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Research on wind energy conversion systems (WECS) has been steadily expanding, driven by
the global push to achieve net-zero carbon emissions. Enhancing the efficiency of wind turbines
remains a critical focus, despite the theoretical limitation of 59.3 % for extracting the maximum
power from the wind. Beyond this constraint, turbines encounter challenges such as varying wind
conditions, mechanical losses, and inefficiencies during energy conversion stages. One effective
way to improving turbine efficiency is the use of advanced generator control systems that maximize
power conversion while managing these dynamic factors. However, using a physical wind turbine
for research can be impractical due to high costs and space limitations, making laboratory-based
WECS emulators a more viable alternative.

This thesis focuses on the design and modelling of a WECS emulator in MATLAB Simulink,
implementing a suitable control mechanism for the generator, and analysing the system'’s perfor-
mance under desired dynamic conditions in a software-based environment. The emulator avail-
able at Tampere University represents a small-scale type 4 wind turbine, and this study is tailored
to the specifications of this emulator. The modelling process involves appropriately scaling the
wind turbine emulator and developing models for the generator and its converter. The generator’s
machine-side converter control operations are designed to manage maximum power point track-
ing (MPPT) using the optimum tip speed ratio control algorithm, in conjunction with the maximum
torque per ampere (MTPA) control mechanism. The MPPT mechanism is chosen to accommo-
date the lower inertia of the emulated wind turbine, compared to conventional large-scale wind
turbines. The MTPA implementation offers the advantage of controlling electromagnetic torque
using the minimum required stator currents, since the generator used in this setup is an interior
permanent magnet synchronous machine.

By utilizing small-signal stability analysis, the study demonstrates the process used to design
and analyse the speed and current controllers for the generator control operations. This anal-
ysis identifies the open-loop transfer functions for the linearized system to achieve the desired
system dynamics. Linearisation is performed using the Taylor's approximation method, while the
controllers are tuned using the loop-shaping technique, guided by Bode plots.

The software simulation presents the performance of the system, incorporating the designed
controllers, under varying wind speed conditions. The control system has proven effective, suc-
cessfully maintaining system stability for both increasing and decreasing wind speeds. The re-
sults also confirm that the MPPT and MTPA techniques function as intended, validating that the
software-based implementation can be applied to the physical system.

Keywords: dynamic analysis, maximum power point tracking, maximum torque per ampere, state-
space modelling, wind energy conversion system, wind turbine emulator
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1. INTRODUCTION

1.1 Background information

Since the signing of the Paris Agreement by 194 states and the European Union in 2016,
decarbonization has become a crucial and often debated topic aimed at reducing green-
house gas emissions [1]. This initiative has spurred technological advancements in alter-
native electricity production solutions, replacing nonrenewable energy sources such as
fossil fuels, with renewable energy sources. The demand for clean energy in electricity
production is critical, as this sector is a leading global source of carbon emissions. Each
country has set its own targets to support the Paris Agreement and its objectives. For
instance, Finland has committed to achieving carbon neutrality by 2035, while most Eu-
ropean Union countries aim for zero-carbon emissions by 2050 [2]. Consequently, the
growing focus on electrification and these ambitious targets have heightened the demand
for electricity production with a low carbon footprint.

Among the three main scalable renewable energy sources — wind power, solar power,
and biomass — electricity production using wind energy shows the greatest potential.
This is primarily due to the lower carbon footprint and the faster recovery of the cost
incurred at the wind turbine production and installation stages [3]. As a result of these
advantages, wind power generation has grown substantially over the past decade. As
illustrated in Figure it is evident that the production of electricity using wind energy
has risen globally, within Europe, and specifically in Finland as well. Table further
demonstrates the installed wind turbine capacity during the past decade in these regions,
highlighting Finland’s significant commitment to installing new wind turbines in pursuit of
its carbon neutrality goal.

Table 1.1. Comparison of installed wind turbine capacity (MW) [4]

Installed wind turbine capacity (MW) Growth rate Share
Year 2013 2018 2023 2013-2023 2023
World 300 564 1,020 13% 100%
Europe 121 189 269 8% 26%
Finland 0.447 2.04 6.96 32% 1%
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Figure 1.1. Share of electricity generated by wind power [3]
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Figure 1.2. Physical wind turbine system

With the growing demand for wind turbines to produce electricity as a replacement for
fossil fuels and surpassing other renewable energy generation sources, constant devel-
opment of available wind turbines is necessary. However, conducting research and testing
on physical wind turbine systems is highly impractical. Nevertheless, constructing a phys-
ical wind turbine solely for research purposes is prohibitively expensive, requires a large
land area, and is subjective to intermittent wind flows [5]. These complications can be
mitigated by using a wind energy conversion system (WECS) emulator.

A WECS emulator is a test setup designed to mimic both the static and dynamic patterns
of wind and internal variations, independent of the actual wind as the primary energy
source and the physical wind turbine. Commercial wind turbines consist of three main
sub-systems, namely the aerodynamic system, the mechanical system, and the electrical
system, as shown in Figure [1.2)[6].

Consequently, a WECS emulator incorporates three sub-systems to represent the energy
conversion process among them. These sub-systems typically include a wind turbine
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emulator, an electrical generation system, and a load emulator [7]. The architecture of a
typical WECS emulator is depicted in Figure [1.3]

The wind turbine emulator, consisting of a permanent magnet synchronous motor (PMSM)
and its variable frequency drive, replicates the mechanical torque generated by wind tur-
bine blades on the turbine shaft, where the PMSM acts as the prime mover. The me-
chanical coupling between the prime mover and the generator can be direct or through a
gearbox, as depicted in Figure [1.3] However, modern wind turbines increasingly favour
direct-driven configurations without a gearbox [8]. This mechanical coupling is monitored
via a torque meter, which is used to measure the mechanical torque present in the shaft
coupling.

Contemporary wind turbines typically use a permanent magnet synchronous generator
(PMSG). This choice is preferred due to its high power density, improved efficiency, self-
excitation capability, ease of control and enhanced reliability, especially when used with
a gearless configuration [9], [10]. Within this basic configuration of the WECS emulator,
the generator and grid connections are decoupled using full-scale converters, as shown
in Figures and Decoupling optimizes the energy harvested from the wind, en-
hancing power quality while reducing the mechanical stress on the wind turbine [10].

The full-scale converter configuration incorporates a machine-side converter (MSC) and
a grid-side converter (GSC). The electrical generation system includes the generator and
the generator MSC. Considering a grid-following control mechanism, the MSC is dedi-
cated to control the generator. This involves the maximum power-point tracking (MPPT)
operation and controlling the generator stator currents eventually manipulating the elec-
tromagnetic torque of the generator to retain at an optimum value, for varying wind speed
conditions. On the other hand, the GSC controls the DC-link voltage and implements the
control mechanism for a suitable integration with the grid complying with the grid codes.
The tasks associated with the GSC thereby gives a unique purpose as the load emulator.



The core operations of a wind turbine depend on the control capability of full-scale con-
verters at the generator side, crucially determining the effectiveness of power extrac-
tion under real-time dynamic conditions. Therefore, utilizing a WECS emulator offers a
broader research environment for implementing various control schemes and allows for
testing different power converter topologies.

1.2 Scope and objectives

Tampere University has a WECS emulator that is capable of mimicking a small-scale wind
turbine. This emulator is direct-driven and supports bidirectional power flow through the
full-scale converters. The system incorporates two back-to-back connected permanent
magnet synchronous machines, with one serving as a generator and the other as a prime
mover. Modelling the system with respect to the converter present at the load emulator
and the implementation of its controls have been completed in [11].

The goal of this thesis is to develop a control strategy for the generator MSC and proceed
towards implementing it on the physical emulator. The following research questions have
been addressed within this thesis:

1. What are the suitable steps to be considered when modelling the system?

2. What method would be the most effective method to extract the maximum power
from wind?

3. What is the most suitable generator control strategy for the existing test setup?

System modelling and controls implemented in [11] signify that the WECS emulator is
performing in the grid-following control method. Since this thesis work is an extension to
the prior work completed, the same grid-following control mechanism has been consid-
ered. Thereby, the main tasks in the generator MSC is to deal with the maximum power
extraction and producing the reference torque to guide the generator to effectively per-
form the MPPT functions. Nevertheless, the emulator should be modelled to embrace
dynamic impacts from the wind.

Commercial wind turbines make use of a variety of MPPT algorithms coupled with dif-
ferent generator control schemes. Thereby, the most suitable MPPT algorithm paired
with the most compatible generator control technique for the WECS emulator stated,
needs to be incorporated within this control design. This thesis addresses the noted
research questions while presenting the solutions through a simulation based approach
using MATLAB/Simulink.



1.3 Thesis outline

The thesis is outlined as follows. Chapter 2 presents a background study focusing on the
theoretical concepts useful for the implemented methodology within the thesis. Following
up, Chapter 3 concentrates on the approach taken for the implementation employed to
achieve the stated objectives within the defined scope. This chapter is also equipped
with the simulation results and the analysis of the results obtained. Finally, Chapter 4
assesses the entire study, proposing pertinent enhancements to the system and outlining
potential avenues for future research related to the WECS emulator.



2. THEORETICAL BACKGROUND

2.1 Basics of wind turbines

Solar radiation serves as the primary energy source driving wind formation. It causes
uneven heating of the Earth’s surface, creating temperature and pressure differences.
Consequently, air flows from high-pressure to low-pressure areas, forming wind patterns.
Additionally, the Earth’s rotation affects wind direction, a phenomenon known as the ‘Cori-
olis effect’ [12]. Energy present in wind depends on various factors, but primarily could
be quantified based on the speed, mass and the amount of the air particles flowing per-
pendicular through the desired area. Thereby, this flow rate signifies the kinetic power
accumulated in the wind P,,, which can be expressed as

1
P, = §p7TR2U3V (2.1)
where p, R and v,, represent the standard density of air at sea level when the ambient
temperature is 15 °C which is 1.225 kgm 3, the radius of the desired area and the wind

speed, respectively.

