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Chapter 1
Introduction

Trends towards power generation highlight the shift from large-scale fossil fuel (such
as coal and oil) power generation to solar, hydro and wind renewable energy systems.
The sharp decline in traditional energy sources has led to higher fuel prices. These

assumptions pave the way for expanded use of renewable energy.

Wind Energy Conversion System (WECS) utilizes electrical machines to convert
the mechanical energy of the wind into electrical energy. There are a few types
of electrical machines commonly used in WECSs: Induction Generators (IGs),
Synchronous Generators (SGs) or Self-Excited Induction Generators (SEIGs).

Induction Generators are widely used due to their simplicity and reliability. They
allow the production variable reactive power that helps in voltage control of the
electrical grid. The machine consists of a stator and a rotor; the stator generates
a rotating magnetic field that induces a current in the rotor bars. There are two
types of induction generator designs used: a cage rotor design, where the rotor bars

are short-circuited, [1-7]; and wound rotor design, [8-12].

Over the past few decades, the Self-Excited Induction Generators have garnered
significant research attention due to their simplified operational principle in
generating electricity in off-grid, stand-alone scenarios. This generator type can
utilize various traditional or renewable energy sources including oil, biofuel and
wind. However, the generator has limitations, notably poor voltage and frequency
regulations when it experiences undue perturbations in speed and load. The output
frequency and generated terminal voltage depend on factors such as excitation
capacitance, three-phase induction machine parameters, electrical passive load, and
speed, [13-19].
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Wound rotor induction machines, also known as Doubly-Fed Induction Machines
(DFIMs), are commonly used in WECSs. In a DFIM, there are two sets of windings.
One set is connected to the Alternating Current (AC) power grid — most commonly
stator, and the other set is connected to a power electronic converter — most
commonly rotor. This configuration allows for better control of the generator speed

and output voltage.

Doubly-Fed Induction Generators (DFIGs) based systems have been extensively
studied and developed since the 1980s; and have become a popular choice for wind
power generation due to their high efficiency, low cost, and ease of control. The
main reasons for using DFIGs in WECS are:reduced noise, low stress on mechanical
structures, independent control of active and reactive powers. Figure 1.1 shows

classification of machines used in WECSs.

Wind Energy Conversion System

e Y T,

Induction Self Exc‘1ted Synchronous
) Induction )
Machines ) Machines
Machines

Cage-rotor Doubly-Fed Wound Rotor Permanent
. . Magnet
Induction Induction Synchronous Svnchronous
Machines Machines Machines Y :
Machines

Figure 1.1: Classification of machines used in WECSs

Due to the rapid development and low cost of power electronic converters, they
have been widely used in wind power conversion systems since the early 1990s. The
rated power of the inverter connected to the rotor circuit is only 30-40% of the
rated wind turbine power. For maximum efficiency, the control unit must select
the optimum operating point, [20,21]. Considering the above, it was decided to
undertake an analysis of the properties of the Doubly-Fed Induction Generator with
Current Source Converter (CSC) connected to the rotor circuit. The topic is vaguely

known in the literature of the subject.

Historically, early wind turbine designs used static power converter constructions
with a CSC built with Silicon Controlled Rectifiers (SCRs) and thyristors. Such
generator systems were widely used in the 1970s and 1980s, [22-25]. These designs
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controlled the angle of advance, which is the angle between the stator magnetic
field and the rotor position. The control of this angle was limited, which led to
reduced efficiency and increased stress on the mechanical components. Furthermore,
converters had complicated auxiliary power supply circuits for the thyristors and

long switching times.

A significant amount of research conducted on power electronics topologies and
their applications in WECSs led to the replacement of this solution by Voltage
Source Converters (VSCs) power circuits, where the power switch is based on
Silicon Carbide (SiC), [26-29]; and Gallium Nitride (GaN), [30-32] transistors. The
introduction of these components made it possible to switch power semiconductors
quickly and with lower power losses. However, recently CSC-based drive systems
are also gaining popularity because of their unique advantages over VSC systems.
Among them, monolithic Insulated Gate Bipolar Transistors (IGBTs) with
a series-connected diode, mainly called Reverse-Blocking Insulated Gate Bipolar
Transistors (RB-IGBTs) that simplified power systems. The characteristics and
potentials of the new power electronics CSC in various applications are described
in [33-39].

The control of DFIG can be achieved through various techniques. At present,
many works published in the literature show the application of VSC in conjunction
with DFIG. Following control methods are applied: Vector Oriented Control (VOC)
with stator flux orientation, [40-45] and stator voltage orientation, [46,47]; Direct
Torque Control (DTC), [48-51]; Non-linear Control, [52-55]; Fuzzy Logic Control
(FLC) Non-linear Control, [56,57]. Other control methods are based on multiscalar
models, [58-61]. DFIG can also operate as stand-alone system, [62-64]. Specific
control methods based on angle synchronization using the Phase Locked Loop
(PLL) also can be found in the literature, [65-67]. In case of Permanent Magnet
Synchronous Generators (PMSGs) using VOC, various articles have also also listed
various control methods, [68-71]. Figure 1.2 shows the classification of the most

commonly used control methods for grid operation of WECSs.
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Control Methods

e Y T,

Vgctor Direct Torque Non-linear
Oriented
Control control
Control

Multiscalar

stator flux stator voltage
orientation orientation

Fuzzy Logic
Control Control

Figure 1.2: Classification of control methods for WECSs grid operation

Recently published articles rarely involve the operational characteristics and
technical aspects of the DFIG-CSC system, [72-76]. Most of them dwelt only
on theoretical research.Compared to VSC generator systems, CSC-based generator

systems have few positive features:

o the length of the cable between the converter and generator has the least
impact on the operation of the power supply system;

o the rotor short circuit is treated as a natural working state of the inverter - in
the event of a short circuit, the high value of DC choke inductance can protect
the system;

e it is not necessary to use a low inductance bus-bar connection between the
switching modules of the converter to limit the overvoltage on the transistor
during fast switching;

e they can handle oversized motors.

These features greatly simplify the design of the converter. The main
disadvantage of CSC-based drive systems is that they are sensitive to open circuit
condition. The occurrence of open circuit will induce high voltage and can damage
transistor modules. In addition, the inductors in the energy storage circuit can be
quite large and expensive. Additionally, CSC produce torque pulsations at very

low speed, but that can be compensated by using appropriate control methods.
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5 1.1 Formulation and justification of the research problem

1.1 Formulation and justification of the research

problem

Due to the features of Doubly-Fed Induction Generator and Current Source
Converter mentioned above, it was decided to undertake an analysis of the
properties of DFIG, in which the stator is connected to the grid and the rotor to
a Current Source Converter. This makes it possible to control the values of active
and reactive power returned to the grid. Such system allows for bidirectional energy

flow.

From the point of view of control theory, a Doubly-Fed Induction Generator is
a strongly nonlinear object. In DFIG vector model, there are couplings between the
dynamics of individual state variables. The parameters of the generator depend on
the temperature and the operating point. The choice of appropriate control variables

affects the static and dynamic properties of the generator system.

At present, Field Oriented Control methods are mainly used. FOC is simple to
implement in generator systems with CSC, since the active power is proportional to
one component of the stator current vector, while the reactive power is shaped by the
other component. However, solutions presented in recent scientific papers propose
application of the different control methods only for Voltage Source Converter. Some
of the examples of the methods can be divided into: Vector Oriented Control with
stator flux orientation and with stator voltage orientation, Direct Torque Control,
non-linear control. In this dissertation, Field Oriented Control (FOC) derived from
the approach shown in respective articles will be investigated. This will allow to set

the reference point for the proposed algorithms.

Multiscalar control for DFIG with VSC was first proposed in [77]. Multiscalar
control of DFIG with CSC was proposed in [78]. In [75] the control concept was
further developed and a full experimental analysis was carried out to confirm the
theoretical assumptions. There are only few research works that undertake the
analysis of multiscalar control methods, [73-76,78], for a DFIG with CSC connected
to rotor circuit. From this, two main methods can be determined: voltage control

and current control.

The control strategy in which one of the control variable is the output current
of the inverter can be called current control of Doubly-Fed Induction Generator

connected to Current Source Converter. Such method was introduced in [73]. The
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main disadvantage of this type of control is that the current value of the DC circuit
is constant. As a result, the power losses in the Current Source Inverter are high.
In order to solve this problem, DC-link current needs to be generated on the basis
of the actual values of the active and reactive power of the stator. However, with
this approach, it is necessary to use an additional current regulator in DC-link to

determine the e; voltage value.

Novel non-linear control methods for power flow in Doubly-Fed Induction
Generator connected to Current Source Converter will be investigated. Control
strategies proposed by the author can be called voltage control because the
control variables are the input voltage of the DC-link (e;) and the angular speed
of the generator current vector (w;). The main contributions are new feedback
linearizations for stator active and reactive powers in the control system structures.
Furthermore, new control algorithms allow for independent regulation of the stator

active and reactive powers.

In order to apply the voltage approach to DFIG control system in which the
control variables are the e; voltage and the pulsation of the inverter’s current output
vector w; (depending on the adapted reference system) and to determine the exact
decoupling functions of the active power control subsystem from the reactive power
subsystem, it was decided to use an approach known in the literature as control with

transformation to multiscalar variables.

It is possible to linearize the system with a Doubly-Fed Induction Machine using
feedback linearization. In case of the Doubly-Fed Induction Generator with Current
Source Converter, it is necessary to consider eight state variables of vector model
transformation to multiscalar model, [75]. Multiscalar control provides independent
control of active and reactive powers. In all of the control structures presented in

this dissertation, the following assumptions were made:

o the method of synchronization of the Current Source Converter with the grid
is not considered;
o transistors are treated as ideal and lossless elements;

e the inverter is treated as an ideal current commutator of direct current.

The research aims to carry out original theoretical and experimental studies on
the control algorithms for Doubly-Fed Induction Generator supplied by Current
Source Converter. The proposed control algorithms based on the multiscalar

transformation will ensure that all controlled variables will be fully decoupled and
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robust to unforeseen circumstances; this is not feasible with Field Oriented Control.
Investigation on the FOC will be completed for making a comparative analysis of

all proposed control algorithms.

Independent generation of output control vectors for Current Source Inverter
(CSI):
o allow to increase the robustness (interpreted as resistance to sudden changes
in power, uncertainty of parameters as well as voltage collapse) of the system
during transient and steady states of a Doubly-Fed Induction Generator;

o grant the independence from the provided circuit parameters.

The four proposed methods will be compared in simulations and at experimental
setup with commonly used FOC. The comparative analysis between those control

strategies will be shown.

The goal of the research is to develop robust control methods that can
ensure stable and efficient operation of the DFIG system, which is critical in
Wind Energy Conversion Systems. To achieve this, a control methods based on
linearization with feedback of a non-linear object such as Doubly-Fed Induction
Generator was undertaken. The primary benefits of the proposed methods include
addressing stability issues inherent in conventional approaches, enhancing system
robustness by mitigating uncertainties in circuit parameters and minimizing
oscillations during both dynamic and steady operational phases. The dissertation
will cover theoretical concepts related to DFIG systems, including the mathematical
model of the generator and utilized control algorithms. Simulation tests will be
carried out to validate the theoretical concepts. Practical experiments will also be
conducted in a laboratory setup to verify the effectiveness of the proposed control
methods.

The principal objectives of the research are:

o examination of general principles of commonly used control schemes
for Current Source Converter (CSC) paired with Doubly-Fed Induction
Generator (DFIG) - firstly as simulation implementation of the system and
next with verification of theoretical concepts at a prototype laboratory stand;

» examination of proposed control algorithms for the CSC paired with DFIG in
simulations and at experimental setup;

 investigations of similarities and differences between commonly used methods

and proposed algorithms, to perform a comparative analysis and point out the
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best method among them in terms of robustness and dynamics for practical
use cases;

o further development of the proposed control algorithms on the experimental
bench and proving the theoretical concepts behind them;

« examination of control methods behaviour in case of the faulty state as voltage
dips (in the experiments, voltage dips were limited to 70-75% of the nominal

grid voltage value).

Referring to the above statements, thesis will be defined as:

The proposed control structures with multiscalar variables of Doubly-Fed Induction
Generator combined with Current Source Converter in the rotor circuit enable
independent and fully decoupled control of active and reactive power and reliability

during normal operation as well as in the case of voltage dips.

