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ABSTRACT

Offshore wind turbines require efficient and reliable power conversion systems. This project proposes

an Artificial Neural Network (ANN)-based neuro-adaptive controller for a 10 MW Permanent Magnet
Synchronous Generator (PMSG) using an integrated generator—rectifier system for maximum power
point tracking (MPPT). The proposed controller replaces conventional PI controllers with ANN-based
power and current controllers to improve dynamic response, tracking accuracy, and robustness against
parameter variations. The system is evaluated through simulation under different operating conditions,
including wind-speed variations, DC-bus voltage sag, and parameter mismatch. The results demonstrate
faster response, reduced tracking error, and improved control performance compared with conventional
PI control, while maintaining the same MPPT energy yield.

Keywords: Artificial neural network, integrated generator—rectifier, maximum power point tracking,
multiport PMSG, offshore wind energy, passive rectifier, power-flow control, Levenberg—Marquardt,

adaptive control.

1.INTRODUCTION
1.1 BACKGROUND
The global electricity sector is undergoing a

structural transition away from fossil generation
towards renewable resources, and wind energy
has become one of the principal pillars of this
transition. Among wind resources, offshore
wind is particularly attractive because sea winds
are stronger, steadier and less turbulent than
winds over land, and because offshore sites
remove most of the visual, acoustic and land-
use constraints that limit onshore development.
Installed offshore capacity has therefore grown
rapidly over the last decade [2]—[5].

To keep the levelized cost of electricity (LCOE)
of offshore wind competitive, manufacturers
have steadily increased the rating of individual
turbines. Commercial platforms now lie in the

10-15 MW class, with rotor diameters well

above 160 m [3], [6]—-[8], [30]. Larger turbines
reduce the number of foundations, cables and
maintenance visits per megawatt, but they place
severe demands on the -electromechanical
power conversion chain.

The generator and the power-electronic
converter must process many megawatts with
very high efficiency, high power density and
high reliability, because every hour of
downtime at sea is expensive and every
kilogram in the nacelle increases tower and
foundation cost [9], [13].

1.2 POWER CONVERSION
ARCHITECTURES FOR MULTI-
MEGAWATT WIND TURBINES

Modern variable-speed wind turbines decouple

the rotor speed from the grid frequency through
a power-electronic interface. In the dominant
"Type 4" (full-converter) arrangement, a

permanent magnet synchronous generator
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(PMSG) feeds a back-to-back converter that
processes the full turbine power [9], [13], [37].
The machine-side converter is usually a two-
level pulse-width modulated (PWM) voltage-
source converter (VSC) or a three-level neutral-
point-clamped (NPC) converter [14]-[16].

At multi-megawatt ratings these conventional
architectures face clear obstacles. Each switch
of a two-level VSC must withstand the full dc-
link voltage and the peak ac current, so devices
must be connected in series and/or in parallel,
which degrades reliability [13]. NPC converters
reduce the voltage stress per device but
distribute losses unevenly, which creates
thermal hot spots and early failures. Multiport
generators feeding several parallel converters
reduce the rating of each converter [17]-[19],
but every port still requires an active rectifier,
so the full turbine power is still processed by

switching devices. A comparison of these

approaches is sketched in Fig. 1.1.

Passive
rectifier

" | passive
rectifier
.

Active
rectifier

Vi Grid
interface

Integrated generator-rectifier system
Figure 1.1: Comparison of power-conversion
architectures for multi-megawatt PMSG wind
turbines

2.LITERATURE REVIEW
2.1 INTRODUCTION

This chapter reviews the literature relevant to
the thesis in five areas: generator and converter
topologies for large wind turbines, multiport
and  series-connected dc  architectures,
maximum power point tracking methods, vector
control of PMSG-based rectifiers, and
intelligent (ANN, fuzzy and hybrid) controllers

in power electronics. The chapter ends with a
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summary table and a statement of the research
gap addressed in this work.