In the context of wind turbines, an air flow across a wind turbine blade imparts a resultant
lift force on the blade, thus creating a driving torque on the wind turbine shaft. This action
transforms the kinetic energy in the wind to mechanical energy. However, no wind turbine
can capture 100 % of the wind power, while the maximum power that could be extracted
by most wind turbines is limited to 59.3 % of that of the initial power present in the wind.
There have been rare cases where wind turbines have exceeded this quantity, however
it is not typical [13]. This theoretical upper limit is known as the ‘Betz limit’, relating to
an ideal wind turbine. Practically, this value lies within the range of 0.4 and 0.5 due to
aerodynamic limitations and losses brought forth by the imperfections in the wind turbine
blades [14]. The ratio between the power captured by the wind turbine P, and the total
power available in the wind source is represented by the coefficient of power C, signifying
the efficiency of the kinetic power to mechanical power conversion stage. Thereby, the
effective input power to the wind turbine can be represented as
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where A and ¢ denote the tip speed ratio and pitch of the blade, respectively. Here, C,,
reflects the dependency on \ and ¢. Tip speed ratio expresses the ratio between the
tangential velocity of the tip of the blade and the wind speed,

A= Yundl (2.3)

Uy

where wy,; denotes the mechanical angular speed of the turbine shaft. The pitch of the
blade quantifies the twisting of the blade towards the direction of the wind. This process
is also known as ‘feathering’ which is illustrated from Figure Here, vy 1l represents
the wind speed relative to the wind turbine blade.

Maintaining both the tip speed ratio and pitch at optimum levels is the idea behind achiev-
ing a maximum coefficient of power to yield a higher efficiency in the wind turbine. Gen-
erally, optimum tip speed ratio A, is considered to be around 6—8 since lower ratios
impose tip speed losses while higher ones increase the drag [15].

The operating region for any wind turbine is confined within the cut-in and cut-out wind
speeds, as indicated in Figure[2.2] The minimum wind speed at which the wind turbine is
capable of generating electrical power from the wind is termed as the cut-in wind speed.
On the other hand, the cut-out wind speed defines the maximum wind speed the turbine
can operate safely before stalling to avoid physical damages. Nevertheless, a turbine’s
operation is also governed by the rated wind speed. Typically, small to medium scale
wind turbines are capable to operate at a cut-in wind speed from 3—5m/s, a rated wind
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Figure 2.3. Impact from pitch variation to the coefficient of power [16]

speed from 10—14 m/s and a cut-out wind speed from 25—30 m/s. Setting limits for
these wind speeds depend on several factors, particularly influenced by the aerodynamic,
mechanical and electrical systems. Though determining these limits is not within the
scope of the thesis, it is a crucial design criteria governing the efficiency of the entire wind
turbine [17].

The optimum value for pitch ¥, depends on the wind speed. The pitch control function-
ality (i.e.0° < 9 < 90°) is implied for a higher wind speed range than the rated wind
speed, while maintaining a zero pitch prior to that. Despite the need to extract a higher
power from wind, this action is implemented to shed the efficiency in the power extrac-
tion from wind, thus preventing any damage to the generator operating beyond its rated
capacity. A full feathered turbine blade (i.e. ¥ = 90°) stalls the wind turbine. The impact
from feathering and tip speed ratio on the coefficient of power is demonstrated in Figure
Considering the common assumption of a zero pitch angle and focusing solely on
the tip speed ratio, a more general expression for C}, is expressed as shown below [14].
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Once the power from wind is captured at the optimum possible conditions, the new form
of mechanical power present in the turbine shaft is transformed into electrical power with
the aid of the generator coupled to the turbine shaft.

2.2 Types of wind turbines

There are four main types of wind turbines classified based on the infrastructure used, as
shown in Figure These configurations demonstrate the different types of generators
to be used, the controllability of the shaft speed, system efficiency, and the use of power
converters.

Type 1 wind turbines possess an electrical system that is coupled directly to the grid
via a soft starter, thereby being known as fixed-speed wind turbines. By definition, these
turbines are designed to operate at a fixed wind speed, typically around the rated speed of
the generator that is being used. This is influenced by factors such as the grid frequency,
gear ratio, and number of poles of the generator stator winding. For wind speeds outside
the rated speed range, the gearbox assists to accommodate the difference between the
generator shaft speed and the turbine rotor speed. Type 1 configuration was the first
type of wind turbines built and commonly use squirrel cage induction generators (SCIGs),
allowing only for a limited slip variation within this configuration.

Type 2 WECS incorporate wound rotor induction generators (WRIGs) equipped with a
variable rotor resistance. As a result, these wind turbines can operate over a broader
speed range (10 % above the synchronous speed [18]) accompanied by an increased slip
range compared to type 1 WECS. However, due to their limited capability to manipulate
the slip, these systems were classified as limited variable speed wind turbines.

Type 3 wind turbines were operational with the increase in demand to elevate the effi-
ciency in wind power production. These are popular for using double fed induction gen-
erators (DFIGs) along with the use of reduced-capacity power electronic converters. Due
to the capability of both the stator and the rotor to supply power to the grid, the generator
is given the terminology ‘double fed’. This configuration made it possible to expand the
speed variation to about 20 % —30 % around the synchronous speed of the generator [19],
[18]. Unlike types 1 and 2, the flexibility of speed control in type 3 turbines significantly
enhances the efficiency of power extraction from the wind. Despite the variable speed
controllability, the generator still maintains a direct coupling to the grid. This direct con-
nection makes the grid susceptible to instabilities caused by the wind turbine generator
and the intermittent nature of the wind.
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Type 4 WECS demonstrate the presence of full-scale converters that decouple the wind
turbine generator from the grid. This configuration not only mitigates the aforementioned
grid issues, but also utilizes the entire speed range of the generator. This type of wind
turbine setup has the tendency to incorporate a SCIG, a WRSG or a PMSG. However,
PMSGs are preferred over the use of other generators in the use for type 4 WECS. Fur-
thermore, the compatibility between the low rated speed of a PMSG and the low rotational
speed of the wind turbine shaft provides the potential to eliminate the gearbox from the
main infrastructure. Thereby, reducing the losses and repetitive maintenance incurred by
the gearbox. A detailed comparison on the above WECS types and their main infrastruc-
ture are available in [20], [21].

2.3 Main infrastructure of WECS emulators

As it has been noted in the previous sections, a physical wind turbine with a variable speed
control system consists of turbine blades, a gearbox (which is optional), a generator, a
converter setup and harmonic filters. In the context of WECS emulators, the only deviation
is the presence of another motor and its control drives. The motor functions as the prime
mover, mimicking the action of the wind turbine blades. This section brings forth the
essential concepts behind each of these components, while expressing the relationship
to the physical wind turbine in conjunction with the existing WECS emulator at Tampere
University.

2.3.1 Mechanical drivetrain

The mechanical drivetrain represents the physical connection between the wind turbine
shaft and generator shaft. This coupling could be direct, portraying the direct-driven me-
chanical systems, or connected via a gearbox. Usually in physical wind turbines, the
rotational speed of the turbine blades is slow. In comparison to this speed, fixed speed
wind turbines with induction generators possess a higher speed. To maintain the com-
patibility between the two rotational speeds, a gearbox is utilized, such that the generator
would always meet its rated shaft speed.

Modern wind turbines follow the same arrangement if generators bearing a high rated
speed are being incorporated. However, a majority of type 4 wind turbines use PMSGs
with a low rated speed and a high mechanical torque, that facilitate the possibility to
eliminate the gearbox from the mechanical system. This reduces unnecessary costs and
losses. For geared systems, the gear ratio GG is defined as

G=2 (2.5)

w1
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Figure 2.6. Single-mass model of the mechanical drivetrain

where w; and ws denote the low and high shaft speeds, respectively [22]. This ratio for
gearless systems is equal to 1.

Despite the usage of a geared or gearless mechanical drivetrain, the shaft coupling com-
prises rotating masses, implying a moment of inertia. The moment of inertia of the wind
turbine Jy is significantly higher than that of a generator .J,, [23]. Moment of inertia is
the fundamental reason that prevents a wind turbine system from responding instanta-
neously to variations in wind speed. In practical applications, the coupling between the
wind turbine shaft and the generator shaft is not perfect. This leads to a torsional stiff-
ness, signifying a twist between the two shafts when a torque is applied. Thereby, this
shaft stiffness K is primarily seen for geared systems. However, since gearless sys-
tems have a direct mechanical connection, the torsional flexibility between this coupling
is negligible.

Nevertheless, the mechanical losses due to factors such as internal friction (e.g. bear-
ings, clutches) and aerodynamic drag can impose a damping on the shaft. This loss is
interpreted by the shaft damping coefficient B;. These parameters combine to form the
two-mass model of the mechanical drivetrain, as shown in Figure [22]. Here, the
terms wy,, Ty, 11, and 1., denote the mechanical angular speed of the generator shaft,
mechanical torque on the wind turbine shaft, mechanical torque on the generator shaft
and electromagnetic torque in the generator, respectively.

Based on this analysis, the mechanical drivetrain for a direct-driven system can be re-
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duced to a single-mass model, as shown in Figure [2.6] Thereby, the equation of motion
representing the mechanical dynamics of the single-mass direct-driven mechanical driv-
etrain is expressed as

J%wm =T, —1.— Bywy (2.6)
where J represents the equivalent moment of inertia of the turbine and the generator.
With the reduction of the mechanical drivetrain to a single-mass model, wy; = wy, and
Tw+ = Tw. The mechanical angular shaft speed of the generator can be expressed as
W = %, where p and w, denote the number of pole pairs and the electrical angular
speed of the generator, respectively.