1.2 Research methodology

The doctoral research foresees the combined use of a Doubly-Fed Induction
Generator with a two-level three-phase Current Source Converter. This type of
converter is commonly used in industrial applications that require higher efficiency
and constant power, such as wind power generation. Current Source Converters
are very rarely used in low power applications; most of the research reports are
focused on high-power thyristor-based converters (above IMW). Research aims to
conduct original theoretical, simulation and experimental studies to expand the
knowledge in the field of CSC control methods used in conjunction with DFIG.
The proposed control methods rely on multiscalar variable transformations. These
conversion techniques ensure full decoupling of control sub-paths. The developed
methods will be benchmarked against industry standard approaches, such as
vector-oriented control. Comparative analyses will be conducted based on factors
including transient response speed, robustness, handling of machine parameter

uncertainties, and response to fault states.

Theoretical research will form an important part of the doctoral dissertation.
The mathematical model of the Doubly-Fed Induction Generator connected to
the two-level Current Source Inverter will be established by transformation of
the natural three-phase reference system (abc) to fixed orthogonal coordinates

(a-B). Subsequently, depending on the selected control strategy, the model will be
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further transformed to either the rotating orthogonal coordinates d-q system for
Field Oriented Control or reference system that rotates with either inverter output
current vector or generator current vector. In the latter case, the parameters of the
output stage filter will also be considered in the calculations. The obtained model

will allow verification of the control method proposed in the simulation.

Simulations were carried out in the PLECS environment. This program is widely
used in the field of power electronics and allows not only to test the authenticity of
the control schemes but will also provide data on the characteristics of the inputs and
outputs of the circuits for the control methods used. The simulation of the control
structures used C language functions that have been formulated by the author. The
developed software was written as an emulation of a real control board structure with
Digital Signal Processor (DSP) and Field Programmable Gate Array (FPGA). This

allowed for immediate portability of solutions without additional code rewriting.

The experimental study was conducted using two-stage three-phase CSC.
Inverter control board based on Digital Signal Processor (DSP) and Field
Programmable Gate Array (FPGA). The DSP is responsible for all calculations
related to control and the PC communication layer managed by the operator console.
FPGA processes accurate timing signals, such as analog-to-digital conversion and

signal generation of the controller based on calculations performed by DSP.
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Chapter 2
Wind Energy Conversion Systems

Harnessing wind energy through turbines involves the conversion of available wind
power into mechanical power; a process influenced by numerous factors. Factors such
as turbine design, its geographical placement and environmental conditions such as
wind speed and air density play crucial roles in determining this conversion efficiency,
[20]. The fraction of available wind power that can be effectively captured and
converted by the turbine blades into mechanical power on the generator shaft. For

steady-state conditions mechanical power can be described by following equation:
1 3
Poeer = §pArC’p (A, B)w (2.1)

where C), is the power coefficient as function of the pitch angle 3 and the tip
speed ratio A, p is the air density, w is the wind speed, A, denotes the area swept
by the rotor blades.

Figure 2.1 shows generic power curve of the wind turbine, [79]. Four operating

regions can be distinguished:

e Region 1 - wind torque is insufficient to rotate turbine blades;

e Region 2 - wind turbine is able to generate power below nominal value;

e Region 3 - nominal power generation;

e Region 4 - wind turbine is switched off for higher wind speeds to avoid the

damage.
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Reg. 1 Region 2 Region 3 Region 4

P/P,

0 15 30
wind speed (m/s)

Figure 2.1: Generic wind turbine power curve

2.1 Conversion systems topologies

Wind turbines have the capability to function at either fixed or variable speeds.
Given their low rotational speed, synchronization with the power grid frequency is

essential, [80]. This can be achieved through two methods:

« mechanically - with the use of the gearbox;
e electrically - with the number of pole pairs that set rotational speed of the

generator.

Fixed-speed wind turbine uses the Induction Generator (IG) directly connected
to the electrical grid as shown in Figure 2.2. The rotational speed - grid frequency
matching can be established through either gearbox ratio or pole pairs. Capacitor

bank is used to smoothen the generator output voltage.

Incorporating a converter units, as depicted in Figure 2.3 and Figure 2.4, enables
power generation across a broad spectrum of wind speeds. Major disadvantage of
this approach is the necessity to design a converter capable of handling the full power
output from the wind turbine. These systems can utilize various generator types
including Induction Generator (IG), Permanent Magnet Synchronous Generator
(PMSG) and Synchronous Generator (SG).

Figure 2.5 shows variable-speed wind turbine with Doubly-Fed Induction
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Machine (DFIM). Stator of the DFIM is connected directly to the power grid, while
converter is connected to the rotor windings via slip rings. This configuration offers
the advantage of reducing the size, losses, and cost of the converter unit since it

only needs to manage a portion of the rated power, typically up to 30%.

Grid
Gear- \
box ) I

-

Capacitor
bank

Figure 2.2: Fixed-speed wind turbine with a Induction Generator (IG)

174 A N
=T | | Grid
, OR o
| f\j _fYYY\_: E—
| — Ul

Figure 2.4: Variable-speed gear-less wind turbine with a Synchronous Generator

(SG)
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Grid
=
T 1/
OR —
| % _/WY\_: %
= )

Figure 2.5: Variable-speed wind turbine with a Doubly-Fed Induction Generator
(DFIG)

The dissertation focuses on the analysis of the system with DFIG shown in Figure
2.5. Wind turbine and gearbox will be modeled by induction machine, driven by
commercial converter, connected to the Doubly-Fed Induction Generator (DFIG)
shaft via clutch.

2.2 Doubly-Fed Induction Generator mathematical

model

The mathematical model of the asynchronous machine used for the synthesis of

control systems is obtained on the basis of the following assumptions, [81]:

o phase windings are symmetrical;

e magnetic circuits are symmetrical;

« distribution of phase windings around the stator and rotor is continuous;

» stator and rotor surfaces are smooth;

e air gap is uniform;

o distribution of the magnetic field in the air gap is sinusoidal;

o distribution of the magnetic field in the gap does not change when the
ferromagnets are saturated;

» magnetization characteristics of the main circuit is explicit;

e phenomenon of current displacement is omitted;

e energy losses in magnetic circuits are omitted;
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o capacitances between windings and phases are omitted;
o there is no deformation of the magnetic field at the edges of the magnetic

circuit and in the ventilation slots of the sheet packages.

These assumptions allow the creation of an equivalent circuit presented in Figure
2.6 as well as a mathematical model described using general vector differential

equations, [82]:

— - —

U:'s - Rsis + — + jwaqjs (22)

dr
- - d\:p_;- —

Uy = Ryip + — + J (Wg — wy) U, (2.3)

dr
dwr g
Jo T =1Im || — mo (2.4)
RS I_; jwﬂLSU jwaLrU I_; Rr

L‘:’W /YYY\:'_—I—

—

U, JWaLlim R, U,

Figure 2.6: Equivalent circuit of DFIG

The most common approach to DFIG control has been adapted from three-phase
squirrel-cage machines. It can be based on rotor or stator flux vector orientation,
[43,44]. In the Park frame, the DFIG voltage and flux equations for stator and rotor

are derived directly from the asynchronous mechanical equations shown below:

AV

Usqg = Rgisqg + de - waqjsq (25)
, AV

Usg = Ryisy + qu + wo Wy (2.6)
dv,

Upg = Ryirg + de — (wa — wy) Upg (2.7)
, dv,

Urg = Ryipg + qu — (wg — wy) Uy (2.8)


http://mostwiedzy.pl

A\ MOST

15 2.2 Doubly-Fed Induction Generator mathematical model

Ci;j = jZ; (Wsaisq — Usqlsa) — ;mo (2.9)
Vsa = Lgisa + Linira (2.10)
Usq = Lslsg + Linirg (2.11)
Vg = Lyirg + Linisa (2.12)
Vig = Lyipg + Lintsq (2.13)

where R, and R, denote the stator and rotor resistances, Ly, L,, L,, represent
the stator, rotor and mutual inductances V¥, u;, i, indicate stator flux, voltage and
current vectors and V.., u,., i, are rotor flux, voltage and current vectors, w, denotes

rotor angular speed, w, denotes angular speed of the coordinate system.

Assuming that the d-q coordinate system is linked to the stator flux vector as
shown in Figure 2.7 (where ag, 55 denote axes of the stationary stator reference

system and ag, fr denote axes of the stationary rotor reference system), ¥y, = 0
and ¥ 4 = \178:

Figure 2.7: Coordinate system orientation for Field Oriented Control

The dynamics of the Doubly-Fed Induction Generator in the form of a vector is
expressed in any possible frame of reference, which rotates with w,, [59]. The author
chose the x-y reference frame, where the x-axis connected with inverter output

current vector i,.:

d¥,, R, RsL,, .

e U, + —p, et Wa Wy + Uss (2.14)
dW, R, RsL,, .

dTy T L, ey Ly Iry = WaVsa 1 Usy (2.15)
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diyy L’R, + L2 R, R,L,,
: = - MQMB \Ilsx + (wa - wr) iry+
dr L ws SWs (2.16)
L, L, L, ’
- 7("-}7“\1/53; + —Upy — —Usg
We ws Ws
di,. LR, + L% R RyLy,
Wy Mz}y Iy (W — @) et
dr L ws L ws (2.17)
Ly Ly Ly '
+ 7‘/‘}7’\1;3:1: + 7ury - 7usy
Wws ws We
dw, L,, . ‘
ir = T[JS (qjsmzry — \Dsyzraz) — jmo (218)
and:
ws = LyL, — L? (2.19)

where R, and R, are the stator and rotor resistances, Ly, L,, L,, are the stator,

rotor and mutual inductance, W, u; indicate stator flux and voltage vectors and 1,,

u, represent rotor current and voltage vectors, w, denotes rotor angular speed, w,

denotes the angular speed of rotation of the coordinate system. Figure 2.8 shows the

vector orientation of the reference frame, where ag, Bs denote axes of the stationary

stator reference system and ag, Sr denote axes of the stationary rotor reference

system.

Figure 2.8: Coordinate system orientation for Multiscalar Control System

The mathematical model (2.5) — (2.13) will be used to synthesize the Field
Oriented Control system; while (2.14) — (2.18) to synthesize the control systems

proposed by the author of the thesis in Sections 3.2 — 3.4.
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Chapter 3
Control methods

This chapter presents the structures of commonly used Field Oriented Control
method for Doubly-Fed Induction Generator, proposed by the author four
multiscalar control methods, as well as stability of linearized control systems using
multiscalar transformations. FOC was chosen as the reference method due to its
frequent use in industrial solutions. Choosing this method will allow to compare
the transient-state and steady-state behaviour of the control methods proposed by

the author with industrial standards. This chapter is divided into six sections:

e Field Oriented Control - described in Section 3.1;

o Multiscalar control structure 1 - described in Section 3.2;

o Multiscalar control structure 2 - described in Section 3.3;

o Multiscalar control structure 3 - described in Section 3.4;

o Multiscalar control structure 4 - described in Section 3.5;

o Stability of linearized control systems using multiscalar transformations -

described in Section 3.6.
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3.1 Field Oriented Control

In Doubly-Fed Induction Generator system, the rotor side Current Source Converter
controls the value of the electromagnetic torque of the machine based on stator active
and reactive powers. Converter in the rotor side generates current vectors to rotor
windings that corresponds to the desired powers. Equations (2.10) and (2.11) shown

also in [40] can be written as:
Vg = Lgigqa+ Linirq (31)

W,y = Lyisg + Liming = 0 (3.2)

From these equations, the stator current components can be formed as:

: 1 :

ira = 7 (Vs = L) (3.3)
: Ly, .

Gsg = — I irg (3.4)

The stator active and reactive powers are written in d-q coordinates:
bs = Usqlsqd + usqisq (35)

s = usqisd - usdisq (36)

Additionally, considering only steady state, it can be assumed that: uyy ~ 0

and ug, = ug = g—: After that equations (3.5) and (3.6) can be rewritten as:

Us L
s = — ., 3.7
b wsLg bra (3.7)
U WL (38)
s = — Uy :
=L, Wl
Assuming that the grid frequency is invariant and equal to the nominal value
during the impulse period, the pulsation can be defined as w, = 1 (p.u.) and above

equations can be simplified to:

Vs L,
L

Ds = irq (3.9)
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U2 WL, (3.10)
= — — Iy .
L, L, ™

s

Finally, by utilizing equations (3.9) and (3.10), it is possible to derive equations

for the components of the rotor current:

Lps

= 11

SCER7 (3.11)
v, L.