2.2 GENERATOR AND CONVERTER
TOPOLOGIES FOR LARGE WIND
TURBINES

Polinder et al. [37] compared direct-drive and

geared generator concepts and showed that
direct-drive permanent-magnet generators offer
high efficiency and low maintenance, which
explains their popularity offshore. Chen,
Guerrero and Blaabjerg [12] and Blaabjerg,
Liserre and Ma [13] reviewed power electronics
for wind turbines and identified the full-scale
back-to-back the

solution for PMSG turbines, while noting that

converter as dominant
series/parallel connection of devices at multi-
megawatt power reduces reliability. Yaramasu
et al. [9] surveyed high-power wind energy
conversion systems and emphasised the trade-
off between switch ratings, switching losses and
power density. Wu et al [11] and Wu and
Narimani [27] provided comprehensive
treatments of high-power converters and drives,
including multipulse diode rectifiers with
phase-shifting transformers, the concept that
underlies the phase-shifted passive rectifiers of
the integrated system.

Three-level NPC converters were introduced by
Nabae, Takahashi and Akagi [16]. Their
neutral-point balancing problem was analysed
by Celanovic and Boroyevich [14], and
Yazdani and Iravani [15] applied an NPC
converter to a direct-drive variable-speed wind
unit. These works reduce the voltage stress per
device but do not reduce the total power
processed by active switches.

2.3 MULTIPORT GENERATORS AND
SERIES-CONNECTED DC
ARCHITECTURES

Birk and Andresen [17], [18] showed that

parallel-connected converters fed by a multiport

generator improve efficiency, reliability and

2 | Page



Journal of Science Engineering Technology and Management Science
Volume03,Issuel 1, November 2026

ISSN: 3049-0952
www.jsetms.com

grid harmonics in multi-megawatt turbines. Che
et al. [19] proposed a six-phase induction
generator system with series-connected dc
links, demonstrating that series stacking of
rectifier outputs can build a higher dc voltage
for collection grids. Meyer et al. [25] and
Robinson, Jovcic and Joos [26] studied dc
collection grids for offshore wind farms, which
provide the stiff dc interface assumed in this
thesis.

Huynh, Wang and Banerjee [20] proposed an
integrated PMSG-rectifier architecture for
limited-speed-range applications in which most

ports feed diode rectifiers and one port feeds an

capacitors, and port 3 feeds a three-phase two-
level IGBT active rectifier with a dc-side
capacitor C,. The dc outputs of the three
rectifiers are connected in series and connected
to a stiff dc interface of V4. = 5.7 kV. The stiff
interface represents either the intermediate dc
link of an ac collection system, regulated by a
grid-side converter, or a medium-voltage dc
collection grid regulated at the substation [1],

[25], [26].

Passive rectifier 1
(6-pulse diode)

3o ay

Passive rectifier k-1

Stiff de
interface

(6-pulse diode)

Variable-
speed wind
turbine

Multiport
PMSG
(k ports)

active rectifier. Huynh and Banerjee [21] then 2

EVD (grid-side
converter /
MVDC grid)

introduced active compensation of the dc-

voltage ripple produced by the diode rectifiers.
Finally, the base paper of this thesis [1]
established that the active-rectifier d-axis
current controls the total dc-bus power, derived
the analytical relation between them, proposed
a cascaded PI controller and demonstrated
MPPT in simulation and on a three-port
laboratory prototype. In that work the PI gains
are fixed, and the robustness of the power loop
to generator parameter variations is not studied

in detail.

3.MODELLING OF THE
INTEGRATED
GENERATOR-
RECTIFIER WIND
ENERGY SYSTEM

3.1 SYSTEM DESCRIPTION
The system studied in this thesis is shown in

Fig. 3.1. A variable-speed wind turbine shares a
common shaft with a multiport PMSG having k
= 3 three-phase ac ports. Ports 1 and 2 feed six-
pulse diode bridges without output filter

Active rectifier
(2-level IGBT VSC)

Figure 3.1: Integrated generator—rectifier wind
energy conversion system (k-port PMSG, k—1
passive rectifiers and one active rectifier in
series)

The subsystems are modelled in the following

sections: turbine aerodynamics, drive train,
generator ports, passive rectifiers, active
rectifier and the dc-side power-flow relation.