2.3.2 Electrical machines

The electrical machine operating as a motor emulates the functionality of the wind turbine,
acting as the prime mover. Typically, this machine can be a DC motor, a PMSM, or
an induction motor. Regardless of the type of motor, its primary task is to produce the
desired torque that matches the torque generated by the wind turbine rotor for a given
wind profile. DC motors are commonly used as prime movers in wind turbine emulators
due to their simpler control. However, their larger size and higher maintenance costs
compared to induction motors or PMSMs make them less efficient for this application [24].
Induction motors are often preferred as prime movers, providing better dynamic response,
smaller size, and lower maintenance needs than DC motors [23]. In the context of WECS
emulators, the use of PMSMs for this role is rare, presenting an opportunity for expanding
the research of PMSMs in this application [25]. PMSM offers a higher torque density than
induction motors or DC motors, and their permanent magnets allow for a faster control of
the magnetic flux with an enhanced responsiveness to dynamic changes.

In addition to the prime mover, the main task of a WECS emulator is to conduct exten-
sive research on the generator, as it is crucial for maintaining the efficiency of the entire
system. As stated earlier, with the frequent usage of type 4 wind turbines, the tendency
to use synchronous generators have elevated due to their higher torque-to-volume ratio,
faster dynamic response, higher power density and absence of rotor copper losses in
comparison with induction generators.

In synchronous machines, the rotor field can be generated through external excitation or
passive magnetic methods. External excitation involves supplying DC power to the rotor,
typically via slip rings and brushes or a brushless excitation system. Passive magnetic
methods include the use of permanent magnets, which provide a constant magnetic field,
or reluctance-based operation, where the rotor does not require excitation but instead
aligns with the stator magnetic field due to magnetic saliency.
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Figure 2.7. Rotor cross-section of an IPMSG with V-shaped magnets [26]

For wind turbine generator applications, DC-excited synchronous machines are less de-
sirable due to their reliance on additional power equipment, complex control requirements
under varying wind speeds, and increased wear and tear from the additional components.
In contrast, AC synchronous machines with rotors using permanent magnets offer sig-
nificant advantages. Among these, PMSGs are preferred over synchronous reluctance
generators due to their higher power density, smoother torque ripple, greater efficiency,
and simpler control strategies.

PMSGs can have either salient or non-salient rotors, depending on the application. Non-
salient rotors with surface-mounted permanent magnets are typically used for low-speed
applications. However, as the rated speed increases, permanent magnets are embed-
ded within the rotor to withstand greater centrifugal forces. For wind turbine applications
requiring low shaft speeds, PMSGs with interior permanent magnets deviate from conven-
tional rotor saliency concepts. These designs improve torque production at low speeds,
thereby enhancing generator efficiency.

The emulator present at the laboratory is equipped with an interior permanent magnet
synchronous generator (IPMSG) especially with a V-shaped magnet arrangement, as
shown in Figure This placement creates a more uniform and a concentrated mag-
netic flux in the air gap that further enhances the torque density at lower speeds. In
general, due to the uneven air gap between the permanent magnets in the rotor and the
stator teeth in these electrical machines, it leads to a non-uniform reluctance path. This
is known as cogging torque, which leads to the formation of a torque ripple. Despite this
issue commonly seen in IPMSGs, the average torque is greater in salient pole electrical
machines compared with the non-salient pole electrical machines. This is due to the con-
tribution of both the magnetic torque and the reluctance torque. In comparison to other
IPMSGs with different permanent magnet arrangements, the V-shaped arrangement has
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Figure 2.8. Reference frame transformation [28]

been proven to have a higher reluctance torque, lower cogging torque with a lower accept-
able torque ripple [26], [27]. Furthermore, since the generator used here is a radial-flux
type producing magnetic flux in the air gap radially, the inertia in such generators is quite
low in comparison to axial-flux generators.

Reference frame transformation

AC machines exhibit varying inductances over time. Therefore, to simplify analysis, these
time-varying AC quantities are converted into time-invariant DC quantities through a pro-
cess known as reference frame transformation. This transformation is performed using
the Park transformation matrix and can be represented as

quO = K(ee)fabc (27)

cos(f,)  cos ( . — %’T) COS (Ge + %’T)

K(0.) = % —sin(f.) —sin (e — %) —sin (6. + ) (2.8)

1 1 1
2 2 2
where fio = [fa fq fol, fape = [fa fo fc], f is a variable such as voltage, current or flux
linkage, and K (6.) is the Park transformation matrix. Here, 0,(t) = f(f we(t)dt + 6.(0),
0. is the rotor position angle and w, which is the electrical angular speed is also the speed
of the rotating reference frame [28]. Thereby, the three-phase quantities are modelled to
an arbitrary synchronous reference frame as shown in Figure
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Figure 2.9. d-axis and g-axis component equivalent circuits of a PMSG

Equivalent circuit of the PMSG in the synchronous reference frame

Based on the reference frame transformation, the resulting equivalent circuit for the PMSG
is depicted in Figure Similarly, the voltages in the synchronous reference frame can
be expressed as

d
Vsd = _Rsisd - Ldﬁisd + weLqisq (29)

Vsq = —Rsisq — L - WeLdisd + We\ijm (21 O)

d .
qazsq
where v, 7, R, L and V¥, denote the voltage, current, resistance, inductance and the
permanent magnet flux respectively. The subscripts ‘s’, ‘e’, ‘d’ and ‘q’ denote the stator,
electrical (representing the rotor), d-axis component and the g-axis component, respec-
tively [29].

Electromagnetic torque of an IPMSG

The stator magnetizing inductances L4 and L in IPMSGs are not equal due to the rotor
geometry creating a non-uniform air gap, which causes L4 being smaller than L. The d-
axis aligns with the permanent magnet’s magnetic field, which introduces higher magnetic
reluctance. This is due to the presence of the permanent magnets, thereby reducing
the d-axis inductance. Conversely, the g-axis flux path which is orthogonal to the d-
axis encounters a lower reluctance. This occurs as it primarily passes through high-
permeability rotor iron, resulting in a higher g-axis inductance.

In a PMSG, electromagnetic torque production is predominantly influenced by the g-axis
current component, as the flux linkage along the d-axis is primarily determined by the
permanent magnets. However, in IPMSGs, the contribution of the d-axis current com-
ponent becomes significant due to the rotor’s saliency. The equivalent torque produced
in salient-pole machines is a combination of both magnetic torque due to the permanent
magnet flux and reluctance torque based on the difference in Lq and L. Therefore, the
torque production in an IPMSG is influenced by both the g-axis current and the interaction
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Figure 2.10. Three-phase two-level IGBT based active rectifier circuit

of the d-axis current with the rotor’s saliency. Thereby, the electromagnetic torque for an
IPMSG can be expressed as,

3 . o
T, = §p(\Ilpmzsq — (La — Lq)isalsq) (2.11)

where the first term is known as the magnetic torque and the second term is known as
the reluctance torque [28], [29].

2.3.3 Power electronic converter system

The front end of the full-scale converters in type 4 wind turbines typically consist of a
three-phase two-level voltage source active rectifier. This voltage source converter is
connected to a similar inverter unit via the DC-link, forming a back-to-back voltage source
converter arrangement. The active rectifier and the inverter unit both consist of control-
lable switches, either made of insulated-gate bipolar transistors (IGBTs) or metal-oxide-
semiconductor field-effect transistors (MOSFETSs), thereby allowing a bidirectional power
flow. However, certain wind turbine systems are equipped with a three-phase two-level
passive rectifier [29]. Though this implementation is valid, passive rectifiers for wind tur-
bine applications are not preferred. This is due to factors such as the uni-directional power
flow, significant harmonic production due to the absence of an active switching control,
the possibility to only control the active power and being limited to meet the grid codes.

The three-phase two-level IGBT based voltage source converter consists of six IGBTs,
with two on each of the three legs, as indicated in Figure Bidirectional power flow
is made possible in an IGBT via the antiparallel diode connected in the reverse direction.
Each switch can be provided with a unique control signal using the gate terminal (G; -
Gg). The diode is connected reversed biased between the collector and emitter terminals.
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Figure 2.11. Equivalent circuit of the active rectifier in the synchronous reference frame

Typically, an IGBT is in the normally opened state, where the control signal commands to
switch to the on-state (S; - Sg). However, for a reverse power flow, the switch is turned off,
allowing the power to flow in the opposite direction through the diode making it forward
biased.

Equivalent circuit of the active rectifier in the synchronous reference frame

As indicated in the Figure [2.10} the three-phase currents from the generator terminals are
injected to the MSC of the generator. Since the power electronic circuit converting AC to
DC is influenced by the three-phase variables, reference frame transformation is appli-
cable for such power electronic systems as well. Transforming the three-phase system
into the synchronous reference frame makes the circuit analysis simpler, as depicted by

Figure 2.11]

In conjunction to and[2.10), the stator voltage components during the on-state of the
IGBTs can be expressed as

Vgq — ddvdc (212)
and

Usq = dqUde (2.13)

where dq4, dq and v4. denote the d-axis and g-axis components of the duty ratio and the
DC-link voltage, respectively. The instantaneous active power output from the generator
in the synchronous reference frame, as indicated in [30], is equal to the power input to the
DC link. Thereby, it can be deduced that the DC-link current is

3 .
lge = §(ddisd + qusq) (214)

which contributes to the building up of the equivalent circuit demonstrated in Figure
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2.4 Controller design

A typical dynamic challenge faced by a wind turbine generator is the varying nature of
wind speed, which results in transients in the generator shaft speed and torque. Thereby,
designing a feedback controller for the electrical generation system signifies the imple-
mentation of suitable controllers to regulate both the shaft speed and the electromagnetic
torque associated with the IPMSG.

Regardless of the type of control action performed, designing a suitable closed-loop feed-
back control system involves following a systematic sequence of steps. A critical part of
this process is performing a stability analysis of the system under consideration. Among
the various methods available for system modelling, small-signal modelling is one of the
most widely used approaches, while averaged state-space modelling being a common
technique. A key tool for analysing the stability of a developed state-space model is the
Bode plot, which provides valuable insights into the system’s frequency response [11].
This method of modelling and stability analysis forms the foundation for designing effec-
tive controllers and is discussed in detail within this thesis.