=Y ) 3.12

T WL (3.12)

Then, additional decoupling variables were introduced to improve the quality
of regulation (better tracking of setpoints and minimalization of errors). Those
variables are derived from active and reactive power equations. Considering that in

steady state U, =~ 1 the final set of control variables for the modulator block is as

follows:

1 Ly

Ly
Y2 =7 (3.14)

Variables m; and msy can be defined as outputs of Proportional Integral (PI)

controllers:
my = ky (Proy = p) + ki [ (Prey —po) dt (3.15)
may = kp (Qref - QS) + k; / (Qref - QS) dt (316)

where £, and k; denote controllers gains, P,.¢, Q¢ are reference values of active

and reactive powers. Figure 3.1 shows the control structure.
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Lqg
s DFIG I J_ CSI T.. udT CSR__L—H_
grid grid
ér | wr TA 7N |ealie ¥ TA
Calculation of FOC Rotor Grid
variables, active and side side
reactive power PWM PWM
Transformation 32
toa—p ‘%
Ls, Ly, Decoupling
_ Eq.
b Ps . (3.13)-(3.14)
ref ZTqref
_.éb_r\_. PI ]

Qref é_qs PI irdref

Figure 3.1: Field Oriented Control structure of the Doubly Fed Induction Generator

3.2 Multiscalar control structure 1

The rotor speed and square of stator flux vector components are not directly
controlled in the Doubly-Fed Induction Generator (DFIG). Control system aims
to stabilize the active and reactive powers. Therefore, the generic input-output
transformation is not suitable for power control of DFIG with the CSC. The rank
of the examined system is r = 8, [75]. The transformation should be extended to
the CSC equations. The rotor side Current Source Converter is considered as the

ideal commutator working with a constant modulation index M; = 1.

Providing that the control variables are the DC-link input voltage e; and angular
speed of output current wj;,, it is possible to maintain the reference values of powers.
This approach, presented previously in [74] grants controllability of DC-link current
and gives better use of grid power. In case of this method x-y coordinate system
is tied to x component of the rotor current: ¢,, = M,iq and i,, = 0. Assuming
a very small output capacitance it can be assumed that u,, = M;es. In line with
this premise, the dc-link and capacitor C,, differential equations are as follow:
dig 1

% = fd (ed — Rd’id — Gq) (317)
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AUy I . .
s L (i, — i) 4 i (3.18)
T m
du, 1 . .
dTy = . (Lfy — iry) — Wirlles (3.19)
and:
Upy = R, (ny - iry) + Uey (321)
eq = (1'[/7“132]81j :; uTnyy) (322>

The stator active and reactive power can be defined as:
bs = Usglsz + usyisy (323)

s = usyisx - usxisy (324)

The assumption made for the steady state that U, = —%, Uy, ~ %= and

ws == 1, where wy is the angular speed of grid voltage vector and is assumed constant

during tests, makes that the active (3.23) and reactive (3.24) power can be redefined

as:
Zy = ‘I;syisz - \I’sxisy (325)
2y = _\I/sxiscc - lIszisy (326)

After taking into account the equation (3.17), the final set of mathematical

relationships, based on which the control will be determined, can be presented as

follows:

d;pf = —];:\Ifsx + L’szx + Wy (wir + wr) + Use (3.27)
ff’ = =7 Wy = War (i 00p) sy (3.28)
d;j = - (LilRZ;UfiR’“)z‘m — i’::\psywr — i:“ + %\If + i;“ (3.29)
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dis, R, | LhR.\ LyRe | LoRe  LoRJ\ .
= — | 75 sx lry
dr Lg ngcg ng(; Ws Lg (3 30)
+ ! + L U w, + Lo + ! + Ly Lo |
T syWr ¥ 7 | Usz T W gyWip — T Upg
Ls st5 4 stg Ls Ls 4 ws
di, R, 1 1 1
- = _fgmsy - fsq]sxwr + fsusy - fs\I’szwir (331)
dw, L, . 1
=i, — 3.32
ar gL, T g (3:32)

The proposed transformations of the generator state variables to multiscalar

form:

211 = Wy (3.33)
22 = Wsyisy — Wsrlsy (3.34)
2 = V2, + U2 (3.35)
Za = —Woplsy — Yeylsy (3.36)
231 = Ueg Wy — Uy Wy (3.37)
232 = Uez Wz + Uy Wy (3.38)
Z41 = lfs (3.39)
Zag = Ufy =0 (3.40)

Considering the proposed multiscalar transformation (3.33) — (3.40), the

dynamics of the system can be described by following set of the differential

equations:
lel Lm . 1
& = gL, (Yt = o 40

dz R, z L? 1
2 =— —29+ (21 — 24+ & \Iliy> 211+ — (q/syusm - \I/sxusy) +

dr L, L, Lw; Ly
L3Ry, LunR, LnR, . LpR,.
+ <L§w5 + ws + Lg ) \Ijsylr;v - Tszsylrw—i_ (342)
L? L?> R
7m\1j3 s stsm@s s
+ Tows yU ng(S y T Qs + Uy


http://mostwiedzy.pl

A\ MOST

23 3.2 Multiscalar control structure 1

dZQl <Rs LmRs

I T\Ijs:cir:c - \I/sacusac - \Ijsyusy>

dz RS L72n Rs
GT: =- ZZ4 - (IJsu)é\Ijsy\sz + Z2> Z11 + 7272 —Dst
L3R L, R LR L? R
. mils mAly mdls \Ijsx-m: m S\IJQ
( ng(; ws + Lg ) bra ng(g Sx—i_
L,Rs. . 1 L?
- TSZTIZSJ? - fs (\Psxusx + qjsyusy) - @\Ijsmusx + U
d231 RS LmRs ;
W - - L7231 — 211432 — Tlrmucy + UcgUsy — ucyusm+
1 . . 1 . ‘
+ o (Weyife — Waaipy) + . (Vsalry — Vi)
d232 RS LmRs .
? = 7232 — z11%231 + UrgUcy + UepUsy + ucyusy+
1 . . 1 . .
+ o (Wt fz + Veyipy) — . (Vsalre + Wsyiry)
dz 1
Tj_l = fd (ed - RdZ41 - urx)
dzso
22
dr
where:

221 Ly,
uy = <Z4 + ) wir — — Usyeq
Ls Ws

m
Uy = —2owiy + — W eq
Ws

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

(3.48)

(3.49)

(3.50)

As can be seen control variables occur only in equations (3.42) and (3.44).

Equations (3.45) and (3.46) describe dynamics of the output filter. Applying Static
State Feedback Law to differential equations (3.42) and (3.44) the following form of

equations can be obtained:
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where:

2

Low
(Lf’nRs LR, LmRS> . LnR
+ \Ilsylrz -

1
\112 ) z11 + f (\Ilsyusw - ‘I]s:pusy) +

S

Lz,
mlzT[U1+(ZIJ21—Z4+

. 3.51
ng(s + ws + Lz s Zyl + ( )
L2 L2 R,

+ @\Ijsyusx - L2 \Ijsxqjsy + QS]

2

L R,
my =T [ug — (LS:LU& Ve Wy + Zz) Z11 + ﬁzm Dst

L} R LR LR L’ R
- mils milr mils \Ijs:c Ar:c m* s \112 3.52
< ng(; + ws + Lg > tra + ng(g S$+ ( )
L,.R,. . 1 L?
- Ls Urglsy — fs (\I’sxusx _I' \Ijsyusy) - stsqlsxusx]

Obtained variables m; and msy are new controls and take form showed in (3.51)
and (3.52), respectively. Variables u; and us present in (3.42) and (3.44) are used

to compensate the coupling between new state variables in the presented system:

1 z L? 1
Uy =7/#Mmy — (21 — 2+ o \Ijiy> 211 — f (qjsyusx - qls:p“sy) +

T Ly Lsw
L3R, LnR, LR, .~ LnR,.
L2 L% R,

- mqjsyusx + L2 \Ijsx\Ijsy qs

1 L? iz
Uy == + < m \I{ \I/sx + Z2> c11 — 7221 + st

T Lws L?
L3R, L,R. LR L? R,
m* s m=or m-=s . 'm: _ \112 3.54
+<L§w5+ o T2 ) ire = gy Yort (3.54)
L,Rs. . 1 Lil
+ Tszrzlsz + fs (\Pszusz + ‘I]syusy) + m‘ys:pus:p

From equations (3.49) and (3.50) final set of control variables can be calculated:

Lswsuyzg + Lswsuzzy + wsugza
LmLs\IJst4 - LmLs\DsyZQ + Lm\DSIZQ].

eq = (3.55)

Ls\szul + Ls\Ijsyul
qujsmz4 - Ls\IjsyZ2 + \szZZI

Wir =

(3.56)
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Diagram of the nonlinear control system for Doubly Fed Induction Generator

supplied by Current Source Converter is shown in Figure 3.2.

Lg

LYY,

DFIG - Ud
4 T CSI|] | ICSRﬂgﬂd
i e TA {} eq | i {} TA

Calculation of multiscalar Rotor Grid
variables, active and side side
reactive power PWM PWM
Transformation| 4,
Eq. ‘ U1
(3.55)-(3.56) l :
Decoupling
211y R24y 221, R4, R31, 232, 241, 242 Eq
—Ps 3.53)-(3.54
P o (3.53)-(3.54)
_.éb_r\_. PI
QT‘ef _qS m
PI—2

Figure 3.2: Multiscalar control structure 1 of the Doubly Fed Induction Generator

It is necessary to fulfil the condition that the denominators of equations (3.55)
and (3.56) are not equal to 0, which may be difficult to achieve for certain conditions.
By calculating the derivatives of (3.25) and (3.26) another form of differential
equations is obtained, on the basis of which variables u; and uy can be defined
using the Static State Feedback Law (3.53) — (3.54), and control variables e, and w,
defined by equations (3.55) and (3.56). The control variables e; and w, together
with the Static State Feedback Law specified equations (3.51) and (3.52) allow for
decoupling the control subsystems (active power from reactive power), which will

be confirmed in simulation tests.
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3.3 Multiscalar control structure 2

The difference in this approach is that the output filter capacitance is taken into
consideration in the control structure. It will lead to further reduction of the
oscillations in system and to correct the system responses during changes. Those
assumptions allow to define iy, = M;iq and iy, = 0. Where is,, is, are the

inverter output current vectors and modulation index M; = 1.

Making the above assumptions, equations (3.17) — (3.19) can be redefined as:

dig 1

— = — (ed - Rd’id — um) (357)
dr Ld
duey 1. ,

dr - Cf (fo - 1rm) + WirUcey (358)
du, 1.

;LTy = _C—mzry — Wipleg (3.59)

Under the condition that the amplitudes of iy and u. are invariant during the

pulsing period, it is assumed that:

ife = |La| cos(dir) (3.60)
Uez = |Ue| cos(¢y) (3.61)
Uew = U sin(¢y,) (3.62)

By differentiating the above equations, it is possible to determine the values of

the derivatives during the pulse period:

dif,

o= Wi | 14| sin(¢iy) = —wipipy, =0 (3.63)
d CT .
ez _ —wip |Ue| sin(gyr) = —wir ey (3.64)
dr
du,
Z; Y = wir |Ue] cos(gir) = Wiptiee (3.65)
-

By applying the relationships (3.63) — (3.65) to equations (3.57) — (3.59), the

following set of variables can be obtained:

Uy = €q — Rylg (3.66)
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lrg = g+ 2wirucycm

iry = —2Wirles Cm

(3.67)

(3.68)

All of previously mentioned assumptions allow to develop mathematical

relationships from which the control will be determined:

d¥s, R, RsLy, . RsLy,
dr = _fswsx + Ls 1q + 2 Ls wirucyCm + wirqjsy + wr\psy + Usy
AV, R R.L,,
?y = Ls \IJ 2Tsw’rucm0m - wi’r‘\llsw - wT\IjSI + Usy
diry _ LR ALER)\ . Ly LaBay Leg
= 1y — —Usy - Ysxr — T ¥gyWr
dr st(s d st(; Ws Y
Cm (L}, Ry + L2R, Ly
Zme rUex — 2 ( 4 i £ )Wirucy + —¢€4q
stg Ws
dipy LR, L, Lo Lum
— = \Ils r 7‘115:1: r— —  UWUs
dr st5 y"— 5uy+ We w wguy+
Cn (L2 R, + LR,
- QCsz‘erucy +2 ( o i . )wi’rucw - Wirid
st6
di gy L, Ry L+ L3 R, n LR, N L, R\ . +
—_= 1 8 w’/‘
dr Wg ngls ws L? at Y
CL3 R, Co LR, CmLm "
(2 g 2 2O ¢
LBy N LoBe Ry
75,  U¢ Wir 7 | Usa — T sx
Lz v stg LS ng(; Lg
L,
Ws
dis, CnL3 R, CouLin R, CouLim
= —27”” cx 27 cx 27 ir Ue
dr ( L2w; Ws b L, Wirthey
Cyu LRy 1 L. I:R, R,
_ZTUW — E\PSCC + led> Wiy — ( L?wg + L§> \I/Sy‘f‘