3.2 WIND TURBINE AERODYNAMIC
MODEL
The mechanical power extracted from the wind

by a turbine of blade radius R is [29], [48]

Pn="%
p R Cy(d, B) v’ (3.1
where p is the air density, vy the wind speed,

the pitch angle and C, the power coefficient. C,
depends on the tip-speed ratio

A
=omR/vy 3.2)

where o, is the rotor mechanical speed. In this
work the widely used empirical model of Heier
[48], [49] is adopted with B = 0 (pitch control is

inactive below rated wind speed):
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Cp(A) = 0.5176 (116/Ai — 5) 24 +0.0068 A,
1/hi = 1/A—0.035 (3.3)
The resulting characteristic is shown in Fig. 3.2.

The maximum Cpmx = 0.480 occurs at the

optimum tip-speed ratio Ao = 8.10.

=
n

opr = 8.10, Cp mav = 0.480

Power coefficient Cp,
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=
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Figure 3.2: Power coefficient versus tip-speed
ratio of the turbine model
The rotor diameter is 164 m (R = 82 m) and the

air density 1.15 kg/m?, as in the base paper [1].
With these values, (3.1) gives 10.07 MW at the
rated wind speed of 12 m/s, which matches the
10 MW rating. Fig. 3.3 shows the mechanical
power versus rotor speed for several wind
speeds. Connecting the peaks gives the
maximum-power curve

P* = Kopt Onm’,
Kopt = %2 p T R Cpmax / Aopt” (3.4)
which, for the present turbine, gives Kop = 6.05

x 10° W-s*/rad’. The reference is limited to 10
MW above rated speed, so the rated rotor speed

1S Omrated = 1.182 rad/s.
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Figure 3.3: Mechanical power curves of the
10 MW turbine and the maximum-power
(MPPT) curve

3.9 SYSTEM PARAMETERS
The parameters used throughout the thesis are

listed in Table 3.1.

Table 3.1: System parameters used in

simulation
Parameter Symbol Value
Rated power Prated 10 MW
Rotor diameter /
blade radius D/R 164 m/ 82 m
Air density P 1.15 kg/m’
Optimum tip-speed
i | Pvarets ) iy 8.10/0.480
Rated wind speed Viated 12 mv/s
Rated rotor speed Do rated 1.182 rad/s
Inertia (scaled, as in
¢ ] 28.7 x 10° kg'm’
E5))
Number of ac ports k 3 (2 passive, 1 active)
Pole pairs P 106
Rated frequency /
peak EMF fo/ Eo 20Hz/ 1.1 kV
Port resistance / R/L 12 mQ/ 0.47 mH
inductance
Phase S}.“ﬂ between — /6 rad (electrical)
passive ports
DC interface voltage Ve 5.7kV
Actlvc—rcc_tlﬁcr dc c, 20 mF
capacitor
Carrier frcqucr?cy/ £,/ T, 2 KHz/ 250 ps
control sampling
Power—loopv/ MPPT ), 1 ms
sampling
Integration step At 50 us

4.CONVENTIONAL
CASCADED PI
CONTROL (BASE
PAPER)

4.1 CONTROL OBJECTIVES
The control system of the integrated generator—

rectifier has three objectives [1]:

to track the maximum power point of the
turbine by forcing the dc-bus power to follow
the MPPT reference;

to regulate the active-rectifier d-axis current,
which governs the power flow (3.13);

to keep the g-axis current at zero so that the
active rectifier operates at unity power factor.
Because the passive rectifiers are uncontrolled,
all three objectives must be achieved through
the voltage references of the single active
rectifier. The base paper realises this with the
cascaded architecture of Fig. 4.1: an MPPT

block, an outer power PI regulator and inner dq
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Figure 4.1: Cascaded PI control structure of
the base paper applied to the active rectifier
4.2 MPPT ALGORITHM
The MPPT block implements the optimal-

power-curve method [10], [24]. The measured
rotor speed is mapped to the power reference
P4 = min(Kop®m>, Praea) of (3.4). When the
turbine runs below its optimal speed, the
mechanical power exceeds the electrical power
drawn, the rotor accelerates, and the reference
rises; above the optimal speed the opposite
occurs. The operating point therefore converges
to the intersection of the MPPT curve with the
mechanical power curve of the prevailing wind
speed (Fig. 3.3). The method needs no
anemometer, but its speed of convergence is set
by the turbine inertia. The MPPT block is
identical for the PI and ANN controllers so that
the comparison isolates the effect of the power
and current regulators. Table 4.1: Gains of the