Developing open-loop transfer functions

The use of open-loop transfer functions to develop a closed-loop feedback control system
is a common and effective practice in control systems engineering. A transfer function
mathematically represents the relationship between the input and output of a system,
specifically for a linear time-invariant system. However, for systems that are nonlinear,
transfer functions can still be derived after applying a suitable linearization technique.
Dynamic systems are inherently nonlinear and time-variant. To enable analysis and de-
sign using classical control methods, these systems can be approximated as linear time-
invariant systems through averaged state-space modelling. This approach simplifies the
system’s complexity while retaining its essential dynamic behaviour. Once the system is
linearized, open-loop transfer functions can be formulated. These functions are then used
to evaluate the stability and performance of the closed-loop system.

Modelling a system to analyse the dynamics is initiated by identifying the input, output
and state variables. Inputs are the parameters which are initially known. Typically, the
inputs are either the duty ratio or measurements taken from the system. The outputs are
those which are intended to be controlled. The state variables are memory elements. In
the context of a wind turbine generator, the memory elements are the inductor currents of
the stator and the mechanical rotational speed. In general, state variables could be easily
identified as time derivatives.
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Based on the defined state variables and the equivalent circuit of the considered system,
non-linearized equations can be developed. Typically, the system here is time-variant.
Averaging the system over the whole period removes the time dependency, thus yielding a
time-invariant system. Furthermore, a nonlinear system can be diagnosed either with the
existence of a dependency between a state variable and an input variable or both of the
same variable form. Thereby, non-linearized averaged state-space equations are required
to be linearized. Linearization can be done by using the ‘perturb and linearize’ method or
using the ‘Taylor's approximation’ method. The second implementation is quite efficient
and requires the task of partially differentiating the non-linearized equations obtained,
with respect to input, output, and state variables. Linear approximation of the nonlinear
system is valid for a small region around an operating point. Thereby, a linear function
that describes the system around the operating point can be approximated using this
linearization process. As a result of the linearization stage, a linearized model can be
obtained, which is also known as the ‘small-signal model’. This model takes the format of

Calt) = Aa(t) + Ba() (2.15)
y(t) = Cz(t) + Da(t) (2.16)

where and represent the state equation and the output equation, respec-
tively. The small-signal variables (), y(t), and u(t) represent the state vector deviation,
output vector deviation and the input vector deviation, respectively. The ‘hat’ (") is used
to represent the small-signal quantities. The four matrixes A, B, C and D represent the
state matrix, input matrix, output matrix and the feed-forward matrix, respectively. With
the use of Laplace transform, the time domain model can be transformed to the frequency
domain easily using the equation,

Gs)=C(kl-A)"'B+D (2.17)

where s, G(s) and I are the Laplace operator, open-loop transfer function matrix and
the identity matrix. . This simplifies the control design and the system analysis can be
performed easily. Thus, the open-loop transfer function matrix can be represented as

Y(s) = G(s) - U(s) (2.18)

where Y (s) and U (s) denote the vectors with output and input small-signal variables.
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Figure 2.12. Representation of a closed loop system
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Designing the controller

The controller is designed based on the open-loop transfer functions obtained with the
aim to analyse the system dynamics and minimize the error between the measured out-
put and the defined reference output. The error signal develops the duty ratio for pulse
width modulation based systems, serving as the control signal. The closed-loop transfer
function represents the combination of the controller and the plant model. The effective-
ness of the controller designed portrays the effectiveness of the closed-loop system to
counter disturbances and achieve the desired dynamics.

A closed-loop system can be formulated using Figure and the closed-loop transfer
function can be represented as

Gloo(s) = Cpin(8)Ge—o(s)

14 Cpip(s)Geo(s) =19

where Cpip(s) and G._,(s) denote the transfer function of the designed controller and the
open-loop transfer function, respectively. The numerator in represents the open-
loop system. The common controller topologies are the Pl and PID controllers derived
from the proportional (P), integral (D) and the derivative (D) controllers. The PID controller
can be represented as

1
CPID(S) = Kp + EKI + SKd (220)

where K, K; and K define the controller parameters which should be tuned to develop
a stable and a robust system with an acceptable overshoot, rise time and a settling time
for any desirable dynamics. Designing the controller can be performed using common
techniques such as the pole placement method, trial-and-error method, or by using the
loop-shaping technique. Tuning the controller parameters can be efficiently performed
using the loop-shaping technique. The stability of the controller can be assessed from
the Bode plot at a desired crossover frequency, based on the gain margin and the phase
margin. A successful tuning is achieved when the plot yields an adequate phase margin.
The Bode plot is generated for the open-loop system, exhibiting the dynamic response for
the closed-loop system.
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2.5 MPPT topologies

Type 4 wind turbines consisting of a full-scale converter system achieves the desired op-
erational objectives by simply controlling the converters itself. Controlling is done on both
the electrical generation system and load emulator, as illustrated in Figure[1.3] Within this
context, controlling serves two essential functions. Primarily, it enables the wind turbine
to convert the maximum available power in wind into electrical power, which was trans-
formed via the mechanical power stage. Secondly, it allows the turbine to synchronize
effectively with the connected grid. In a full-scale converter system, which comprises two
back-to-back converters, these functions — maximum power extraction and grid synchro-
nization — can be assigned to either the MSC or the GSC connected to the generator side
circuit. This assignment determines whether the turbine operates in the grid-following or
grid-forming control mode. Since the advent of the full-scale converter implementation
in variable wind turbines, the grid-following control mode has been the most prominently
used method in conventional wind turbines [31].

Based on the prior work conducted on the emulator present at the Tampere University
laboratory, grid synchronization was managed by the GSC. Thereby, the theoretical con-
cepts in the sections ahead are brought forward, considering that the system is based on
the grid-following control technique.

The MSC is responsible for controlling the generator to achieve MPPT. Therefore, the
MPPT algorithm is integrated with an appropriate motor control technique. To extract the
peak power at varying wind speeds, there are different MPPT control techniques which
have been implemented in various wind turbines and test setups [25]. Regardless of the
control strategy employed, the fundamental principle of MPPT is to track the reference
mechanical speed, reference mechanical power, or reference electromagnetic torque of
the generator [18]. Among these techniques, tip speed ratio and optimum torque control
are the most frequently utilized MPPT control schemes.

2.5.1 MPPT through optimum tip speed ratio control

Maximum power extraction through tip speed ratio control is achieved by maintaining a
constant optimum tip speed ratio, independent of the wind speed variations. As estab-
lished by (2.2), maximum power is attained when the coefficient of power reaches its peak
value. This condition corresponds to the requirement of an optimum tip-speed ratio for
achieving the maximum coefficient of power, as indicated by when the pitch angle is
zero. An optimum tip-speed ratio is present for a given wind turbine and can be achieved
by maintaining the correct ratio of the mechanical angular speed of the turbine to the wind
speed, as described by (2.3). Consequently, the reference mechanical angular speed of
the wind turbine, which corresponds to a constant optimum tip-speed ratio, is given by
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(2.21)

The wind speed is measured using an anemometer connected to the wind turbine. The
relationship between the mechanical speed of the wind turbine and the generator shaft’s
mechanical speed determines the required rotational speed of the generator that must
be maintained to maximize power extraction from the wind. This establishes the speed
reference wy, for the operation of the MSC. In the case of a direct-driven wind turbine,

*

wwt

= wy,. Due to its direct dependence on wind speed, the control system can respond
rapidly to changes in wind dynamics. This responsiveness enhances efficiency, provided
the system avoids excessive rapid adjustments to the reference mechanical speed of
the generator. With real-time wind speed tracking, the system consistently achieves the
maximum power point, ensuring optimal performance at all times. Figure illustrates

the operation of the MPPT technique using optimum tip-speed ratio control.

2.5.2 MPPT through optimum torque control

As the second main MPPT control strategy, this implementation elaborates how torque
reference is utilized to extract the maximum power from wind. In reference to and
based on the relationship Pyt = T4+ wywt, the mechanical torque of the wind turbine shows
a quadratic relationship with the mechanical speed of the wind turbine, expressed as

Tt X w2, (2.22)
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In direct-driven systems, Ty = T,, and wy = wy,. Thereby, (2.22) can be represented as

TF = Kop w2 (2.23)
where
1 2 ymax R3
Kopt = 5,07TR Op (Aopt))\g_ (224)
opt

Calculation of K, is done offline [29]. The values of CJ** (i) and Ay are known
from the wind turbine specifications. Consequently, this implementation directly enables
the determination of the mechanical torque reference instead of the mechanical angular
speed of the generator shaft, in comparison to the former MPPT control scheme.

The implementation of the optimum torque control for tracking the maximum power is
demonstrated by the Figure Independent of the actual wind speed measurement,
MPPT control scheme using the optimum tip-speed ratio derives the reference based on
the measured electrical angular speed. As indicated, the output from the MPPT control
operations yield an electromagnetic torque reference 17, where I} = T'; at steady-state,
based on (2.6) and if the damping coefficient is negligibly small.