Lo Ly Ly Ny Lin Lo
LS ws sx L sz | Wr Ls st(S Usy W UT’y
dw, L, . . 1
= qjsa: ry \Ijs rr) — 7
dr gL, Vet = ) =

mo

(3.69)

(3.70)

(3.71)

(3.72)

(3.73)

(3.74)

(3.75)
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The proposed transformations of the generator state variables to multiscalar

form:

211 = Wy (3.76)
g = ‘Ijsyisx - \I/sxisy (377)
a1 = V2, + 03 (3.78)
24 = Vel — \I/syisy (379)
<31 = ucm\Ilsy - ucy\ljsm (380)
<32 = Uez Vs + ucy\llsy (381)
241 = lfy g (3.82)
Zag = ipy =0 (3.83)

Considering the proposed multiscalar transformation (3.76) — (3.83), the

dynamics of the system can be described by following set of the differential

equations:
dzi1 Ly, , . 1
W = TL (\Ijsxzry — \Ijsyzrx) - jmo (384)
dz Ry 291 L? 1
E = - ZZQ + <LS + 24 + st(; 201 | 211 + ?S (‘Ilsyusx - \szusy) + gs+
LR, L.R.. LR, LR L3R, .
(P i P s P e i 059
L? L,
+ ﬁ (\Ijsyusx - \I/sxusy) + widqjsmury + ug
d R, CnLim R, C L R
ﬁ = - 27221 + 47\1{5xwi'rucy - 47\Ilsywirucz+
dr L, Ly L, (3.86)
L., Ry ’

+ ZT\Ifsmid + 2V Uy + 2W gy Uy

S
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dz R, 1 R, L%R,
dif = L Z4 — 22211 — Ps — fs (‘Ijsxusx + \Ilsyusy) + <L2 + L2w§> 291+
LmR L, R, LR . L, R ,
d\psx + 7‘113:1: + lsy T \Ilsx 1q+ (387)
ws ws LS Lg
— L o 230 + w—é‘lfsyury + ug
dz: R CnLpy Ry L, R
= —Z31 — 211232 — 22— Wir (sz + “i;) Zducy+
dr L L, L
. (3.88)
+ ucxusy - ucyusx + 07 (\sziry - qjsyirx + \Ijsyifx)
ngQ Rs mdls .
? = - f232 — Z11231 + I LqUcq + UegUsy + ucy“sy“’
- s (3.89)
+ Cim (\Ijszzfm - ‘Pszim: - qjsy@"y)
d 1
1 (e — Razar — tng) (3.90)
dT Ld
d
7;;1_2 —0 (3.91)
where:
Cnl3 R, CnLn,R. C,L,R, CLm,
u; = |2 + + 232 + 2————wirz31+
L2w5 Ws Lg Ls
e L R, 2 (3.92)
- 5 (stucac + Zsyucy) + Li: + 24 — L:n\psa:?fd:| Wi — wii:\psyed

CnL f’nRs CnLnR, CnLy, R CnLnR,
Uy = |2 L ws + 72 231 2T6\I]syuc:c
Ls (stucy - Zsyucac) -2 Ls Z32Wir — de\Ijsy - Z2] wir+ (393)
Ly,
+ 7\I]sxed
Ws

As can be seen, control variables occur only in equations (3.85) and (3.87).
Equations (3.88) and (3.89) describe dynamics of the output filter. Equations (3.90)
and (3.91) describe dynamics of the DC-link. Applying Static State Feedback Law
to differential equations (3.85) and (3.87) the following form of equations can be
obtained:

ng 1 dZ4 1

dr _T(_
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where:
2 1
mq =T [ul + (Ls + 24 + Ls:)(; 221> 211 + I: (\I/Syusx — \I/smusy) + qs+
LR, LnRs.  LnR, LRy L3R, .
+ ( L2 U, — I loy + qujsy + 05 —V,, + 2w \If$y> igt+  (3.94)
L2 Lo,
+@ (lpsyusx - \I}sxusy) + W\I[sxury]
1 R, LR,
ma :T [UQ — 22211 — Ps — fs (\Psmusx + qjsyusy) + (Lg + szé ) Z21+
L3R LRy LR LR LR
- o S\I[sa: o \Ijsm 2 rll[sx m Asw = S\I[sa: . 3.95
< ng(; + W + Ws + Ls bex F Lg ) tat ( )

2 L,,
7\115 T
L 0y 239 + s y U y]

Obtained variables m; and mgy are new controls and take form showed in (3.94)
and (3.95), respectively. Variables u; and us present in (3.85) and (3.87) are used

to compensate the coupling between new state variables in the presented system:

1 291 L?n 1
Uy :Tml - (-Ls + 24 + Ls 5/221 211 — fs (\Ijsyusx - \I]sxusy) — (st

L, R L, R L, R, L, R L3 R, ,

_< T Y g e T et T e ‘I’) k390
L2 Lo

- st5 (\Ijsyusx - q]sxusy) - Ewszury

+ Fpat (¥ + Uy uy) By LiF, +
U =7 X s T 7 szUsz syllsy) — | 75 <
2 T 2 2211 T P L. yUsy L? ngé 21
L3R L, Rq L, R, L,R L,R
= S\Ijsx L\Ijsx \Ilsx - s‘sx - S\Ijsx ) 3.97
+<ng6 + o + " + T + I )zd+ (3.97)
L? L
- _7m‘ljs T
+ st5Z32 W yUry

From equations (3.92) and (3.93) final set of control variables can be calculated:

Bwsuy — Buawsuy
Bwle\Ijsx + BwQLm\Isz

€4 —

(3.98)

\Ijsmul + \I]syu2
Bwl\Ijsx + BwQ\Dsy

Wiy =

(3.99)
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where:
CnL}R, C,L,R, C,L,R, ConLy,
By = |2 Iz + + 12 Z32 + 2 WirZ31+
- w]fz o s . . (3.100)
_2% (iszucz + isyucy) + % + 24 — Lmqjs:cld]
C,.L} R, C,L,R, C L R, C’ L,.R,
Bw2 = [2 L2m + > \I]syuc:v
st b (3.101)
C Ly, Ry (i ) 2 Ly, Ly, v
— (lszUe Zs Uex) — Z3oWir — 71 sy — R
LS Y Yy L 32 Ls d ¥ sy 2

It is necessary to fulfil the condition that the denominators of equations 3.98
and 3.99 are not equal to 0, which may be difficult to achieve for certain conditions.
Due to the high processor computing power required to calculate the final control
variables, this method was only analysed the theoretical and simulation studies

presented in the Sections 4.1-4.4.
Calculation of the derivatives of (3.85) and (3.87) will lead to yet another set

of differential equations. On their basis variables u; and us can be defined using
the Static State Feedback Law, and also the control variables e; and w;, defined by
equations (3.98) and (3.99). The control variables e; and w;, paired with the Static
State Feedback Law specified equations (3.94) and (3.95) will allow for decoupling
of the control subsystems (active power from reactive power) and further reduction
of the low frequency oscillations of the controlled variables. That statement will be

tested and confirmed in simulation tests.

Diagram of the control system for Doubly Fed Induction Generator supplied by

Current Source Converter is shown in Figure 3.3.
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Figure 3.3: Multiscalar control structure 2 of the Doubly Fed Induction Generator

3.4 Multiscalar control structure 3

The control structure proposed in this chapter is significantly simplified compared
to those presented in Sections 3.2 - 3.3 due to the form of control variables and
calculation time. However, it is necessary to use a cascaded structure of PI
controllers (2 PI controllers each in the control subpaths) to ensure an adequate

control process.

Assuming that the control variables are the DC-link input voltage e; and angular
speed of output current w;,, it is possible to maintain the reference values of powers.
This approach grants controllability of DC-link current and gives better use of grid

power.

The rotor speed and square of stator flux vector components are not directly
controlled in the Doubly-Fed Induction Generator (DFIG). Control system aims
to stabilize the active and reactive powers. Therefore, the generic input-output
transformation is not suitable for power control of DFIG with the CSC. The rank of
the examined system is r = 8, [75]. The transformation should be extended to the
CSC equations. As assumed in Section 2.2 the rotor side Current Source Converter
is considered as the ideal commutator working with a constant modulation index

M; = 1. In case of this method x-y coordinate system is tied to x component of the
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rotor current: 4,, = M;iq and i,, = 0. Assuming a very small output capacitance

it can be assumed that u,, = M;e,

Under this assumption new set of relationships from which the control will be

derived can be constructed:

dVs, Ry LR .

= —L—S\I/sz + Tszm + Uy wip + Uy (3.102)
dW, R,
?fy = _ZWSy — \IISI(.UZ'T + usy (3103)
diyg L? R, + L?R, L, L, L,R,
; = - ( L L+ = )Zr:c - 7\Ijsywr — Uy + \Ijsx‘f‘
T sWs Ws Wws sWs
L (3.104)
+ —Upg
Ws
dw, L,, 1
Yr_ “mo (3.105)

The proposed transformations of the generator state variables to multiscalar

form:

211 = Wy (3.106)
212 = _\Ilsyirm (3107)
2 =02, + 02 (3.108)
<22 = \Ijs:ci'rx (3109)
<31 = ucrqjsy - Ucy‘ljsm (3110)
<32 = Uee Vsz + ucyqjsy (3111)
241 = me R Uy (3112)
zZ49 = ’ify ~ 0 (3113)

Considering equations (3.107) and (3.109) for the steady state, the active and

reactive powers have the following form, [60]:

Lm
Ps = — L. 212 (3.114)
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1 Ly,

PTLTL

299 (3115)

Considering the proposed multiscalar transformation (3.106) — (3.113), the

dynamics of the system can be described by following set of the differential

equations:
dz1 L, 1
_m ., _ A1
dr gL, T g (3.116)
dz R, LR, LR, Ly, Ly,
o= + = + Z12 + 7\I/syusac + 7\1’;}211—’—
dr Ly Lsws ws Ws Ws (3.117)
LR, | '
- st§ \Ijsx\l’sy — lpgUsy + uy
dZ21 RS LmRs .
7d7‘ =-2 <LS221 - qujsaczrx - (\Ijswusw + \I/Syusy)> (3118)
dz R, L2R, LR, Ly, Ly,
22 _ ( 4 Dmfts ) Zog — —Wopllgy — — Ve, Wy 211+
dr Ly Lsws w; Ws Ws (3.119)
LmRs\DQ +LmRsz‘2 + Gppllsy + U |
st5 sz Ls re reWsx 2
d231 Rs LmRs . + +
—_— = = —Z —_— eruc ucajus - uc U'SZ'
dr L7 L Y v (3.120)
1 .
-+ Cf (\Ijsmiry - \Ijsyirx + \Ijsyifz - quIny)
dZ32 Rs LmRs .
T = — — 232 + Tzrxucx + UecxUsy + ucyusy
T - s (3.121)
+ 07 (\I’sxlfx + \Ilsyify - ‘I]sa:irm - iry)
dZ41 1
— ey — Ryzar — s 3.122
ar Ld (ed d<41 Uu ) ( )
dzyo
_0 3.123
dr ( )
where:
L
U = Z22Wir — 7\I]syurm (3124)
Ws
L
Ug = —Z12Wip + 7\Ils:purm (3125)
Ws

As can be seen only equations (3.117) and (3.119) have variables that in
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this method are responsible for controlling active and reactive power. Equations
(3.120) and (3.121) describe dynamics of the output filter. Equations (3.122) and
(3.123) describe dynamics of the DC-link. Applying Static State Feedback Law to
differential equations (3.117) and (3.119) the following form of equations can be

obtained:

dz 1 dz 1

o =t R =g cm et m)

where:

Ly, L, L, R, :

mq = T |:U1 + wiéqjszuusx + wialpgijl — mqjsxqjsy - erusy:| (3126)

m Lm LmRs LmRs . .

me =T [UQ — — Vg, — — Ve, Wyy211 + w2t i+ zmusz} (3.127)

Ws Ws Lws Ly

Obtained variables m; and ms are new controls and take form depicted in (3.126)
and (3.127), respectively. Variables u; and ug present in (3.117) and (3.119) are used

to compensate the coupling between new state variables in the presented system:

1 L,, Ly, L, Ry .
ul = Tml — w—é‘llsyusx - wfé@iyZn + mwsxqjsy + erusy (3128)
1 L L L, R L, R
= 7m\1jsz s lwsx‘ys - == 8\1/2 — T — raUse 3.129
U Tm2 + s Uge + ws y<11 st(S sT Ls 2% Lz ( )

From equations (3.124) and (3.125) final set of control variables can be calculated:

_ WsUZ12 + Wela222
Lm\PstZQ - Lmqjsyzw

eq (3.130)

‘Psxul + \IjsyuQ
\Ijsxz22 - \Ijsy'le

Wiy = (3.131)

Calculation of the derivatives of (3.117) and (3.119) will lead to yet another set
of differential equations. On their basis variables u; and us can be defined using
the Static State Feedback Law, and also the control variables e; and w;, defined by
equations (3.130) and (3.131). The control variables e; and w;, paired with the Static
State Feedback Law specified equations (3.126) and (3.127) will allow for decoupling
the control subsystems (active power from reactive power) and further reduction of

the low frequency oscillations of the controlled variables as well as simplification of
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decoupling functions. That statement will be tested and confirmed in simulation

and experimental tests.