benchmark PI controllers

Gain Symbol Valu
Current-loop
proportional gain Ky 0.295*
Current-loop integral
gain P & K 30.2 V/(
Current-loop
c 2 1

bandwidth e 7 < 100
Power-loop

K )
proportional gain PP 2.56 < 10
Power-loop integral B
gain P & Kip 1.29 x 102
Power-loop design o e o]
crossover P
d-axis current limit L max 33k

4.5 FREQUENCY-RESPONSE

VERIFICATION

The open-loop frequency responses of both

loops, including the 1.5-sample modulation and

computation delay of the current loop and the
dc-side and sampling lags of the power loop, are
shown in Fig. 4.2. The current loop crosses over
at 100 Hz with a phase margin of 70°, and the
power loop crosses over at 8.1 Hz with a phase
margin of 81°. Both loops are therefore well
damped at the rated operating point, and the
frequency separation of more than one decade

justifies the cascaded design.

f-=100 Hz, PM=70

Magnitude [dB]

N .—————__________hﬁﬁﬁ
—— current loop Li(s)

—404
—— power loop Ly(s)

-60 T T T T

=100+

—200 4

Phase [deg]

=300 4

—400

T T r T
10° 10 10° 107
Frequency [Hz]

Figure 4.2: Open-loop frequency responses of
the PI current loop and power loop at rated
operating point

5.PROPOSED ANN-BASED

CONTROLLER

5.1 FUNDAMENTALS OF ARTIFICIAL
NEURAL NETWORKS
An artificial neural network is a parallel

structure of simple processing units (neurons)
connected by weighted links [43]. Each neuron
(Fig. 5.1) forms a weighted sum of its inputs
plus a bias and passes it through an activation
function:

y=
¢(Zi wi x; + b) 5.1
In a multilayer perceptron (MLP), neurons are
arranged in an input layer, one or more hidden
layers and an output layer. With a nonlinear
activation such as the hyperbolic tangent in the
hidden layers and linear output neurons, an
MLP can approximate any continuous function
on a compact set to arbitrary accuracy [36]. This

property makes MLPs suitable for representing
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the nonlinear inverse of the power-flow relation
(3.13) and the inverse dq dynamics of the active

rectifier.

J= W:EW! xi+h)

i o)
tanh

tanh

@ bias b

Figure 5.1: Model of an artificial neuron with
tanh activation

5.2 RATIONALE FOR THE PROPOSED
ANN CONTROLLER
Several ANN control structures are possible: an

ANN trained to imitate an existing PI controller,
a direct inverse controller, an indirect (model-
based) controller or a reinforcement-learning
controller [39], [38]. Imitating the PI would
inherit its bandwidth limits. The present design
instead exploits the fact that the plant equations
(3.8),(3.9) and (3.13) are known well enough to
generate training data, while their parameters
are uncertain. The proposed controller therefore
combines:

* offline-trained inverse models that compute,
in one step, the control input needed to produce
the desired output over the whole operating
envelope; and

* on-line Lyapunov-based adaptation of the
output layer, driven by the error between the
plant and a reference model, which corrects for
parameter mismatch and removes steady-state
error [40], [41].

This neuro-adaptive structure replaces both PI
regulators of the cascade. The MPPT block is

unchanged.

5.3 OVERALL STRUCTURE OF THE
ANN CONTROL SYSTEM
The proposed control system is shown in Fig.

5.2. The power-loop ANN (ANN-P) receives
the MPPT power reference, the electrical speed
and the measured dc-bus voltage and outputs
the d-axis current reference. The current-loop
ANN (ANN-C) receives the dq current
references and measurements and the electrical
speed, and outputs both dq voltage references.
Both networks have adaptive output layers. The
voltage references pass through the usual
dg—abc transformation and space-vector
modulation.