While the absence of a need for wind speed measurements is an advantage, optimum
torque control is typically preferred for wind turbines with large inertia. High inertia causes
the wind turbine rotor to exhibit reduced responsiveness to rapid wind speed fluctuations
[32], [33].
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2.5.3 MPPT using the turbine power profile

This form of MPPT control closely resembles the MPPT algorithm based on the opti-
mum tip-speed ratio control. However, instead of calculating the reference mechanical
speed, a reference mechanical power is derived based on the wind speed measured by
the anemometer. The maximum power that can be generated by the wind turbine at
varying wind speeds is obtained from the power curve provided by the wind turbine man-
ufacturer. This serves as the mechanical reference power, while the actual mechanical
power is measured at the generator terminal output. Using a power reference in this
MPPT algorithm, represents the third fundamental classification in MPPT topologies. The
block diagram illustrating the MPPT control principle based on the turbine power profile is
presented in Figure[2.15

2.6 Generator control scheme

An MPPT algorithm essentially traces the mechanical torque that corresponds to the max-
imum power output at a given wind speed. To achieve this, a generator control mechanism
is employed to maintain the mechanical torque at the required level. At steady state, the
mechanical shaft torque and the electromagnetic torque in a PMSG are equal in mag-
nitude but acts in the opposite directions, as illustrated in Figure Thereby, the aim
is to control this electromagnetic torque and maximize it to improve the generator’s per-
formance. It is evident from that 7: is dependent on isq and 75q. These current
components are manipulated through the generator MSC to ensure that 7, aligns with its
reference value 17, as demonstrated in Figures|2.13+2.15
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Figure 2.16. Representation of the MTPA curve and optimum operating point [28]

With the necessity to control the torque independent of the flux, the use of a field-oriented
control (FOC) mechanism is advantageous in comparison to other control techniques
[34]. One key benefit of using FOC is the reduced total harmonic distortion in the stator
current, which results in a lower ripple in the electromagnetic torque reference. The FOC
technique can vary depending on the rotor configuration. In surface-mounted PMSMs, a
zero d-axis control mechanism is commonly employed. However, for interior permanent
magnet synchronous machines, where the d-axis current component has a significant
impact, the maximum torque per ampere (MTPA) control strategy is implemented at lower
speeds, specifically below the rated speed. For higher speeds, particularly within the flux-
weakening region, a maximum torque per voltage control mechanism is required. This
thesis focuses on the region where then MPPT control is active, as indicated in Figure
thereby signifying the importance of the MTPA control mechanism.

By definition, MTPA control implies the production of the maximum electromagnetic torque
with the minimum stator current. This eventually leads to the lowering of copper losses in
the stator [29]. The magnitude of the stator current vector in the synchronous reference

(I = \/i2 +i2, (2.25)

The angle I makes with the rotor flux is defined as /3. Thereby, the stator currents in the
synchronous reference frame can also be expressed as isq = I cos 3 and isq = I5sin 3.
Consequently, (2.11) can be represented as

frame can be identified as

3

1
T, = 5,’0 (\Ppm]s Sinﬁ - §(Ld - LQ)]f sin 25) (226)
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Through this expression, it is clear that the maximum electromagnetic torque can be ob-
tained by identifying the ,,... This implies at S,,.x the optimum values for the d-axis and
g-axis current components that generate 7 can be identified. For each 17, there exist
different combinations of i¢q and is,. However, the optimum values for stator currents (i.e.
iy and iz ) can be obtained when the current limiting curve tangentially intersects with the
electromagnetic torque curve, as shown in Figure [2.76] Thereby, partially differentiating
with respect to 8 and finding the maximum makes it possible to obtain the stator
current reference values [29].

2T*
Z:q = e - (2.27)
3p(\11pm — (La — Lq)lsd)

+ (iz)” (2.28)
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3. METHODOLOGY, RESULTS AND DISCUSSION

3.1  Emulator specifications

The WECS emulator present at the Tampere University laboratory is equipped with back-
to-back connected frequency converters, composed of passive rectifiers for both the mo-
tor side and the generator side circuits, while the inverter unit consist of IGBTs. To fa-
cilitate the bidirectional power flow, the DC-links on each converter are inter-linked such
that the diode rectifier is bypassed, establishing a full-scale converter system with three-
phase two-level voltage source active rectifiers. Figure demonstrates the generator
side connections made in the voltage source converters. The same form of connections
are established for the motor side voltage source converters as well. The diode rectifier
acts as the pre-charge circuit, which is disconnected once the desired DC-link voltage is
established, allowing an inter-connection between the active rectifiers.

The frequency converters used to control the motor are equipped with manufacturer in-
stalled control mechanisms. Thus, controlling of the motor to mimic the wind turbine can
only be done by providing torque and speed set-points. The frequency converters used
within the generator-to-grid side connections consist of the control unit separated from
the power module. With the use of a separate option board, the control unit can be ac-
cessed via fibre optic cables. This facilitates the transfer of optical signals comprising
the user-defined control commands to switch the IGBT’s. The switching frequency of the
frequency converter unit present in the emulator is 3.6 kHz [35].

DC — link

7777777777777777 @@rect coup. ir}gr o

Generator Manual switch \\ Manual switch LCL filter  Grid

c==alns e [t raaiO
e ey R el

Generator — side Grid — side

frequency converter frequency converter

Figure 3.1. Generator-side converter DC-link connections of the studied WECS emulator
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The key specifications of the motor and the generator used in the emulator are indicated

in Table 3.1] Both the motor and generator are interior permanent magnet synchronous

machines bearing V-shaped permanent magnets.

Table 3.1. Specifications of the electrical machines used in the WECS emulator

Parameter Motor Generator
Rated shaft power 17 kW 17 kW
Rated voltage 370V 370V
Rated current 34 A 33.1A
Displacement factor 0.96 0.65
Rated torque 1279 Nm 1016 Nm
Stator phase resistance 700 mS2 700 mS2
d-axis stator inductance 56 mH 56 mH
g-axis stator inductance 71 mH 71 mH
Permanent magnet flux linkage 3.18 Wb 3.18 Wb
Rated mechanical speed 127 rpm 127 rpm
Number of pole pairs 6 6
Rated frequency 12.7 Hz 12.7 Hz
Electrical connection Star Star

3.2 System modelling

3.2.1 Aerodynamic and mechanical modelling

The operation of the electrical generation system is based on the mechanical torque

available in the motor - generator shaft coupling. Thereby, the motor should generate

Table 3.2. Parameter values of the WECS emulator

Parameter Value
) 1.225 kgm—3
Uy rated 10 m/s
U, cut—in 5m/s
Pyt rated 17 kKW
Wit rated 127 rpm
G 1
T rated 1279 Nm
Tin,peak 2558 Nm
By 0




Table 3.3. Parameter values of the reference wind turbine setup [14]
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Parameter Value
Pyt REF 1 kW
PREF 1.225 kgm 3
RREF 1.27m
Uw,rated—REF 9m/s
Wwt,rated—REF 470 rpm
Myt—REF 7 kg
Corpr™™ 0.44

the mechanical torque similar to a wind turbine. Correspondingly, the aerodynamic and
the mechanical systems should be initially modelled with the use of (2.2)-(2.6). Thereby,
appropriate values for the parameters required need to be initially identified.

The WECS emulator is considered to represent a wind turbine with three blades. Based
on the theoretical background study and the motor specifications identified from Table
some of the main values for the parameters considered are indicated in Table
Here, Wyt rateds Impeak @Nd T rated denote the rated mechanical angular speed of the
wind turbine, peak mechanical torque and rated mechanical torque, respectively. The
peak mechanical torque was considered twice that of the rated, in reference to the typical
trend indicated in [36]. The value of By was assumed to be zero within the context of
the mechanical coupling in the system under study. However, the unknown parameters
which play a key role in this study are C'**, A, I and J. Determining these parameters
indicate the scale of the wind turbine emulator and also govern the impact on the results
produced.

Calculation of the blade length

The length of the blade corresponding to the radius of the swept area is the fundamental
parameter to be determined within this scaling process. However, direct calculation of
R is not feasible using or since Cglax and A,y are unknown at this stage.
These parameters are specific to a given wind turbine, and determining the turbine radius
requires finding an exact match for Cg‘a" and A, using . To resolve this, the values
of Pyt and vy, rateq are calculated from (2.2) and respectively, and then cross-verified
with their known values. This iterative approach helps to identify the correct values of the
unknown parameters and thereby determine the desired R, C;“ax and Agpt.

The approach taken to determine unknown parameters was using the ‘fsolve’ MATLAB
function and using a trial-and-error method by varying Cglax, to produce a correct combi-
nation. Thereby, the results obtained were R = 4.59, C’;nax = 0.42and A\ = 6.11.
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Table 3.4. Input, output and state variables selected for state-space modelling

State variables Isd, Tsq) Wm
Input variables Vde, T da, dg
Output variables Usd, Tsq, W, Lde
PMSG stator Generator MSC
Va Ry Ly is,a de
n, AMAN— Y > > 4
T,
o Vp Rs LS is,b
:@ N —AMA—M —> 4| vac
Wi v, K L Us,c

J, B, Uom D G

Z.s,atbc UG,abc
isda 7:sq dda dq

Figure 3.2. Identification of the variables for state-space modelling

Calculation of the moment of inertia

Table presents the parameter values for a wind turbine at rated conditions, as de-
scribed in [14]. The subscript "REF" denotes parameters specific to the reference wind
turbine setup, where m;_rgr represents the total mass of the three-bladed wind turbine.
The moment of inertia for a three-bladed wind turbine is given by

1
J3b—wt = §m3b—th2 (31)

where the subscript ‘3b-wt’ refers to a three-bladed wind turbine [37]. Moreover, the
relationship between J and R could be expressed as shown below, based on [14].

Jsb—wi < R (3.2)

Using the values from Table the moment of inertia of the reference wind turbine can
be calculated based on (3.1). Subsequently, applying (3.2) with the calculated radius
yields the moment of inertia for the wind turbine emulator as J = 774 kgm?.
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3.2.2 Average state-space modelling

Depending on the available information of inputs, expected outputs to be controlled and
the memory elements of the system, the input, output and the state variables were iden-
tified to develop the state-space model as indicated in Table A representation of the
electrical generation system with the identified variables is demonstrated by the Figure
Here, ug a1 denotes the switching signals generated by the modulation stage, fed to
each IGBT gate terminal.