Diagram of the control system is shown in Figure 3.4.

Lg

YN

pon # + CSI |1+ MCSRﬂgrid
$r | wr AN ealia 23 TA

Calculation of multiscalar Rotor Grid
variables, active and side side
reactive power PWM PWM
Transformation Us
Eq. | U1
(3.130)-(3.131) 1 :
211, 12, B21, 222, R31, 232, R41, £42 Decouphng
e 2D S T D Eq. (3.128)-
—DPs —Z12 (3.129)

Pre 4 m
QPP —P—{PT-™ !

—(s —=2
M PRz P

Figure 3.4: Multiscalar control structure 3 of the Doubly Fed Induction Generator

3.5 Multiscalar control structure 4

The structure presented in this chapter is based on the reference system associated
with the inverter output current vector. Under the assumption of unitary
modulation coefficient, this results in a significant simplification of the relationships

determining the control variables, while maintaining similar control characteristics.

The assumption that the control variables are the DC-link input voltage e; and
angular speed of output current w;, can be also made here. The difference is that
in this approach output filter capacitance is taken into consideration in the control
structure. Those assumptions allow to define iy, = M,;i; and ip, = 0. Where iy,

ity are the inverter output current vectors and modulation index M; = 1.

Under this condition the DC-link current equation (3.17) can be also used to
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describe the behaviour of x component of inverter output current:

dipy 1 .
d’];' = fd (ed - Rdzfac - ur:c) (3132)

Following all of the above assumptions, a new set of relationships from which

the control will be derived can be constructed:

A sy R, R,L,, .
dr - _fs@sz + Tslrm + wif\llsy + Usy (3133)
dv, R, RsL,, .
dTy = —L—S\Ilsy + I Uy — Wit Wz + Ugy (3.134)
iy L?R, + L? R, . RsLm\p +( Vit
== g sT Wif — W) &y
dr L wg L wg ! Y (3.135)
Ly, Ly Ly, '
- 70-’1"\1’51/ + —Upy — —Ugy
) Wg ws
di, L?R, +L? R, . RsL,, ,
b= gy o+ Ty — (Wi — W) Gt
dr L ws Lows
(3.136)
L, Ly L,
+ 7“7‘\1{% + 7ury - 7usy
ws ws ws
dw, L, , , 1
dr = JL, (qjsmlry - \I}sylrm) - jmo (3137)
The proposed transformations of the generator state variables to multiscalar
form:
211 = Wy (3.138)
z1g = —Usyzm (3.139)
z = V2, + 02 (3.140)
292 = \1153:241 (3141)
<31 = ucijsy - Ucy\Ijsm (3142)
<32 = Uee Voz + ucy\Psy (3143)
241 = lfy R lg (3.144)
zZ49 = ’ify ~ 0 (3145)
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Considering the proposed multiscalar transformation (3.138) — (3.145), the

dynamics of the system can be described by following set of the differential

equations:
dZH Lm . . 1
W = TLS (\Ijsxzry - qjsyzrx) - ij (3146)
dz R, R L, R, 1
T;_Q - - (LS + LZ) 221 — (LSZ'ry + usy) Zg + fd@syurm + uy (3147)
d Ry L., R . .
% = -2 (L221 - I (\I’szlr:p + qjsy@ry) - (\Ifsmusm + \I’Syusy)) (3148)
e A (A /= - —V 14
I (Ls + Ld> Z22 + ( LS Uy + usx) 241 Ld szUrg 1 U2 (3 9)
dz?)l Rs LmRs . .
T = — —Z231 — T (erucy - Zryucx) + ucxusy - ucyusx"'
T - s (3.150)
+ Cf (\Dsmiry + \I]syz41 - \Dsyir:r>
d232 Rs LmRs . .
T = — 7TX32 + L (Zr‘xucx + Zryucy) + UcgUsg + ucyusy"_
T . s (3.151)
+ 07 (\Ilsxz41 - \Ijsxim: - qjsy%y)
dZ41 1
2 (e, — R — Upy 3.152
dr Ly (€d d?41 — U ) ( )
dza2
2 3.153
dr ( )
where:
1
Uy = ZoaWif — fdwsyed (3.154)
1
Uy = —Z12Wif + fdwswed (3155)

As can be seen, only equations (3.147) and (3.149) have variables that in
this method are responsible for controlling active and reactive power. Equations
(3.150) and (3.151) describe dynamics of the output filter. Equations (3.152) and
(3.153) describe dynamics of the DC-link. Applying Static State Feedback Law to
differential equations (3.147) and (3.149) the following form of equations can be
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obtained:
dz 1 dz 1
g Tt e = plcmtm)
where:
L,R, . ) 1
my =T [ul — <Llry + usy> ifs + Ldlllsyum} (3.156)
L,.R, . . 1
my =T [u2 + <2m + usw) ify — \I/wum} (3.157)
L, Ly

Obtained variables m; and ms are new controls and take form showed in (3.156)
and (3.157), respectively. Variables u; and us present in (3.147) and (3.149) are used

to compensate the coupling between new state variables in the presented system:

1 L,.R, . . 1

w = mm + <Llry + usy) ify — L—d\llsyum (3.158)
1 LR, . 1

Uy = ng — (LSZT$ + us:ﬂ) Zf:c + qufszurw (3159)

From equations (3.154) and (3.155) final set of control variables can be calculated:

0 — Laguiz12 + Lauz 2oz
g =

(3.160)

\Ijsx 222 — \Ijsy 212

‘Ilsxul + \IlsyUQ
\sz222 - \Ilsy212

W; =

(3.161)

Calculation of the derivatives of (3.147) and (3.149) will lead to yet another set
of differential equations. On their basis variables u; and us can be defined using
the Static State Feedback Law, and also the control variables e; and w;, defined by
equations (3.160) and (3.161). The control variables e; and w;, paired with the Static
State Feedback Law specified equations (3.156) and (3.157) will allow for decoupling
the control subsystems (active power from reactive power) and further reduction of
the low frequency oscillations of the controlled variables as well as simplification of
decoupling functions. That statement will be tested and confirmed in simulation

and experimental tests.

Diagram of the control system is shown in Figure 3.5.


http://mostwiedzy.pl

A\ MOST

Control methods 40

_/”_‘ DFIG ,I,I,l - ud
+ T CSI|] | ICSRﬂgﬂd
i e TA {} ed | ia {} TA

Calculation of multiscalar Rotor Grid
variables, active and side side
reactive power PWM PWM
Transformation| 4,
Eq. ‘ U1
(3.160)-(3.161) 1 :
211, Z12, 221, 222, 231, 232, 241, 242 Decoupling
) ) ) 9 ) ) ) Eq. (3,158)—
Pre —Ps —r12 (3.159)
re 2127‘5 m
——~——PI P ’
— —z
Qref s 22, ma

Pl PI

Figure 3.5: Multiscalar control structure 4 of the Doubly Fed Induction Generator

3.6 Stability of linearized control system using

multiscalar transformation

The challenge of control synthesis includes the selection of the structure of the control
system as well as determining the type and parameters of the controller, [83-91].

This involves:

o the mathematical model of the control object obtained as a result of
identification;

o the task of the control system and indicators of control quality;

o the nature of disturbances that may act on the system (measurable, random);

 constraints on the forcing signals.

In practice, various simplifications are introduced in both the mathematical
models of objects and the formulation of regulation quality indicators and regulator
structures. The synthesis task is to determine the equation of the optimal regulator
that best meets the adopted regulation quality criteria. Thus, an important point
is the adaption of a regulation quality criteria. They can be divided into several
groups, [90,91]:

« related to the evaluation of step characteristic parameters;
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« related to the evaluation of parameters of frequency characteristics;

» concerning the distribution of zeros and poles of the transmittance of a closed

system,;

o integral.

The selection of a specific criterion is typically influenced by factors such as the
nature of the control task, computational complexity, measurement capabilities, etc.
It is determined by the problem under consideration - a large number of different
criteria makes it possible to choose the evaluation most suitable for the synthesis of

a specific control system.

It is essential to note that the listed dynamic quality criteria are associated with
achieving the desired static accuracy of the regulation. The role of the regulator
is to ensure the desired behaviour of a specific output signal from the object by
processing the feedback signal and the reference signal (most often their difference)
and producing a control signal for the object. From the point of view of dynamics,
the controller can be regarded as an element shaping the dynamic properties of

a closed system.

Most of industrial applications use Proportional Integral Derivative (PID)
controllers. The operation of an ideal PID controller is described by following

differential equation:

t

1 d
e(t) + f/edt T e

u(t) = K, o

(3.162)

The parameters K, , T; , T are to be considered adjustable in a given controller.

These constant can be described as:

« K, — amplification factor;

o T; — doubling time - the time it takes for a step signal given to the input of
a PI controller for the output signal of the controller to double its value with
respect to the initial step caused by proportional action;

o Ty — advance time - the time after which, if a linearly increasing signal is
applied to the input of the Proportional Derivative (PD) controller, the
signal associated with the proportional action will equal the signal from the

differential action.

The dynamic criteria for control systems frequently revolve around the

requirement for a particular waveform of the error signal when subjected to step
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inputs. Two components can be distinguished in the error signal: steady state error

e, 1 dynamic state error e,(t).

The most common indicators used to describe the performance of a control

system are:

o t,. —regulation time - the time that elapses from the moment the disturbance is
fed into the system until the transient component of the error signal decreases
permanently below the assumed value of Ae;

e t, —ramp-up time - the time required for the step characteristics to reach from
10% to 90% of the set value, determines the speed of operation of the control
system,;

e M, — over-regulation - the ratio of the maximum step response value to the
steady state value, is a measure of the stability of a closed system,;

» ¢, — steady state error - the value of the error signal e(t) that persists in the

system once the transient processes have disappeared.

* ma

T —Ds
* mo

4 .@— G.(s)
T —(s

Figure 3.6: Diagram of regulation loops for multiscalar structures 1 and 2
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As shown in Figure 3.6, every control structure can be simplified to the one
regulator one process loop. The simplification can be made due to low influence of
the internal PI controller loops in steady state. The goal of optimizing the control
system is to minimize transient states time and reduce overshoot to the lowest extent
possible. For Stability Control Analysis author decided to base on the Bode plot

and Pole-zero map for regulation loops.

Derivative equation of the stator active power (as in Section 3.2):

dps 1
dr T

(—ps +ma) (3.163)
Time constant of the object % can be defined as:

Sy L (3.164)
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Values of the machine parameters are detailed in Table A.1.

Equation (3.163) can be described by following transfer function:

Go(s) = (3.165)

where:

T_ L,L,
N R,L;+ L,R;+ R,

Regulator transfer function is as follows:

k;

Gr(s) = ky + = (3.166)

Multiplying both equations will result in the transfer function of the analysed

object:

Gn(s) = (kp + i) (3T1—|— 1) (3.167)

Closed-loop system transfer functions can be approximated as:

Gll(s)

YT G

(3.168)

Considering equations (3.165) and (3.166) G(s) will take the following form:

ki
e N Gn(S) o (kp + ?) (sT1+1> 1
) =1 = s (3.169)
+Guls) 1+ (kp + f) (sT—H)
and can be further simplified to:
G(s) = hys & i (3.170)

2T+ (ky+1)s+k;

Considering that both systems are similar and decoupled stability analysis can
be conducted just for one subsystem. Stator active power subsystem has been tested

against 8 sets of regulator k, and k; gains showed in Table 3.1
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Table 3.1: Values of analysed k, and k; gain sets
Gain‘Setl‘SetZ‘ Set 3 ‘Set4‘Set5‘Set6‘Set7‘Set8
k, 3.45 2 1 1.75 | 25 | 225 | 1.1 4
k; 0.15 | 0.05 | 0.00975 | 0.025 | 0.045 | 0.125 | 0.75 | 0.25

Frequency responses of tested systems are presented in the Figure 3.7, pole-zero
placement map is presnted in Figure 3.8 and Figure 3.9 shows system response for
unit step signal. Stability analysis provided necessary info about safe operation
region for PI regulator gains which will be used as a baseline for simulation studies
and experimental tests. This analysis is used to establish initial parameter of PI

controllers for multiscalar structures 1 and 2.