Proposed ANN-based cascaded control

Iy
P Power ANN ’
P-TZ’T@} 310101
o (inverse model)
Current ANN

T 51222
Wy (inverse dynamics,

T =0.8ms)
Online adaptation + online
(ref. model, y,) I,=0 adaptation

Pye, we, Ve

Active
Tectifier

Isg, Isq, we

Figure 5.2: Proposed ANN-based cascaded
control of the active rectifier
The design procedure followed for both

networks is summarised in Fig. 5.3.

6.SIMULATION

RESULTS AND

COMPARATIVE
ANALYSIS

6.1 SIMULATION PLATFORM AND
SCENARIOS
The system model of Chapter 3 and both

controllers were implemented as a discrete-time
average-value simulation in Python
(NumPy/SciPy) with a fixed integration step of
50 ps. The controllers run at their own sampling
rates: the current loop at 4 kHz with a one-
sample  computation delay, and the

power/MPPT loop at 1 kHz. The structure of the
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simulation is shown in Fig. 6.1. Each block
corresponds one-to-one to a
MATLAB/Simulink average-value
implementation, so the model can be transferred
directly to that environment. Switching-ripple
effects of the active rectifier and the six-pulse
ripple of the diode bridges are not represented,
because the passive-rectifier ripple is already
minimised by phase shifting (Section 3.5) and

the study concentrates on controller dynamics.

—
Wind profile
Valt)
(step / turbulent)
| —

2  passive rectifier
(V X; model)

Turbine aero
Gyl +
shaft Juw

———

3port PMSG
(back-EMF E(uw),
L, Rper port)

Active rectifier
(avg. VSC + C,)

IolgunPe Vi

Controller under test: PI cascade | ANN cascade
(4 leHz current loop, 1 kHz power/MPPT loop)

Figure 6.1: Structure of the simulation model
used for PI and ANN evaluation
The two controllers were compared over the six

scenarios of Table 6.1. Identical plant models,
MPPT blocks, limits and sampling rates were
used for both, so that differences in the results
are due only to the power and current regulators.

Table 6.1: Simulation scenarios

No. Scenario Description

Speed fixed at 1.182

s1 Power steps, rated  |rad/s; P g: 2 — 6 — 10

speed — 4 MW at 0.3, 0.8,
13s
Speed fixed at 70 % of
S2 Power steps, low speed| rated; P*y.: 1 — 2.5 —

34— 1.5MW

As S1 (peak 9 MW)
with E, —8 %, L+40 %,
R +50 % in the plant,
controllers unchanged

S3 Parameter mismatch

P‘dc =8 MW; V,, ramps
5.7 — 5.415kV (-5 %)
in 20 ms at 0.3 s and
recovers at 0.8 s

S4 DC-bus voltage sag

Turbine starts at 55 %
rated speed; wind 12 —
S5 MPPT, step wind 10 > 11 m/sat5.5s
and 10.5 s (base-paper

case)

40 s of turbulent wind
(mean 10 m/s, 12 %
turbulence intensity plus
slow gust)

S6 MPPT, turbulent wind

Performance is quantified by the 10-90 % rise
time t;, the percentage overshoot M,, the 2 %
settling time t, the steady-state error e, the
integral of absolute error IAE = [|[P*s — Py/dt
and the integral of time-weighted absolute error
ITAE = [t[P*4 — Pqc/dt. For MPPT, the energy
delivered to the dc bus, the ratio to the
maximum available energy and the RMS
power-tracking error are used.

6.2 VALIDATION OF THE SIMULATION
MODEL
Before comparing controllers, the model was

checked against the analytical relation (3.13).
For each of the three electrical speeds 38n, 40n
and 427 rad/s used in the base paper, eight
power references were applied and the steady-
state values of Iy and Py were recorded with
both controllers. Fig. 6.2 shows that all
simulated points lie on the analytical curves; the
largest deviation is below 0.002 %. This
confirms that the dynamic model is consistent
with the base-paper analysis and that both

controllers drive the system to the same steady

states.
144
eq.(6),38urads O simulation (PI)
— eq.(6),40nrads @ simulation (ANN)

121 — eq. (6), 420 rad/s
101

S

<6
44
2 4

500 1000 1500 2000 2500 3000
I [A]

Figure 6.2: Validation of the simulation
model: steady-state points (markers) against
(3.13) (lines)

6.3 SCENARIO S1: POWER-
REFERENCE STEPS AT RATED SPEED
Fig. 6.3 shows the dc-bus power for the

sequence of reference steps at rated speed, and

Fig. 6.4 expands each step. The PI controller
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follows the reference smoothly without
overshoot but slowly, with rise times of 38—43
ms and settling times of 73—82 ms. The ANN
controller reaches the new power level within
5-7 ms and settles within 10-26 ms, because
ANN-P computes the required current directly
from the learned inverse model instead of

accumulating it through an integrator.