Based on the variables identified and using (2.9), (2.10) and (2.6), the following non-
linearized time-variant state-space equations can be extracted, respectively:

d . 1 ) .
%st = L_d (_Rszsd + pmequq - Usd) (33)
d . 1 ) )
Ezsq = L_q (—Ryisq — pwm Latsa + pwmVpm — Vsq) (3.4)
d 1
—wy = = (T — T, — Bswy 3.5
S =7 ) @5

Averaging (3.3)-(3.5) over the time period, and in reference to (2.11)-(2.14) the following
non-linearized time-invariant state-space equations can be obtained:

d 1
g (sa) = i (—Rs(isa) + pwmLq(isq) — da(vac)) (3.6)
d . 1 . .
E< sq> = i (_RS<ZSq> — pwmLa(isa) + pwmWpm — dq<UdC>) (3.7)
q

d 1 3 o\
Ewm - j <Tm - 5]9 (\I}pm<isq> - (Ld - Lq)<lsd><lsq>) - Bswm) (38)

fae = 3 (dafisa) + i) 39)

Taylor's approximation can be performed for (3.6)—(3.9) by partially differentiating with
respect to the state variables, input variables, and output variables. Thereby, linearized
state-space equations can be obtained as,
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—lsd = — <_Rsisd + quIsqd)m + meLqisq - Dd@dc - ‘/dcdd> (31 O)
dt Lg

d . 1 4 ~ 4 - N ~

“risq = 7 (= Rudia = PLaluan = P Laisa + PUpnim — Dabac = Vaedy)  (3.11)

q

d . 1 3 -3 28 : A
—Wm = j (Tm - §p\11pmlsq + §p(Ld - Lq)]Sdqu + ép(Ld - Lq)Iqusd - Bswm
(3.12)
A 3 % 7 o .
lde = 5 (Dcﬂsd + lada + Dqtsq + ]squ> (3-13)

For the linearized state-space equations indicated above, steady-state quantities Iy, /sq,
Dy and D, can be deduced by the steady-state conditions. The steady-state equations

for (3.6)-(3.9) can be represented as,

 —Rulga + pQu Lol

D 3.14
d Vi (3.14)
— Ryl — pQnLgl QnVom
D, = —fstsa TP imbala TP Yy (3.15)
Vdc

3 3
Tw — §p\me[Sq + 5P<Ld — L) lsalsq — B =0 (3.16)

3
Iy = i(Dd[sd + Dylyq) (3.17)

Here, (2., denotes the rated mechanical angular speed of the generator shaft. However,
since the generator used is a salient pole electrical machine, I,4 cannot be equated to
zero. Thus, to compute /s and Iy, the MTPA control technique was employed. Thereby,
by solving the linearized state-space equations obtained in (3.10)-(3.13) the small-signal
model is developed for the considered system. The state matrix, input matrix, output
matrix and the feed-forward matrix are obtained, respectively:
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A= | nl 2 2fem--Lolea) (3.18)
3p(Ld_Lq)Isq _3p(\Ppm_(Ld_Lq)Isd) __B.s.
2J 2J J
—Vie —D
L; de 0
e _Vdc —D 1
B 0 rali el (3.19)
o 0 0 <
1 0 0
0 1 0
C = (3.20)
0 0 1
3D 3D
5 2 )
0 0 00
0 0 00
D= (3.21)
0 0 00
31 31s
B 2d 2(1 0 O_

By performing the Laplace transform on the linearized model equations, the open-loop
transfer functions can be obtained,

Z‘scl Gddfidfo qufidfo Gvdcfidfo G(Tmfidfo dd
Z.sq Gddfiqfo qufiqfo Gvdcfiqfo GTmfiqfo dq
= : (3.22)
Wm Gdd—wm—o qu—wm—o Gvdc—wm—o GTm—wm—o Vdc
idc Gdd—idc—o qu—idc—o _Y;Jut—dc G(Tm—idc—o Tm
—— ~ ~ s ——
Y(s) G(s) U(s)

where Y (s) and U (s) represent the vectors consisting of output and input small-signal
variables, and G(s) denotes the open-loop transfer function matrix. The subscript com-
prising ‘0’ is used to signify an open-loop transfer function.
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3.3 MPPT and MTPA control algorithms

MPPT control algorithm

Among the various MPPT control techniques formerly reviewed, the optimum tip-speed
ratio control was identified as the most suitable approach for this study. Unlike large-scale
wind turbines with a high moment of inertia, the wind turbine emulator used here exhibits
lower inertia, enabling it to adapt more quickly to wind speed variations. In contrast,
optimum torque control is more appropriate for high-inertia systems where the turbine
cannot rapidly respond to changing wind speeds and instead relies on the actual shaft
speed. Similarly, MPPT control using the turbine power profile is not applicable, as no
manufacturer-provided power profile is available for the wind turbine used in this study.
Considering these limitations, a random wind speed profile within the cut-in and rated
wind speeds was used, and the optimum tip-speed ratio control method was selected as
the most effective option.

The implementation of this technique is straightforward, as the value of ., was already
determined during the aerodynamic modelling phase. In the MATLAB Simulink simula-
tion, wy,, was calculated using (2.21), based on the provided wind speed data and other
system parameters.

MTPA control algorithm

An MTPA control block can be employed in the MATLAB Simulink simulations due to its
superior performance. This control block generate the stator current references similar to
(2.27) and (2.28). In terms of the simulation, the instantaneous stator current components

required for the equations are readily available using the real-time measurements.

However, in order to determine the steady-state values of the stator current components
required for the averaged state-space modelling process, such instantaneous current
measurements are not available. Thereby, the MTPA control technique is utilized to fulfil
this requirement. As described earlier, the minimum value of the stator current compo-
nents that develops the desired electromagnetic torque is at the point where the angle 3
is maximum. This corresponds to the optimum operating point where the current limiting
circle and the electromagnetic torque curve tangentially intersect. Since the rated stator
current is known as indicated in Table the peak value of this stator current exhibits
the magnitude of the stator current in the stationary reference frame.

On this basis, the appropriate S,..x and the optimum values of the stator current com-
ponents at steady-state /j; and I, were calculated for the rated conditions, since the
PI controller tuning was performed based on the rated specifications. Thereby, resulting

Brax = 101.7°, [y = =947 A, I, = 4584 A and T = 1255 Nm.
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Figure 3.4. Control loop for g-axis current controller

3.4 Design and tuning of controllers

3.4.1 Controller design

The generator control system relies on the coordination between the speed and current
controllers, both contributing in the determination of the duty ratio provided to the gen-
erator MSC, as illustrated by Figure From the G(s) identified in (3.22), Gad—id—o
and G4q-iq—o Open-loop transfer functions are required for the generator’s current control
operations while G 4q—wm—o Open-loop transfer function is used for speed control function-
ality. It is important to note that the controllers designed are based on the known rated
values of the parameters in use.

Current controller

The control loops for the d-axis and g-axis current controllers are demonstrated in Figures
and respectively. Cpi_iq and Cpi_i, represent the transfer functions of the PI
controllers for the indicated inner current loops. PID controllers were not required, since
the PI controller was sufficient to match the desired outputs. The K, and K; values of
the controllers were tuned using the loop-shaping technique, and the open-loop system
stability was analysed with the aid of Bode plots. Simplifying the inner current control
loops, the closed-loop transfer functions for the d-axis and g-axis inner current loops can
be obtained as

Chiid Gdd—id—o

Gia a1 =
R Chi—id Gdd—id—o

(3.23)

Cpi—iq qu—iq—o
1+ Opi—iq qu—iq—o

Gig—a = (3.24)

where the notation for the closed-loop transfer function is denoted by the subscript ‘cl’.
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Figure 3.5. Speed controller cascaded with the current controller

Table 3.5. Defined set points for Pl controller tuning

Controller Cpi—id Cpi—iq Cpi—wm
Desired crossover frequency 300Hz | 300Hz | 100 Hz
Frequency of the left-hand-pole zero 30Hz | 30Hz 1Hz

Speed controller

The iz and i, indicated by Figures and are developed as a result of the MTPA
algorithm, and theoretically can be calculated by and (2.28). This signifies the
dependency of 77 to calculate iy; and i,. Based on MPPT control using optimum tip
speed ratio control, the mechanical angular speed reference of the generator shaft is
calculated. Thereby, with the relationship of the mechanical speed error, electromagnetic
torque, duty ratio, and designed current controllers, it is possible to construct a cascaded
control loop as shown by the Figure[3.5] The closed-loop transfer function that is resulted
is represented as

C(pifwm Kchlqs qufcl qufwmfo
1 + C'pifwrn Kchlqs qufcl qufwmfo

Gym—c = (3.25)
where C,;_ym denotes the transfer function of the Pl controller designed for the outer loop
speed controller. K, _;_, defines the ratio between the g-axis stator current reference and
electromagnetic torque reference resulted from (2.27).

Even though the current controllers are available for both the d-axis current component
and the g-axis current component, it could be identified that the cascaded control loop in
Figure is based only on the g-axis current controller. This was specifically taken into
consideration such that speed controlling action within the cut-in and rated wind speed is
dedicated to the MPPT control mechanism, as illustrated in Figure[2.2] During MPPT con-
trol, the electromagnetic torque production is governed by the g-axis current component.
Thus, the speed control functionality within this wind speed range is highly dependent on
the g-axis current controller.
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Table 3.6. Results obtained for different Pl controllers

Controller Cpi—id Cpi—iq Opi—wm
K, —0.14 A7! —0.18A°! —32056 Nm/rads_1
K; —26.35 A" s | —=3341A7's7t | —2014Nm/rad
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Figure 3.6. Frequency domain analysis of isq current controller

3.4.2 Controller tuning

Based on the identified emulator system parameters, the switching frequency of the gen-
erator MSC is 3.6 kHz. Pertaining to the control loops identified as shown in Figures
the controllers Cpi_ia, Cpi—iq @and Chi_wm Were tuned using the loop-shaping
technique and the stability was analysed with the aid of Bode plots. Typically, for the
current controllers, the desired crossover frequency should be less than one-tenth of the
switching frequency specified for the converter. Moreover, in the control of electrical ma-
chines, the speed controller is located at the outer loop in order to be controlled at a lower
frequency in comparison to the inner current loops. Based on these basic principles, the

Pl controllers were tuned.

Tuning of the iyy current controller

The values set for the u5q current controller tuning are indicated in Table The fre-
quency response plot for the open-loop system consisting of the C},;_iq controller and the
Gaa—id—o open-loop transfer function pertaining to the 7,4 current controller is represented
in Figure Furthermore, Tablepresents the K, and K; values corresponding to this
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Figure 3.7. Frequency domain analysis of iy, current controller

controller. Based on the results obtained and analysing the frequency response, it can be
noted that the 7.4 current controller shows a good stability with a high phase margin.