— Set 1
— Set 2
— Set 3
Set 4
Set 5
Set 6
— Set 7
— Set 8

Magnitude

Phase (deg)

1072 107! 10° 101 102 103
Frequency (rad/sec)

Figure 3.7: Frequency response plots for gain sets presented in Table 3.1
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Figure 3.8: The pole-zero map for gain sets presented in Table 3.1
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Figure 3.9: Response for unit step for gain sets presented in Table 3.1
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For multiscalar structures 3 and 4 system has to be extended to accommodate

external control loop. Figure 3.10 shows diagram of the control structure.

P o Gy(s) 2206, (5)Go ()
g:_% Guls) 224G ()Gl
—(qs

Figure 3.10: Diagram of regulation loops for multiscalar structures 3 and 4

Object can be defined by transfer function that is equal to the closed-loop

function from previous example:

k’pS + l{Z
= = A71
Goi(s) = Go(s)G,(s) T+t stk (3.171)
where:
B LsLy
B RsLd + Lst + Rc
Regulator transfer function is as follows:
ki
Gr(s) = kp1 + o (3.172)

Multiplying both equations will result in the transfer function of the analysed

object:
ki kys + k;
G =G, (s)G = |k - P . 3.173
i2(s) (s)Gor(s) < 2 s > <S2T+(/€p+l)8+/€i> ( )
Closed-loop system transfer functions can be approximated as:
GZQ(S)
G(s) = ———— 3.174
)= Ty (3.174)

Considering equations (3.171) and (3.172) G(s) will take the following form:

Gia(s) ( pL T 4) (52T+kpiﬁ stk )

Gls) = L+Gnls) 1+ (kpl T sl) (Mﬁ)

(3.175)
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and can be further simplified to:

(kplk‘p)SQ + (k‘plk?i + k’ilk’p)S + kﬂk}l

G(s) = ST+ (kp + 1+ kpky) 8° + (kpiki + kinky + ki) s + kik;

(3.176)

Considering that both subsystems are similar and decoupled stability analysis
can be conducted just for one subsystem. Stator active power subsystem has been
tested against 8 sets of regulator k,; and k;; gains showed in Table 3.2, k, and k;

gains have been set to values of the Set 1 from the Table 3.1:

Table 3.2: Values of analysed k,; and k;; gain sets

Gain‘Setl ‘ Set 2 ‘ Set 3 ‘ Set 4 ‘ Set 5 ‘ Set 6 ‘ Set 7 ‘ Set 8
k‘pl 1.45 1 1.75 0.5 1.45 1.25 1.5 1
ki 0.05 | 0.15 | 0.075 | 0.125 | 0.05 | 0.125 | 0.125 | 0.05

Frequency responses of tested systems are presented in the Figure 3.11, pole-zero
placement map is presnted in Figure 3.12 and Figure 3.13 shows system response
for unit step signal. Stability analysis provided necessary information about safe
operation region for PI regulator gains which will be used as a baseline for simulation
studies and experimental tests. This analysis is used to establish initial parameter

of PI controllers for multiscalar structures 3 and 4.

(<]
=107
.Eo — Set 1
2 —— Set 2
= 1071 . | —— Set3
T T T T T T T Tt T L T T Se‘t 4
) -1 0 1 2 3
) 0 10 10 10 10 10 Set 5
5 —so T =y S
T —180 1 —— Set 7
%’ —270 1 — Set 8
A 360 {1 ——=——
_450_ T T AL T L T AL T L T L
1072 10! 10° 10! 10?2 10

Frequency (rad/sec)

Figure 3.11: Frequency response plots for gain sets presented in Table 3.2
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Figure 3.12: The pole-zero map for gain sets presented in Table 3.2
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Figure 3.13: Response for unit step for gain sets presented in Table 3.2
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Chapter 4
Simulation results

The verification of the control concepts for the Doubly-Fed Induction Generator
needed to go through a simulation phase; laying the base for the upcoming
experimental generator implementation. This initial development stage was geared

towards recognizing and resolving initial challenges.

In accordance with the generator system requirements, the simulation structure

must encompass the computation of:

o the vector models of the Doubly-Fed Induction Machine (DFIM);

o the Pulse Width Modulation (PWM) for independent voltage generation for
the 1st and 2nd orthogonal planes;

« the Field Oriented Control (FOC) variables;

o the multiscalar variables.

The simulation process involves solving 15 differential equations per method,
managing various transformation matrices, and fine-tuning PI controllers. To ensure
both accuracy and efficiency in calculations, the decision was made to implement the
simulation in PLECS software using the C programming language. Adapting the
C programming language facilitates a smooth transition to practical Digital Signal
Processor programming during the experimental phase. The simulations did not use

an algorithm maintaining a constant rotor speed.

Figure 4.1 presents the overall structure of the simulation procedure. Simulation
involves computing control structures, with executions occurring every 100 s based
on the DSP time step. This methodology facilitates a practical assessment of the
accuracy of state variable estimation. All these considerations provide an insight to

problems that may arise during experimental implementation. In the simulations,


http://mostwiedzy.pl

Simulation results 50

a few common comparative tests have been carried out for proposed methods:

o changes of the reference active power - described in Section 4.1;

o changes of the reference reactive power - described in Section 4.2;

o changes of the rotor speed from under-synchronous to over-synchronous speed
with constant reference active and reactive powers - described in Section 4.3;

» voltage dips - described in Section 4.4.
Table A.1 (showed in appendix A) contains the analysed DFIG with Current

Source Converter system parameters that will be used in the simulations. In this
dissertation it is assumed that the parameters of the generator as well as the
converter are known and invariant during operation. Those parameters are the the
same as in the laboratory test bench. Table A.2 (showed in appendix A) contains

gains of the controllers for tested method.

Initialisation

switching time set at 100 us

Calculation of control variables
PI controllers tuning
Current generation with PWM
Vector model of Doubly-Fed Induction Generation
Clark transformation

Visualisation routine

Figure 4.1: Flowchart of the Doubly-Fed Induction Generator connected to Current
Source Converter simulation procedure
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4.1 Control system behaviour during step

changes of the reference active power

The performance of Doubly-Fed Induction Generator (DFIG) model with Field
Oriented Control (FOC), presented in Section 3.1, has been evaluated. The
implemented machine model in simulation is in orthogonal reference frame (a — f3)
and it is controlled under FOC method.

The model operates with stator active and reactive powers as inputs. The
testing procedure for the Doubly-Fed Induction Generator interfaced with the
Current Source Converter is presented in Figures 4.2 and 4.3. Mechanical speed is
maintained at a constant 700 rpm (0.7 p.u.), providing a stable operational baseline.
Simultaneously, the DC-link current is set at 1.5 times the nominal current. This
deliberate measure ensures a sustained energy at an elevated level, guaranteeing
the optimal functioning of the DFIG:

e at 100 ms the active power reference signal is set from -0.1 to -0.3 p.u. (left
column in the figure);
o at 100 ms the active power reference signal is set from -0.3 to -0.1 p.u. (right

column in the figure).

The step function is used in order to properly evaluate the performance of control

system in dynamic states.

Figure 4.2 is separated into two columns where left groups results for increasing
active power and right groups results for decreasing active power. Both of the
columns include the waveforms of the rotor, stator and DC-link currents in reference

to powers and mechanical angular speed.

Figure 4.3 is separated into two columns where left groups results for increasing
active power and right groups results for decreasing active power. Both of the
columns include the waveforms of the rotor, stator voltages and DC-link voltage eq4

in reference to powers and mechanical angular speed.

In both simulation tests, the system exhibits proper responses to step changes
in active power. Despite notable high frequency oscillations presented waveforms
are the most optimal among obtained results. There is the potential to reduce
steady state fluctuations but such action would proportionally increase the time
of transition states. Furthermore, a coupling between active and reactive power is

observed, particularly evident at higher active load values.
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In summary, the implemented control of the machine achieves desired dynamic
response. Simulation tests confirmed the correctness of the equations formulated in
Section 3.1. However, the achieved results fall short of expectations due to significant

couplings and oscillations.

To enhance the quality of processed energy and mitigate issues associated with
prior methodologies, a novel approach outlined in Section 3.2 was proposed and
subjected to evaluation through simulation tests. The implemented machine and

control models are in orthogonal reference frame (o — ).

The control block receives inputs of stator active and reactive powers, with
parameters for the control loops detailed in Table A.2. Retaining consistency,
mechanical and electrical parameters remain unchanged from the preceding setup
as referenced in Table A.1. Mechanical speed is set at constant 700 rpm (0.7 p.u.)
while reference DC-link current is derived from the d — ¢ components of the rotor

current.

The testing procedure in Figures 4.4 and 4.5 mirrors that illustrated, ensuring
consistency across evaluations. Both Figure 4.4 and Figure 4.5 are separated into
two columns where left groups results for increasing and right groups results for
decreasing active power. In Figure 4.4, columns include the waveforms of the rotor,
stator and DC-link currents in reference to powers and mechanical angular speed.
While in Figure 4.5, waveforms of the rotor, stator voltages and DC-link voltage eq4
are appropriately displayed.

In both the conducted tests, the system responds correctly to a step change
of active power. In comparison with previously described Field Oriented Control
method, the generator system exhibits significantly reduced transient states
duration, particularly evident during load reduction. Additionally, high frequency
fluctuations in steady state are minimized. However this method is characterized
by considerable overshoots during transient states. It is associated with mutual
relation between control loops and decoupling block as well as excess power stored
in DC-link.

Simulations validate the equations outlined in Section 3.2, affirming the accuracy
of the proposed multiscalar control approach. While proving superior to Field
Oriented Control in terms of transient state duration and high-frequency oscillations,
this method introduces distinct challenges, noticeable overshoots during transient

states. Such events might cause increased electrical exposures and elevated cost of


http://mostwiedzy.pl

A\ MOST

53 4.1 Control system behaviour during step changes of the reference. ..

the converter resulting from the need to use modules capable of handling higher

power conversion.

The research successfully identified and implemented strategies to significantly
reduce overshoots, thus enhancing the stability of the system. As can be seen on
Figures 4.6 and 4.7 multiscalar control method described mathematically in Section
3.3 allowed to reduce the problem of the previous method. However, the transition
state has been extended due to complexity of proposed decoupling functions. Due to
the significant computational cost, the analysis of this control method was concluded

with the simulation verification of mathematical models.

Figures 4.8 and 4.9 show simulation results of multiscalar control method
described mathematically in Section 3.4. It is worth noting that despite much
simpler decoupling equations, this method is characterized by a significant reduction
in transient states duration compared to Field Oriented Control. A negative feature
of this control are oscillations in the steady state, especially noticeable at higher

values of active power.

Figures 4.10 and 4.11 show simulation results of multiscalar control method
described mathematically in Section 3.5. It is worth noting that the change of

reference system did not negatively affect the dynamics of the system.

All presented multiscalar control systems respond correctly to a step change of
active power. Progressive reduction of overshoots and time of the transient states can
be observed. Additionally, high frequency fluctuations in steady state are reduced

to minimum.
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Figure 4.2: Simulation waveforms of currents during step changes of active power
for Field Oriented Control
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Figure 4.3: Simulation waveforms of voltages during step changes of active power
for Field Oriented Control
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Figure 4.4: Simulation waveforms of currents during step changes of active power
for multiscalar control structure 1
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Figure 4.5: Simulation waveforms of voltages during step changes of active power
for multiscalar control structure 1
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Figure 4.6: Simulation waveforms of currents during step changes of active power
for multiscalar control structure 2
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Figure 4.7: Simulation waveforms of voltages during step changes of active power
for multiscalar control structure 2
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Figure 4.8: Simulation waveforms of currents during step changes of active power
for multiscalar control structure 3
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Figure 4.9: Simulation waveforms of voltages during step changes of active power
for multiscalar control structure 3
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Figure 4.10: Simulation waveforms of currents during step changes of active power
for multiscalar control structure 4
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Figure 4.11: Simulation waveforms of voltages during step changes of active power
for multiscalar control structure 4
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4.2 Control system behaviour during step

changes of the reference reactive power

Maintaining the same machine and control system parameters as in Section 4.1 the
performance of DFIG, for all control methods described in Sections 3.1 — 3.5, under
step changes of the reference reactive power has been investigated. The testing

procedure for all of the methods is as follows:

o at 100 ms the active power reference signal is set from -0.75 to -0.5 p.u. (left
column in the figure);
« at 100 ms the active power reference signal is set from -0.5 to -0.75 p.u. (right

column in the figure).