10 === reference
— PT(hase paper)
— ANN (proposed)

Pge [MW]

Time [s]

Figure 6.3: Scenario S1: dc-bus power

response to reference steps at rated speed

(a)2-6MW

(b) 6 =10 MW

24 — ANN

€104 M

T T T T T T T T T T
0 50 100 150 0 50 100 150 0 50
Time [ms] Time [ms]

Figure 6.4: Scenario S1: expanded view of the
three power steps
The zoomed traces reveal a feature that

deserves attention: immediately after a large
upward step, the ANN response first dips (to 5.5
MW for the 6 — 10 MW step) before rising, and
after the downward step it briefly rises to 10.3
MW. This is a non-minimum-phase effect of the
integrated topology. A fast increase of Iy
requires a sharp reduction of V4 to drive current
into the port inductance, which momentarily
reduces the active-rectifier power P,, discharges
C, and lowers V, and hence l4¢ (3.12). The

slower PI controller excites this effect much

Time [ms]

less (minimum 5.98 MW). The transient lasts
about 3 ms and does not affect the settling
behaviour, but it should be considered when the
controller is applied to a real converter, for
example by rate-limiting large reference
changes.

The d- and g-axis currents are shown in Fig. 6.5.
Both controllers track the current references,
but ANN-C tracks with a much smaller error
(steady RMS d-axis tracking error below 0.001
A, compared with 0.03—0.05 A for the PI). The
g-axis current, which should remain at zero,
shows short spikes at each step. These are larger
with the ANN (peaks of 32-59 A) than with the
PI (4-6 A) because the faster d-axis response
excites the cross-coupling more strongly; they
decay within a few milliseconds and remain
below 2.5 % of the rated d-axis current. Fig. 6.6
shows that the active and passive rectifier
voltages move in opposite directions as the

power changes, while their sum remains equal

to the constant 5.7 kV bus.

— I4Pl  — I ANN

25001 ¥ .
—_— eones I;n P[ o 1‘"ANh

2000 4

1500 1

% 1000 (

500 4

d-axis current [A

=
L—

|
[
=

1
E
=

q-axis current [A]

S
— I, ANN

!
=)
=

T T T T T T T

0.2 04 0.6 0.8 1.0 1.2 14 1.6
Time [s]

Figure 6.5: Scenario S1: active-rectifier d-axis
and g-axis currents
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6.
——— Vi (PD) — V, [ANN)
Vae= 57KV == Vo=Xilac (P} == V,=X;lic (ANN)
5.
]
PR
2 hemea- ,
g ______________ o
°
> 31
[  —
2.

Time [s]

Figure 6.6: Scenario S1: active-rectifier
voltage V, and passive-rectifier output voltage
The quantitative results are given in Table 6.2.

Step Controller t, ms] ML | & ms] | e[ it HAE}
[MV¥s] | VW]

1-25MW " §3 0 [ 13| 0| 00 | et
[-25MW AW § 0| 103 [ 0 | oms | ozt
25 MW il £ 0 [ 183 | 0 | 006 |t
25-4MW AN 4 0|9 [ 0| 06 | opar
3o 15N " 28 0| 1305 | 000 | 0074 | 60
3o 15MW AN 48 0 | 9 | 0| ooms | g2

Table 6.2: Scenario S1 — power-step
performance at rated speed

6.4 SCENARIO S2: POWER STEPS AT
LOW GENERATOR SPEED
At 70 % speed the slope of (3.13) is lower than

at the rated point, so the loop gain of the fixed-
gain power PI falls. Fig. 6.7 and Table 6.3 show
that the PI rise time doubles to about 83—85 ms
and the settling time increases to 150—155 ms.
The ANN controller is essentially unaffected,
because the speed is an input to ANN-P and the
learned inverse automatically supplies the
correct current: rise times remain at 4.7-5.0 ms
and settling times at 9—10 ms. The IAE of the
ANN is about one tenth of that of the PI. This
scenario demonstrates the main structural
advantage of the ANN: operating-point-

independent dynamics.