Tuning of the 7., current controller

Similar to the results obtained for the isq current controller, the iy, current controller
demonstrates a close match and a stable controller behaviour. Figure illustrates the
frequency domain representation of the iy, current controller, indicating the similar trend
as resulted by the iy current controller. In reference to Table 3.6} it can be identified that
the K, and K; values of both current controllers show a close match despite the slight
deviation. Due to the similar control structure, similar set points defined as in Table
and the similar dynamics faced by isq and iy, this form of similarity is expected. Thereby,
this close match in K&, and K values between the two controllers confirm that the current

controllers are operating as desired.

Tuning of the speed controller

Figure 3.8/ demonstrates the frequency response by the speed controller, signifying a sta-
ble controller performance due to the acceptable phase margin. The K, and K; indicated
in Table msignify that the values obtained are comparatively higher than the K, and K;
deduced for the speed controllers. This occurred due to the low crossover frequency set
for the speed controller than that of the current controller, as shown in Table
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Figure 3.8. Frequency domain analysis of the speed controller

3.5 Software simulation

3.5.1 Control system

The control system implemented for the WECS emulator, is illustrated in Figure The
electrical angular speed and rotor position are measured by the speed encoders installed
inside the PMSG. The mechanical angular speed of the generator shaft is calculated
and compared with the reference speed required to maximize power extraction from the
wind turbine. At steady state, the equality of the mechanical and electromagnetic torque
references allows the mechanical torque reference to be used as the required electro-
magnetic torque reference. The MTPA control block calculates the reference d-axis and
g-axis current components, which are used by the designed current controllers to pro-
duce the desired duty ratios. Using a simple and efficient modulation technique, such as
the sinusoidal pulse width modulation technique, control signals are generated and fed to
the IGBT gate terminals of the generator MSC. This control mechanism manipulates the
current flow to the DC-link through the MSC.

3.5.2 Software implementation

MATLAB Simulink was utilized to perform the software simulation of the WECS emula-
tor, comprising both the physical system and the control system. The physical system
was modelled considering that a mechanical torque is provided to the PMSG model. The
output of the generator MSC was connected to a fixed DC voltage of 750 V, since in [11]
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Table 3.7. Controller and system parameters for simulation

Parameter Value
Controller switching frequency 3600 Hz
Controller sampling time 3055
System sampling time 0.1 X 55 8
Stop time 60 s
Solver type Fixed-step

the controls to the generator GSC have been implemented such that DC-link voltage is
controlled at 750 V. Values of the system parameters required to model the physical sys-
tem are the same provided in Tables[3.1]and The control system, as shown by Figure
was implemented comprising the results obtained from the designed controllers, as
indicated in the Table Since the optimum tip speed ratio MPPT control scheme was
implemented, a pre-defined wind speed profile was provided to the simulation as shown
by Figure The wind speed has been varied between the cut-in and rated wind
speeds, considering that the simulation is operated within the MPPT control region. The
presented wind speed variation has been defined in such a manner that the dynamic re-
sponse of the system is analysed for minor wind speed fluctuations as well as wider wind
speed variations. The model parameters considered for the operation of the simulation
are depicted in Table [3.7]

Appendix [A] illustrates the entire MATLAB Simulink model developed for the electrical
generation system, including the physical system and the control system. The main three
control mechanisms, which are the MPPT in conjunction with the speed control, MTPA
control and the current control mechnism are represented in Appendix|[B| As noted above,
the modelled wind turbine emulator, which develops the mechanical torque for the PMSG
model, is demonstrated in Appendix [C] Appendix [D]portrays the model developed for the
PMSG.

3.5.3 Simulation results and discussion

Pertaining to the wind speed variation, the efficiency of the modelled system and its ca-
pability to counter the desired dynamics are reflected by the results represented below.
The behaviour of the mechanical angular speed, electromagnetic torque, DC current out-
put, stator current components and the terminal currents are the key parameters which
assists with this analysis.
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Mechanical angular speed variation

The reference mechanical angular speed is determined through the MPPT control mech-
anism. Based on (2.21), w; maintains a directly proportional relationship to vy,. The
same pattern is exhibited when relating Figure [3.11] with that of Figure implying the
correct operation of the MPPT control.

By regulating the stator currents, the electromagnetic torque directly influences the me-
chanical angular speed of the generator shaft. Consequently, the system’s response to
the wind profile, as demonstrated in this section, highlights the effectiveness of the speed
controller Cpi_ywm in Maintaining precise regulation. The calculated mechanical speed
defines the actual mechanical speed present on the shaft coupling. This is also depicted
by the ‘mechanical speed calculation’ block of Appendix D]

As shown in Figure the mechanical angular speed effectively tracks the reference
speed, adapting seamlessly to variations in wind speed. The controller efficiently re-
sponds to both increments and decrements in the wind speed, with the mechanical an-
gular speed settling in an impressively short time, never exceeding 5 s. For instance,
considering the wind speed variation at the 20*" second, by using , along with the
values of the mechanical speed difference, shaft torque after reaching steady state indi-
cated in Figure|3.12] and the calculated moment of inertia, it can be deduced that the time
to reach steady state, as illustrated in Figure[3.11] is correct and is approximately 3 s. Fur-
thermore, the absence of significant overshoot, despite the short rise time, underscores
the effectiveness of the designed controller in achieving precise and stable performance.

In addition to the effectiveness of the speed controller, the rapid response is attributed
to the system’s lower moment of inertia. Unlike larger commercial wind turbines, which
typically have a higher moment of inertia and therefore respond more slowly, the reduced
inertia in this system allows for quicker adjustments to changes in wind speed.
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Figure 3.12. Electromagnetic torque and generator shaft torque comparison

Electromagnetic torque variation

Depending on the required electromagnetic torque reference developed by the speed
controller, i;; andig, are generated based on the MTPA control operations. As these
reference currents manipulate the control signals to the IGBT’s of the generator MSC,
the stator current components of the physical system are affected. Thereby, altering the
actual electromagnetic torque produced by the PMSG. It is well known that from
that at steady state, the electromagnetic torque developed inside the PMSG is equal
in magnitude to the mechanical torque of the generator shaft since the damping factor
is negligible during this study. With aim of verifying the results, these three quantities
are compared together and analysed as illustrated by the Figure [3.12] The calculated
electromagnetic torque and the shaft torque represent, the actual electromagnetic torque
produced within the PMSG and the mechanical torque of the generator shaft, respectively.
The calculation of the actual electromagnetic torque happens inside the ‘electromagnetic
torque calculation’ block indicated in Appendix D}

Upon analysing the figure, it can be observed that the calculated electromagnetic torque
closely tracks its reference value in most cases. Notably, the electromagnetic torque refer-
ence is set to zero when the wind speed increases, and is maintained until the mechanical
speed reaches its corresponding reference. This behaviour is evident when comparing
Figures and Setting the electromagnetic torque to zero allows the mechanical
angular speed to reach its desired value at a faster rate.

Conversely, when the wind speed decrease, Figure indicated that w; drops to the
desired level. The negative error generated causes the PI controller of the speed con-
troller to produce a positive 7.7 which leads to a saturation of this torque reference value.
The high overshoot seen in the reference torque is due to the peak torque limit that is
defined as the upper saturation limit of the speed controller. This action manipulates the
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Figure 3.13. DC current output variations at rated wind speed conditions

current controllers to yield control signals to maximize the electromagnetic torque pro-
duced inside the PMSG until the rated torque level. This makes the shaft torque to be
less than the actual electromagnetic torque and eventually causing the w,, of the gen-
erator shaft to gradually decrease, as demonstrated in Figure Furthermore, it is
evident that the actual electromagnetic torque is consistently generating torque ripples.
This is due to factors such as the saliency present in the rotor structure and the switching
of IGBTs as a result of controlling the stator currents.

DC current output variation

Figure [3.13| shows a section of the DC current waveform fed to the DC-link, specifically
extracted during the rated wind speed conditions. It is evident that the DC current outflow
is notably high. The fluctuations in this current are caused by the switching of the IGBTSs,
where instances with current absences being compensated by the DC-link capacitors.
While the DC-link current occasionally becomes negative for brief moments, this reversal
does not imply that the current flow in the reverse direction is used for electromagnetic
torque generation.

Behaviour of stator current components

Figures and illustrate the behaviour of the stator current components, providing
insights into the performance of the current controllers described in Appendix [Bl The
actual current components correspond to the measurements taken at the PMSG stator
terminals and transformed into the reference frame, as outlined in Appendix [Al These
components correspond directly to ¢sq and s, variables within the PMSG model detailed

in Appendix D]
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Figure 3.15. Behaviour of g-axis current component for varying wind speed conditions

The reference stator current components are derived from the MTPA control algorithm.
The comparison between the actual and reference current components of both the d-
axis and g-axis demonstrates that the current controllers function as intended, effectively
managing the dynamics introduced by variations in wind speed. The plots further highlight
the dominance of the g-axis current component throughout the simulation, whereas the
influence of the d-axis current component remains comparatively minimal.

However, as the wind speed increases and the generator approaches rated operating con-
ditions, the d-axis current component becomes more involved in producing the required
electromagnetic torque. This characteristic, specific to IPMSGs, is prominent when the
generator operates near its rated conditions.
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Figure 3.17. THD of terminal currents at rated wind speed conditions

Terminal currents

In an ideal situation, the terminals of the PMSG should exhibit a sinusoidal waveform for
all three current phases, assuming the system is balanced. However, due to the switch-
ing action of IGBTs of the generator-side MSC, the sinusoidal waveforms are subject to
harmonic distortions influenced by the duty cycle determined by the current controllers.
Additionally, as illustrated in Figure [3.12] the ripple content in the electromagnetic torque
contributes to further distortion of the terminal current waveforms.