Beginning with Field Oriented Control, Figure 4.12 is divided into two columns.
In the left column, results are organized for increasing reactive power, while the
right column showcases outcomes for decreasing reactive power. FEach column
features waveforms depicting the relationships between rotor, stator, and DC-link
currents concerning powers and mechanical angular speed. Similarly, Figure 4.13 is
structured into two columns. The left column encapsulates results for increasing
reactive power, while the right column stores outcomes for decreasing reactive
power. In both columns, the waveforms portray the interactions among rotor,
stator voltages, and DC-link voltage ey relative to powers and mechanical angular

speed.

In both tests, the system exhibits proper responses to step changes in reactive
power. Despite notable high frequency oscillations presented waveforms are the most
optimal among obtained results. Furthermore, flattening in rotor current waveforms
at the higher load of reactive power can be noticed. Subsequent analysis revealed
that this phenomenon arises from insufficient active power supplied to the machine,
leading to challenges in maintaining a sufficiently high output current. To ensure
continuity and comparability, the results of the original simulations are presented.
There is the potential to reduce steady state fluctuations at cost of increasing the
transition state times. Furthermore, a coupling between active and reactive power

also can be observed, particularly evident at higher load values.

In conclusion, the applied control strategy attains the desired response to step
changes in reactive powers. Once more, simulations validate the accuracy of the

equations outlined in Section 3.1. However, the obtained results do not meet
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expectations, primarily due to substantial couplings, oscillations and saturation of

the machine.

Similar to the tests involving step changes in active power, mulitscalar control
structure 1 (mathematical description in Section 3.2) was subjected to simulation
tests. The improvements in processed energy quality and the mitigation of issues
associated with the previous methodology are evident in Figure 4.14 and Figure
4.15. In both figures, the system responds accurately to a step change in reactive
power. When compared to the previously tested Field Oriented Control method, the
generator system exhibits significantly reduced high-frequency fluctuations in steady
state. Despite much longer transition state for increasing the reactive power, this
approach is characterized by reduced transient states when the power decreases.
Additionally, it is noteworthy that there is an absence of flattening in the rotor

current.

As can be seen on Figures 4.16 and 4.17 multiscalar control described
mathematically in Section 3.3 allowed to increase overall dynamics of the system at

cost of more significant high frequency oscillations in steady states.

Figures 4.18 and 4.19 show simulation results of multiscalar control method
described mathematically in Section 3.4. It is worth noting that despite much
simpler decoupling equations, this method is characterized by a reduction in
transient states duration. A negative feature of this control are oscillations

noticeable at higher values of active power.

Figures 4.20 and 4.21 show simulation results of multiscalar control method
described mathematically in Section 3.5. It is worth noting that the change of

reference system did not negatively affect the dynamics of the system.

Simulation results confirm the validity of the equations detailed in Sections 3.2
— 3.5, substantiating the precision of the proposed multiscalar control methods.
Outperforming the FOC in both transient state duration and high-frequency
oscillations, all presented multiscalar control systems exhibit accurate responses to
step changes in reactive power with minimal coupling between powers. A progressive
reduction in overshoots and transient state duration is observed, accompanied by

a noteworthy minimization of high-frequency fluctuations in steady state.
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Figure 4.12: Simulation waveforms of currents during step changes of reactive power
for Field Oriented Control
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Figure 4.13: Simulation waveforms of voltages during step changes of reactive power
for Field Oriented Control
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Figure 4.14: Simulation waveforms of currents during step changes of reactive power
for multiscalar control structure 1
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Figure 4.15: Simulation waveforms of voltages during step changes of reactive power
for multiscalar control structure 1
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Figure 4.16: Simulation waveforms of currents during step changes of reactive power
for multiscalar control structure 2

0.0 0.0 —— N S
&
-0.5 —0.5 1
0 0
&
71 T T 71 T T
0.5 0.5
HEIE s == TS e e o e e
S
—0.5 T T —0.5 T .
1 1
50+ 01
S
_1 T T _1 T T
&) 0.0 'W 0.0 _W
S
-0.5 —0.5
1 1
3
0 T T 0 T T
0 100 200 300 0 100 200 300
time [ms] time [ms]

Figure 4.17: Simulation waveforms of voltages during step changes of reactive power
for multiscalar control structure 2
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Figure 4.18: Simulation waveforms of currents during step changes of reactive power
for multiscalar control structure 3
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Figure 4.19: Simulation waveforms of voltages during step changes of reactive power
for multiscalar control structure 3
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Figure 4.20: Simulation waveforms of currents during step changes of reactive power
for multiscalar control structure 4
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Figure 4.21: Simulation waveforms of voltages during step changes of reactive power
for multiscalar control structure 4
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4.3 Control system behaviour during changes
of the rotor speed with constant reference

powers

After the preceding simulation tests, another crucial set of experiments was carried

out for all the methods. The testing procedure is outlined as follows:

 active power is set and maintained at s, = —0.1 p.u.;
 reactive power is set and maintained at s, = —0.75 p.u.;

o angular speed is changing from w, = 0.8 p.u. to w, = 1.25 p.u..

Analysing the dynamic responses of the system controlled under Field Oriented
Control during speed transition shown on Figure 4.22, it is noteworthy that
the active and reactive powers are consistent, exhibiting stability with minimal
deviations. However, the pronounced distortions in these current and voltage
waveforms merit further analysis to understand their implications on the overall
performance and efficiency of the system under consideration. In the Figure 4.23,
depicting the first of multiscalar methods it can be noticed that, despite the proper
response for the speed change, control system was not able to maintain stable
active and reactive power waveforms due to disturbances in the rotor currents
after exceeding the synchronous speed. This is related to the reversal of rotation
direction of the space vector fed to the control system. This phenomenon became
evident during experiments conducted at the laboratory stand. Further explanation

and proposed solutions will be detailed in Chapter 5.
The second of the proposed multiscalar methods (described Section 3.3) showed

in the Figure 4.24 did not exhibit the same behaviour as the previously tested control
scheme. Unlike the prior method, it successfully maintained constant active and
reactive power outputs. Furthermore, in comparison to both Field Oriented Control
and multiscalar control structure 1 methods, the rotor and stator currents, as well as
rotor voltages are sinusoidal without noticeable distortions for entire duration of the
experiment. Finally, the multiscalar control structures 3 and 4 were also evaluated
under same scenario. Results presented in the Figure 4.25 and 4.26 respectively
indicate their capability to maintain not only a constant power output, but also

sinusoidal waveforms of rotor and stator currents and voltages.

In summary, simulation evaluation confirm the validity of all proposed methods,
detailed in Sections 3.1 — 3.5.
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Figure 4.22: Simulation waveforms during change of speed from sub- to
super-synchronous for Field Oriented Control
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Figure 4.23: Simulation waveforms during change of speed from sub- to
super-synchronous for multiscalar control structure 1
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Figure 4.26: Simulation waveforms during change of speed from sub- to
super-synchronous for multiscalar control structure 4
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4.4 Control system behaviour during changes in

grid voltage

Lastly, simulation tests were carried out to validate the control systems’ behaviour
during voltage dips. This phenomena refers to a brief, temporary reduction in the
voltage magnitude within a distribution or customer’s electrical system. Voltage dip
(Figure 4.27) is characterized by a decrease between 10 and 90 percent of the normal
voltage value, lasting for a duration of 0.5 cycles and extending up to 1 minute,

[92-95]. According to their duration they can be categorized as:

 instantaneous - last between 0.5 and 30 cycles;
o momentary - last between 30 cycles and 3 seconds;

o temporary - last between 3 seconds to 1 minute.

'}
Swell Overvoltage
110 %
Normal operating voltage
90 % .
Voltage dip
@: : 3
| £ & 5§
g & 5. £ S
2z 5§ 9 g S
10 % ~ J
Interruption
05c¢ 30c.  3s 1mn g

Figure 4.27: Voltage dips according to IEEE Std. 1159-2019, [95]

Although a broad spectrum of voltage dips was analysed within the power

system, proposed methods have been tested under the following procedure:

 active power is set and maintained at s, = —0.1 p.u;
 reactive power is set and maintained at s, = —0.75 p.u.;
o at 100 ms the stator voltage is lowered to Us = 0.75 p.u.;
o at 300 ms the stator voltage is set back to Us = 0.95 p.u..

Examining Figures 4.28 through 4.32, it is evident that all the discussed methods

successfully restored the system to its pre-voltage dip state. The figures illustrate
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that, for each tested method, there was a temporary alteration in the direction of
active power flow, associated with a momentary shift in the control angle. Conducted
analysis demonstrates that the Field Oriented Control emerged as the most effective
in terms of overall characteristics and dynamic response among the four methods
tested. Followed closely by the FOC, which was impacted by the significantly

increased time of stabilization.
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Figure 4.28: Simulation results of voltage dips - Field Oriented Control
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Figure 4.29: Simulation results of voltage dips - multiscalar control structure 1
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Figure 4.30: Simulation results of voltage dips - multiscalar control structure 2
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Figure 4.31: Simulation results of voltage dips - multiscalar control structure 3
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Figure 4.32: Simulation results of voltage dips - multiscalar control structure 4
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4.5 Analysis of errors in power regulation

In Figures 4.33 — 4.38 the waveforms of active and reactive power, as well as the
waveforms of percentage control errors for the proposed multiscalar control methods

are collected. The following designations are used in all figures:

o MCSI - multiscalar control structure 1;

o MCS2 - multiscalar control structure 2;

o MCS3 - multiscalar control structure 3;

e MCS4 - multiscalar control structure 4;

e 5, - stator active power;

* ¢, - stator active power controller error, defined as e, = (Prcy — sp) x 100%
e s, - stator reactive power

* ¢, - stator reactive power controller error, defined as e, = (Qef — 54) X 100%.

Figure 4.33 shows the results of the error analysis for increasing the active power
load. As can be seen, multiscalar control structure 2 has the smallest error (less than
1.5%) for s, = —0.3. This method is also the fastest to reach the set value of active
power. This method ensures an error for reactive power control of 2-2.5%, which is
the highest error value among the analysed methods. Multiscalar control structure 1
is characterized by the highest overshoot in the transient state. Multiscalar control
structures 3 and 4 are characterized by approximately the same dynamics and values

of control errors.

Figure 4.34 shows the results of the error analysis for decreasing the active power
load. As can be observed, multiscalar control structure 2 is the fastest to reach
the set value of active power; but is characterized by highest oscillations. This
method generates an error for reactive power control of 2-4%, which is the highest
error value among the analysed methods. Multiscalar control structures 3 and 4
generate the smallest error when the active power setpoint is reached (less than
1%). These methods also generate smallest dynamic error for reactive power (less
than 1.5%). Multiscalar control structure 1 is characterized by the highest overshoot

in the transient state.

Figure 4.35 shows the results of the error analysis for increasing the reactive
power load. As can be seen, all multiscalar control structures generate less than
2% regulation error for s, = —0.5. Method 1 has the highest settling time (over
100 ms), methods 3 and 4 are characterised by the highest overshoots in transient

states. It is worth noting that multiscalar control structures 3 and 4 provide the
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best interference suppression in the second control subpath.

Figure 4.36 shows the results of the error analysis for decreasing the reactive
power load. As can be seen, multiscalar control structures 2, 3 and 4 generate less
than 1% regulation error for s, = —0.75. Method 1 has the highest settling time
(over 100ms) and steady state error of 2%. Methods 3 and 4 are characterised by
the highest overshoots in transient states. It is worth noting that multiscalar control
structures 3 and 4 provide the best interference suppression in the second control

subpath while multiscalar control structure 1 provides the least robustness.

Figure 4.37 shows the results of the error analysis for speed change from
subsynchronous to supersynchronous. As can be noted, multiscalar control
structure 1 falls into undamped oscillations for both active and reactive powers
after exceeding synchronous speed. The other three structures achieve a control

error of less than 2%.

Figure 4.38 shows the results of the error analysis for grid voltage dips. As can
be seen, all control structures responded correctly to the voltage dip. Multiscalar
control structure 2 has the largest transient error, which reaches 150% for the change
in active power and 60% for reactive power. Multiscalar control structures 3 and
4 achieve the smallest post-voltage dip control error of 1.5-2% for both active and

reactive power control paths.