Generator speed = 70 % of rated

354 --- reference
' —— PI (base paper)
3.0 ( ~—— ANN (proposed)
3,
E 2.5
& 204
1.51
1.0

02 04 06 08 10 12 14 16 18
Time [s]
Figure 6.7: Scenario S2: dc-bus power
response at 70 % of rated speed
Table 6.3: Scenario S2 — power-step
performance at 70 % of rated speed

Ste Controller fmg (0 |t los] | e %] 5 |
P 4 Mv LR w110 IMWSI IMW‘SZI
[=25MV il §3 0 [ B30 | 008 |30
S | AW § D0 | 0| 0w |3t
15-34MW il £33 0 [I53 0 | 008 | aar?
15-34MW AW 4 |9 0| 0mg | oot
4= 15NV il §18 0| 1505 | 0000 | 00754 |0
A= 15MV AW 48 0 | 9 | 0|0 | gt
RMS
Max. power-
. Energy to dc bus . Capture .
Scenario Controller (kWi a\[/;::l;}l:]le vatio [%] tr::rl::g
(kW]
S5 step wind Pl 27239 8077 | 8235 | 14
S5 step wind ANN 27.04 3077 | 8231 | 49
§5'step wind + Pl 264 2077 | 8055 | 198
mismatch
ey ANN 26629 2077 | w051 | 103
mismatch
96 turbulent wind Pl 41,907 45882 | 0134 | 85
$6 turbulent wind ANN 41898 45882 | 9132 | 26

Table 6.6: Scenarios S5 and S6 — MPPT
energy capture and tracking accuracy

6.9 COMPARATIVE ANALYSIS OF PI
AND ANN CONTROLLERS
The rise and settling times of all step tests are

compared in Fig. 6.18, and the IAE values in
Fig. 6.19. The ANN gives the shortest rise and

settling times and the lowest IAE in every case.
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Figure 6.18: Comparison of rise time and
settling time for PI and ANN in scenarios S1—
S3
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Figure 6.19: Comparison of IAE for PI and
ANN in scenarios S1-S3
The overall comparison is given in Table 6.7.

Averaged over the three steps of each scenario,
the ANN reduces the rise time by 85 % at rated
speed, 94 % at low speed and 74 % with
parameter mismatch; the settling time by 77 %,
94 % and 63 %; and the IAE by 76 %, 90 % and
67 %, respectively.

Table 6.7: Overall comparison of Pl and ANN

controllers
I
Performance index PI (base paper) ANN (proposed) mp:ztvem
- o
Mean rise time, S1 40 58 85 %
[ms] faster
Mean settling time, 77 %
S1 [ms] s 70 faster
Mean IAE, S1 76 %
? . .02
[MW:-s] 0.095 0.023 lower
Maximum overshoot,
S1 [%] 0 2.9 PI better
ise i o,
Mean rise time, S2 83.8 4.8 94 %
low speed [ms] faster
Mean settling time, 94 %
152.4 9.5
S2 [ms] faster
ise i o,
Mean rise time, S3 50 12.9 74 %
mismatch [ms] faster
Mean settling time, 63 %
S3 [ms] % i faster
Mean IAE, S3 67 %
[MW:-s] 0.108 0.035 lower
o
Recovery after V. 501 40.8 31 %
sag, S4 [ms] faster
Peak g-axis current
inS1 [A] 6.4 58.8 PI better
Steady-state error
= = 1
(all cases) © v equa
RMS MPPT tracking 14 4.9 65 %
error, S5 [kW] ) lower
RMS MPPT tracking 8.5 26 69 %
error, S6 [kW] ) ) lower
MPPT energy equal (<
82.35/91.34 82.31/91.32
capture, S5/ S6 [%] 0.06 %)
Dependence on P nealigible ANN
operating point = e better
Use of plant . ANN
none learned inverse model
knowledge better
Design / tuning effort low moder_at_e i, PI better
training)
. low (= 260
Computational load very low Cleyele) PI better