Figure [3.16] shows that even though the three-phase terminal current waveforms con-
sist of a ripple content, their sinusoidal characteristics are significant. This observation
indicates that the simulation results align closely with the desired outcome. The time in-
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terval in Figure corresponds to a steady-state operation of the generator at rated
conditions, which is associated with the rated wind speed, as depicted in Figure 3.10]

To further assess the harmonic content of the three-phase stator currents, the total har-
monic distortion (THD) was analysed. Figure[3.17]indicates a THD of 7.84 % under rated
conditions at a fundamental frequency of 12.7 Hz. The figure also shows that the typical
undesirable odd harmonics — specifically the 3*¢, 5™ and 7*" — are minimal relative to the
fundamental component. Generally, since the electrical connection of the generatorisin a
star connection, there should not be any 3*¢ harmonic content since they cancel out. How-
ever, it could be seen that a minor percentage of harmonics as low as 0.4 % representing
the 3" harmonics. The presence of third harmonics in the stator current is likely due to
the saliency of the rotor, which leads to torque ripples. These ripples, resulting from the
non-uniform magnetic field created by the rotor design, could generate a non-sinusoidal
back electromotive force. As a result, the stator currents could reflect these harmonics,
including third harmonics, at relatively low levels. Notably, the 5 harmonic exhibits some
significance but remains below 4 %. Therefore, the observed THD of 7.84 % is within
the commonly accepted threshold of THD .., = 10 % relating to electrical machines,
indicating that the harmonic content of the stator currents is acceptable.
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4. CONCLUSION

Conducting tests on a physical wind turbine to enhance its efficiency through different
control techniques is highly impractical due to the physical constraints of size and cost.
Instead, a WECS emulator offers a feasible alternative, enabling the execution of a wide
range of experiments. Accurate scaling of the wind turbine model based on the motor’s
capacity, which emulates the wind power captured, is essential as it directly influences the
behaviour of the control strategies implemented at the generation stage. Furthermore,
the control mechanism integrated into the MSC associated with the generator must be
capable of extracting the maximum power transferred from the mechanical system to
the DC-link under varying wind speeds. This thesis successfully addresses the defined
research questions concerning these requirements. While the background study provides
a general context, the study was based on the WECS emulator available at Tampere
University. The results obtained through the simulation-based approach demonstrate that
the proposed techniques were effective and achieved the desired objectives.

With the aim of addressing the first research question, modelling of the WECS emulator
was initiated by developing a model for the aerodynamic and the mechanical systems.
Scaling a wind turbine involves determining a suitable moment of inertia, as this param-
eter governs how fast the electromagnetic torque created in the generator needs to be
adjusted. During this scaling procedure, important parameters such as the radius of
the wind turbine emulated and the optimum tip speed ratio based on a suitable coeffi-
cient of power were calculated. Thereby, the most important learning outcome within
this modelling stage was acquiring a comprehensive understanding of how to select an
appropriate quantitative relationship between Py, I, Aot and C'** which represent the
aerodynamic system emulated based on the prime mover’s capacity. Moreover, since the
mechanical coupling is gearless and the shaft stiffness is assumed negligible, the me-
chanical system was modelled solely based on the moment of inertia. Subsequently, the
electrical generation system comprised of the PMSG and the active rectifier was modelled
using the reference frame transformation.

The control strategies implemented in the generator MSC address both MPPT and the
regulation of generator stator currents as desired. Among the three fundamental MPPT
algorithms — optimum tip speed ratio control, optimum torque control, and turbine power
profile — the optimum tip speed ratio approach was selected. This choice was made
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based on two key reasons. First, the emulated turbine has a low moment of inertia in
comparison to large scale wind turbines, since the system is designed to mimic a small-
scale wind turbine. In contrast, optimum torque control is generally more suitable for
systems with a larger moment of inertia, where rapid adjustments to the electromagnetic
torque are less critical. Second, the turbine power profile specific to a commercial wind
turbine, typically provided by the manufacturer, was not available. Given that a wind speed
profile was provided and since the optimum tip speed ratio remains constant for a given
turbine radius, the reference mechanical angular speed of the turbine shaft was calculated
accordingly. Another crucial consideration was that the blade pitch angle was set to zero,
as MPPT control is applicable in this state when the wind speed lies between the cut-
in and rated wind speeds. This approach effectively addresses the second research
question and ensures the system operates under optimal conditions for energy capture.

As discussed earlier, the generator MSC governs the current flow from the generator
to the DC-link. This current flow directly influences the behavior of the electromagnetic
torque within the generator. Consequently, selecting the most suitable control strategy
requires addressing two critical factors, which are the compatibility with the generator
type and the ability to maintain the reference shaft speed derived from the MPPT control.
Given the need to decouple torque control from flux control, and considering that the gen-
erator is an IPMSG where the d-axis current component significantly affects performance,
the MTPA control technique was chosen. This approach effectively addresses the final
research question. By implementing this FOC scheme, system efficiency is enhanced as
the stator current is minimized to generate the desired electromagnetic torque. Although
the MTPA control block for MATLAB Simulink simplifies the process of identifying the
reference stator current components, determining the optimal combination of isq and iy
was essential during the design of the controllers in this thesis. This precise calculation
ensures that the control system operates with precision and efficiency.

The primary goal of this thesis was to develop a control strategy for the generator MSC,
based on the solutions to the research questions outlined earlier. This study has demon-
strated the approach taken to design suitable Pl controllers that effectively manage the
desired system dynamics, thereby enhancing the robustness of the overall system. The
controllers used in the generator MSC were required to accurately track the reference
mechanical angular speed, which was determined by the MPPT control, as well as the
reference stator current components, which were derived from the MTPA control. To
achieve this, the speed and current controllers were designed using small-signal stability
analysis. The control system depends on control signals fed to the IGBT gate terminals,
which are generated based on reference duty ratios. Initially, the system influencing both
the speed and current control functions was mathematically modelled using input, output,
and state variables. Given that the system is nonlinear and time-variant, it was trans-
formed into a linear time-invariant system through the averaged state-space modelling
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technique. The linearization process applied at this stage utilized the Taylor's approxima-
tion method. This small-signal model in the time domain was subsequently transformed
to the frequency domain using the Laplace transformation, resulting the open-loop trans-
fer functions. From the matrix of open-loop transfer functions that represent the multiple
inputs and outputs initially considered, only those control-to-input transfer functions per-
taining to the speed and current control functions were extracted. Based on these transfer
functions, the control loops were developed. It is important to note that the speed con-
troller is positioned as the outer loop, while the current controllers are nested within a
cascaded control loop. This configuration is based on the understanding that, in electri-
cal machine control, inertia imparts a slower dynamic response for the speed controller,
while the current controllers are designed to maintain a faster dynamic response. The
loop-shaping technique was incorporated to tune the K, and K; parameters of the Pl
controllers. Additionally, Bode plots were used to analyse the stability of the open-loop
system incorporating the developed controllers. Special attention was given to selecting
the crossover frequency for each controller, ensuring that a sufficient frequency gap was
maintained between the crossover frequency and the switching frequency of the genera-
tor MSC.

With the tuned PI controllers, MPPT and MTPA control techniques, and the wind speed
profile, the control system was developed alongside the plant model in MATLAB Simulink.
The wind speed profile, reflects the dynamic nature of wind, indicating both increments
and decrements in the wind speed. The results have demonstrated the system’s capa-
bility to reach the desired reference values rapidly but effectively. The electromagnetic
torque exhibited a consistent ripple in its waveform, primarily due to the saliency of the
rotor structure, further influenced by factors such as IGBT switching. This ripple effect
also contributed to ripples in the terminal currents. However, despite this ripple nature in
the current waveform, a sinusoidal pattern was maintained in all three phases. Further-
more, comparisons between actual measurements and reference values of the speed and
current control blocks showed that the system effectively tracked the reference, main-
taining the actual values as closely as possible. Thereby, it can be concluded that the
system modelling, testing, and validation using the software implementation have proven
successful, indicating that the study has resulted in a robust control system capable of
achieving the desired system dynamics.

Future work related to this study involves implementing the designed control system on
the physical system. The physical test setup at Tampere University consists of a WECS
emulator, which includes back-to-back mechanically coupled PMSM and a PMSG. The
shaft output of the machines is rated at 17 kW, emulating a small-scale wind turbine sys-
tem. Each electrical machine is connected to two frequency converters, with the DC-links
of each converter interconnected, bypassing the passive rectifiers. The passive rectifiers
serve solely for the DC-link pre-charging function. Manufacturer-installed controls are
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available for the motor-side converters, allowing for torque and speed set points to be
provided. User-defined controls can be implemented on the generator-side converters
using an Imperix Boombox. The frequency converters on each side are connected to
the grid via LCL filters. Both electrical machines are equipped with speed encoders which
output the electrical speed and the rotor position. The shaft torque can be measured us-
ing the torque meter mounted on the shaft coupling. Measurement probes are available
connected to the system to monitor voltages and current levels.

However, prior to direct testing with the physical WECS emulator, the control system
and the plant model developed in MATLAB Simulink could be tested and validated in a
hardware-in-the-loop (HIL) environment. The two main equipment required for this are
the Typhoon HIL 402 device and the Imperix Boombox. The physical system is devel-
oped in the Typhoon HIL device, while the control system is executed on the Imperix
Boombox. The Imperix Boombox is responsible for generating the control signals and
obtaining measurements from the physical system. By modeling the physical system in
the Typhoon HIL device, the Imperix Boombox interprets these signals as if the phys-
ical test setup were directly connected. This approach allows the control system to be
tested in a real-like environment, without the need for direct testing on the actual setup.
Thus, by using this HIL environment and further testing with the physical WECS emu-
lator, the results obtained from the software simulation can be practically validated and
analysed.
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SIMULINK BLOCK DIAGRAM OF THE

APPENDIX A

ELECTRICAL GENERATION SYSTEM
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CONTROL BLOCKS IMPLEMENTED IN

THE GENERATOR MSC

APPENDIX B
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WIND TURBINE EMULATOR MODEL

APPENDIX C
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: PMSG MODEL

APPENDIX D
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