Clamp (NPC) inverter.

From Figure 8, it is seen how direct-driven PMSG-based WECS convert energy into power. To perform three steps of
AC/DC, DC/DC, and DC/AC, a diode rectifier, a Three Level Boost (TLB) converter, and an NPC inverter is utilized. Due
to the requirement for a diode rectifier in a WECS, only the generating mode can be used. As a result, the direction of
power flow is limited. Grid-tied NPC inverters have two DC-linked capacitors and the TLB’s output perfectly matches
them. NPC inverters are connected to MV grids via L filters. In comparison to two-level converters, the multilevel and
medium voltage operation of NPC improves the power quality and efficiency of the system.

Figure 8. Configuration of medium voltage PMSG-WECS based TLB-NPC converters
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In Figure 9, we show a simplified WECS that can be used for modeling the Three Level Boost converter.
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Figure 9. Simple power circuit for the TLB converter step of dc-dc conversion

The NPC inverter manages the dc-bus voltage and reactive power generation. To demonstrate the effectiveness of the
proposed power converters NPC, we present the following model in Figure 10.

[Putses_machine_con T
‘ -

+ +
._|_- A v 4
R 2 - E Capac B
B AMA—TIT- o B B B
s
c c -—\_.
RL @

K ‘ T
c PMSG [<Electromagnetic torque Te QTHm)> KaN [Tem]
Grid-side Machine-side
2 Converter Converter B2

Figure 10. Proposed model predictive control scheme NPC converter based PMSG-WECS

A power converter’s structure and control method are shown in Figures 8 and 9. In Table 1, the WECS values for 3
MW/3000 V/577 A are simulated in MATLAB/Simulink. We assumed that the PMSG used surface mount magnets and the
one-step prediction horizon was Ly = L.

It is estimated that the wind speed (3 p.u.) is 15 m/s when the generator is initially running at its rated speed. PMSG
stator voltage and current waveforms are distorted due to diode switching, and electromagnetic torque, T, is achieved by
three-phase currents in the generator that have harmonics. Boost converters maintain dc-link current and iz ¢ reference
values, while grid-side inverters regulate reactive power and net DC-bus voltage. With a Total Harmonic Distortion (THD)
of 2.76 percent, the phase angle between grid voltage and current is zero. The grid current, however, is 560 A. There are
2.91 MVARs of apparent power and 2.91 MWs of active power. There is a significant difference between the 3.6 MW
mechanical input power and the generator’s rated output. As a result of these operating conditions, NPC inverters have
a switching frequency of 900 Hz. Figure 11 shows simulated waveforms with various wind speeds and reactive power

references.
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Figure 11. Results of the simulation with a step change in wind speed, (a) PMSG speed, w,, (rad/s), (b) T, and its reference 7*, (MN-m), (c) line-line
voltage, V; 4 (kV), (d) Grid active power, P, (MW), (e) Grid reactive power, Q, and its reference 0* (MVAR), (f) Grid apparent power, S, (MVA)

At time ¢ = 0.5 s, the wind speed changes steadily from 15 m/s (1 p.u.) to 10.8 m/s (0.9 p.u.). After a short period of
transients, the generator speed, generator current, electromagnetic torque, and boost converter input voltage settle to a
new value. As a result of the generator speed variations, the MPPT algorithm created a new reference for the DC-link
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current. By following its reference, the controller acquired MPPT in situations of variable wind speed by making the
DC-link current follow its reference. When the wind speed is reduced, grid currents of 409 A with 3.61% THD change,
which affects active power supplied to the grid of 2.13 MW. As for NPC inverters, the switching frequency is 890 Hz. An
increase in grid current and reactive power waveforms is applied at = 0.7 s, going from 0 to —2.055 MVAR (—0.685 p.u.).
This shows that the grid current and reactive power waveforms respond satisfactorily to the transient condition.

5. Conclusions

The paper describes how to use the simulated technique (MPC) to regulate the entire wind energy system using NPCs
in a PMSG-based wind energy system. PMSG properties are measured using a suggested approach. The discrete-time
model of the system is used to develop two distinct control loops that minimize cost functions to produce the gating signals
to the NPC inverter. Multilevel generator-side converters are combined with passive generator-side converters in the
proposed configuration. As a result of the smaller number of active switches required than BTB-NPC converters, the total
cost and complexity of the control system are lower as well. With the recommended topology, there are fewer switching
states, meaning the computational cost is lower compared to BTB-NPC converters. As well as eliminating linear controllers
and modulation stages, the proposed MPC approach eliminates the need for linear controllers. Consequently, it produces
an excellent dynamic response. Furthermore, reactive power and voltage are regulated by the NPC inverter. There has
been a noticeable improvement in the quality of grid power. Having NPC inverters control independent of the grid has
significantly improved power quality. As a final result of the simulations, it is observed that the DC-link capacitor voltages
are perfectly balanced, irrespective of the reduction in NPC inverter switching frequency. Changing the weighting factor
from 0 to 5000 reduces the switching frequency of the NPC inverter from 1142 to 365 Hz and increases the grid current
THD from 2.63 to 4.82%. This design solely benefits grid current quality and DC-link capacitor voltage balancing by
reducing switching frequency and monitoring reference values.
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