7.1 CONCLUSION

This thesis extended the integrated generator—
rectifier wind energy system of Huynh, Tungare
and Banerjee [1] by replacing the cascaded PI
power and current regulators of the active
rectifier with an ANN-based neuro-adaptive
controller, and evaluated the extension entirely
through simulation. The main conclusions are:
An average-value model of the 10 MW system
with a three-port PMSG, two phase-shifted
passive rectifiers and one active rectifier was
developed. Its steady state agrees with the
analytical power-flow relation of the base paper
to better than 0.002 %, confirming that the d-
axis current of a single active rectifier controls
the total power of the system.

The PI benchmark, tuned by internal model
control with 100 Hz current-loop and 8 Hz
power-loop crossover frequencies, provides
stable, overshoot-free power tracking with rise

times of about 40 ms at rated speed, increasing
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to about 84 ms at 70 % speed because of the
speed-dependent plant gain.

Two compact MLPs (3-10-10-1 for the power
loop and 5-12-2 for the current loop) trained
with the Levenberg—Marquardt algorithm
reproduce the inverse power-flow relation and
the inverse dq dynamics with test correlation
coefficients above 0.9999997 and errors below
0.15 % of range.

With reference-model-based on-line adaptation
of the output layers, the ANN controller reduces
the mean rise time by 85 %, the settling time by
77 % and the IAE by 76 % at rated speed. At
low speed the reductions grow to about 94 %,
94 % and 90 %, showing that the ANN removes
the operating-point dependence of the PI.
Under an 8 % reduction of the EMF constant, a
40 % increase of inductance and a 50 % increase
of resistance, both controllers retain zero
steady-state error, and the ANN still settles
about 2.7 times faster than the PI with 63—-70 %
lower IAE.

During MPPT, the ANN reduces the RMS
power-tracking error by 65-69 % under both
step and turbulent wind. However, the energy
delivered to the dc bus is the same for both
controllers to within 0.06 %, because energy
capture is governed by the slow rotor dynamics.
The ANN produces a brief non-minimum-phase
dip of the dc-bus power after large upward steps
and larger transient q-axis currents (up to about
2.3 % of rated current), which are the costs of
its faster response.

Overall, the proposed ANN controller makes
the power-flow control of the integrated
generator—rectifier system substantially faster,
more accurate and less dependent on the
operating point, while keeping the MPPT
energy yield unchanged. These properties are
valuable for offshore wind turbines connected

to dc collection grids, where fast and well-

damped power control supports grid stability

and reduces drive-train stress.

7.2 FUTURE SCOPE

The work can be extended in several directions:
Switched-model and Simulink validation.
The controllers should be evaluated with a
detailed switching model of the active rectifier
and diode bridges in MATLAB/Simulink or
PLECS, including ripple, dead time and
measurement noise.

Hardware-in-the-loop and experimental
verification. Implementing ANN-P and ANN-
C on a DSP or FPGA and testing them on a
scaled multiport-generator prototype, similar to
that of [1], would confirm the real-time
feasibility.

Mitigation of the non-minimum-phase
transient. Rate limiting of the d-axis reference,
a feed-forward of the dc-link capacitor energy,
or model predictive control could reduce the
power dip after large steps.

Learning-based MPPT layer. Since energy
capture is limited by the MPPT layer,
combining the ANN power loop with an
intelligent MPPT algorithm or wind-speed
estimator [50]-[52] could improve energy yield
under turbulent wind.
Reinforcement-learning control. Training the
controller directly on the closed-loop cost with
adaptive dynamic programming [38] could
jointly optimise speed of response and q-axis
coupling.

Fault ride-through and grid interaction. The
behaviour of the ANN-controlled system during
dc-grid faults, generator port faults and passive-
rectifier failures should be investigated.
Above-rated operation. Coordination with
pitch control above rated wind speed and with
active ripple compensation [21] remains to be

studied.
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