Despite errors in dynamic states, especially when investigating the behaviour
of the system to the occurrence of voltage dips, the proposed control structures

remained stable.
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Figure 4.33: Control errors waveforms for changing active power from -0.1 to -0.3 p.u
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Figure 4.34: Control errors waveforms for changing active power from -0.3 to -0.1 p.u
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Figure 4.38: Control errors waveforms for voltage dips
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Chapter 5
Experimental results

This section outlines the experimental investigation of the Doubly-Fed Induction
Machine interfaced with the Current Source Converter (CSC); serving as validation
for all theoretical assumptions and concepts. To begin, a brief introduction to the

signal processing unit will be provided to highlight its software capabilities.

The signal processing unit provides an essential part in complete generator
implementation. Unlike in simulations, where computing power is theoretically
limitless, computations in the experimental setup are constrained by a strict
execution time of 100us. Consequently, optimizing code and making time-saving

compromises become crucial considerations.

As depicted in Figure 5.1, the computations and signal processing are
partitioned between two subsystems. The Field Programmable Gate Array (Altera
Cyclone II) manages communication between the computer console, memory,
and Analog-to-Digital Converter (ADC). It is also tasked with driving the relays,
transistor gate unit, and other components. The DSP (Analog Devices ADSP
21363) and the FPGA are interconnected through the address and data bus,

facilitating data exchange between the integrated circuits.

FPGA provides the clock, as well as triggers, for the Digital Signal Processor
(DSP) interrupt routine, in which calculations are executed. The initiation of the
interrupt routine involves data exchange to the FPGA and processing of the collected
data. It also monitors fault detection tasks. Next, depending on the selected control
structure, the Field Oriented Control or one of the proposed multiscalar control is
activated. Then, all necessary Space Vector Pulse Width Modulation (SVPWM)

calculations are performed to determine the switching times for the desired currents.
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All calculations are performed in the time period of less than 100 us. Duration
of the PWM vector is passed to the FPGA every 100 us. Parameters for the control
loops are detailed in Table A.3. Photographs of the Current Source Converter with

the processing unit and generator system are presented in Appendix B.

The next sections will cover the presentation and evaluation of the experimental

investigations performed in several generator conditions:

o changes of the reference active power - Section 5.1;

o changes of the reference reactive power - Section 5.2;

» changes of the rotor speed from under-synchronous to over-synchronous speed
with constant reference active and reactive powers - Section 5.3;

» system behaviour during voltage dips - Section 5.4.

IRQ 100 us
ADDRESS BUS
D5P DATA BUS j FPGA
—»Read/write to FPGA LMemory
USB com.
_—»Gate signals
Measurement data processing M
easurements

Fault protection

Control method handling

— PWM times calculation

Figure 5.1: Flowchart of the Doubly-Fed Induction Generator connected to Current
Source Converter simulation procedure

5.1 Control system behaviour during step

changes of the reference active power

The performance of Doubly-Fed Induction Generator (DFIG) with Field Oriented
Control (FOC), has been evaluated at the laboratory stand. As in simulations the
control system operates with stator active and reactive powers as inputs. Mechanical

speed is maintained at a constant 700 rpm (0.7 p.u.), providing a stable operational


http://mostwiedzy.pl

A\ MOST

81 5.1 Control system behaviour during step changes of the reference. ..

baseline. The DC-link current is maintained based on the voltage e; by additional
PI. The testing procedure for the Doubly-Fed Induction Generator interfaced with

the Current Source Converter is presented in Figures 5.2 and 5.3:

« at 400 ms the active power reference signal is set from -0.1 to -0.3 p.u. (left
column in the figures);
 at 400 ms the active power reference signal is set from -0.3 to -0.1 p.u. (right

column in the figures).

Figure 5.2 is separated into two columns where left groups results for increasing
active power and right groups results for decreasing active power. Both display
the waveforms of the rotor, stator and DC-link currents in reference to powers and
mechanical angular speed. Both sides of Figure 5.3 show the waveforms of the
rotor, stator voltages and DC-link voltage e4 in reference to powers and mechanical
angular speed. Left column groups results for increasing active power and right -

for decreasing power.

In both experiments, the system exhibits proper responses to step changes in
active power. Due to low resolution of the registration (500 points per trace) in
operator console waveforms of the powers have been filtered by Finite Impulse
Response filters for presentation. As can be seen the Field Oriented Control is
characterised by long transient states (about 150 ms), however it does not exhibit
overshoots. There is the potential to reduce steady state fluctuations but such action
would proportionally increase the time of transition states. In comparision to the
simulations (Section 4.1), a coupling between active and reactive power is much
less evident. In summary, the implemented control of the machine achieves desired

dynamic response.

The subsequent control algorithm subjected to experimental research was the
multiscalar control structure 1. As can be seen in Figure 5.4 and Figure 5.5, this
approach exhibits notably reduced transient states (approximately 10 — 15 ms).
However, this improvement comes at the cost of significantly heightened harmonic
distortions in both current and voltage e; within the DC-link. Additionally, it is
observed that the rapid response of the active power control loop has an impact on

the reactive power control loop, despite the utilization of decoupling methods.

Utilizing an alternative method, as outlined in Section 3.4 of this dissertation, has
effectively mitigated high-frequency oscillations observed in both current and voltage

eq waveforms, as illustrated in Figures 5.6 and 5.7 respectively. Nonetheless, the
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integration of this method into the generator system has led to prolonged transient
periods and heightened occurrences of low-frequency oscillations following a state

change.

Further refinements to the control and decoupling functions have facilitated
the development of a structure capable of optimizing system response. Notably,
the coupling between active and reactive powers has become negligible, while
high-frequency oscillations in DC-link currents and voltages persist but have been
significantly diminished. It is worth highlighting that the voltage e; has been
capped at 0.5 for safety considerations. Transient states duration are comparable
to those achieved by the multiscalar control structure 1. Experimental results
illustrating the performance of the aforementioned method are depicted in Figures
5.8 and 5.9.

Laboratory investigations validate both developed mathematical models and
conducted simulations. All proposed multiscalar control structures respond correctly

to a step change of active power.
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Figure 5.2: Experimental waveforms of currents during step changes of active power
for Field Oriented Control
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Figure 5.3: Experimental waveforms of voltages during step changes of active power
for Field Oriented Control
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Figure 5.4: Experimental waveforms of currents during step changes of active power
for multiscalar control structure 1
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Figure 5.5: Experimental waveforms of voltages during step changes of active power
for multiscalar control structure 1
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Figure 5.6: Experimental waveforms of currents during step changes of active power
for multiscalar control structure 3
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Figure 5.7: Experimental waveforms of voltages during step changes of active power
for multiscalar control structure 3
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Figure 5.8: Experimental waveforms of currents during step changes of active power
for multiscalar control structure 4
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Figure 5.9: Experimental waveforms of voltages during step changes of active power
for multiscalar control structure 4

5.2 Control system behaviour during step

changes of the reference reactive power

Subsequently the performance of DFIG, for all control methods, under step changes
of the reference reactive power has been investigated. The testing procedure is as

follows:

 at 400 ms the reactive power reference signal is set from -0.75 to -0.5 p.u. (left
column in the figure);
o at 400 ms the reactive power reference signal is set from -0.5 to -0.75 p.u.

(right column in the figure).

Figures 5.10 — 5.17 are divided into two columns. In the left column, results are
organized for increasing reactive power, while the right column showcases outcomes
for decreasing reactive power. Each column features waveforms depicting the
relationships between rotor, stator, and DC-link currents and voltages concerning

powers and mechanical angular speed.

Figures 5.10 and 5.11 hold the results of Field Oriented Control tests. As can be
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seen they show much better dynamic properties compared to active power changes
maintaining minimal high-frequency fluctuations. Comparing to the simulation
results presented in Section 4.2, a coupling between active and reactive power is
much less evident. In summary, the implemented control of the machine achieves

desired dynamic response.

Following, an experimental investigation was conducted on the multiscalar
method 1 control structure. As can be seen in Figures 5.12 and 5.13, this approach
exhibits comparable rise and fall times. However, heightened harmonic distortions
in both current and voltage ey within the DC link and additionally. Furthermore,
it exerts a more pronounced effect on active power, despite the incorporation of

decoupling functions.

The application of the subsequent method has mitigated high-frequency
oscillations observed in both DC-link current and voltage e; waveforms, as
illustrated in Figures 5.14 and 5.15 respectively. However, longer transient periods
are now evident. Furthermore, significant low-frequency oscillations in active power
waveforms are present as response to step change. The developed decoupling

functions have proven to be inadequate.

The subsequent control algorithm, implemented in the laboratory setup, has led
to a significant enhancement in the characteristics of the tested energy conversion
system. Results demonstrating the performance of this method are illustrated in
Figures 5.16 and 5.17. The correlation between active and reactive powers has
become negligible. Despite this improvement, high-frequency oscillations persist in
DC-link currents and voltages, while transient states show comparable results to
those obtained with the FOC method.

Laboratory investigations validate both the developed mathematical models and
the conducted simulations. All proposed multiscalar control structures exhibit

accurate responses to a step change in active power.
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Figure 5.10: Experimental waveforms of currents during step changes of reactive
power for Field Oriented Control
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Figure 5.11: Experimental waveforms of voltages during step changes of reactive
power for Field Oriented Control
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Figure 5.12: Experimental waveforms of currents during step changes of reactive
power for multiscalar control structure 1
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Figure 5.13: Experimental waveforms of voltages during step changes of reactive
power for multiscalar control structure 1
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Figure 5.14: Experimental waveforms of currents during step changes of reactive
power for multiscalar control structure 3
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Figure 5.15: Experimental waveforms of voltages during step changes of reactive
power for multiscalar control structure 3
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Figure 5.16: Experimental waveforms of currents during step changes of reactive
power for multiscalar control structure 4
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Figure 5.17: Experimental waveforms of voltages during step changes of reactive
power for multiscalar control structure 4
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5.3 Control system behaviour during changes
of the rotor speed with constant reference

powers

This experiment depicts an increase in propulsive torque resulting from higher wind
speeds. The objective of the control systems is to sustain the desired levels of
active power and reactive power across the entire range of torque/speed variations.
Figures 5.18 — 5.21 display the waveforms of active power, reactive power, rotor
currents, stator currents, rotor voltages, stator voltages and speed, recorded during
the experiment at the laboratory bench. The torque variation is forced by a wind
simulator consisting of a shaft-connected induction motor with a DFIG controlled

from a commercial voltage inverter.

The testing procedure for changes of the rotor speed with constant reference

powers is outlined as follows:

 active power is set and maintained at s, = —0.1 p.u. during the experiment;
 reactive power is set and maintained at s, = —0.75p.u. during the experiment;

o angular speed is changing from w, = 0.8 p.u. to w, = 1.25 p.u..

Observing the experimental results, it is evident that 3 out of 4 examined
methods successfully cleared the laboratory assessments. The multiscalar control
structure 1, as depicted in Figure 5.19, failed to go through synchronous speed. For
the methods depicted in Figures 5.20 and 5.21, altering the sign of the decoupling
functions became necessary upon surpassing synchronous speed. This adjustment

was required due to the shift in the direction of electrical flow within the rotor.
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Figure 5.18: Experimental waveforms during change of speed from sub- to
super-synchronous for Field Oriented Control
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Figure 5.19: Experimental waveforms during change of speed from sub- to
super-synchronous for multiscalar control structure 1
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Figure 5.20: Experimental waveforms during change of speed from sub- to
super-synchronous for multiscalar control structure 3
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Figure 5.21: Experimental waveforms during change of speed from sub- to
super-synchronous for multiscalar control structure 4
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5.4 Control system behaviour during changes in

grid voltage

In order to analyse the behaviour of control systems in laboratory conditions,
a research stand was constructed, the diagram of which is shown in Figure 5.22.
The voltage dip at the connection point of the DFIM to the power supply grid was
realized by 3 phase adjustable, star-connected resistor. Changing the resistance
made it possible to force voltage dips of various depths. Triggering the thyristor
controller with pulses from the signal processor at a set time allowed for voltage

dips of variable time.

—#— OV CSI CSR -
grid J— J— grid
or | wr TA 78 78 TA
Control Rotor Grid Thyristor
system side side A switch
PWM PWM resistive load

Figure 5.22: Block diagram of the test stand used to study the impact of grid voltage
dips on DFIG operation

During the experiments, the rotational speed of the generator shaft and the set
active power and reactive power values were assumed to remain constant. The PI
controller gains for all methods remained the same as in the case of tuning for normal

operating conditions.
Tests of individual control algorithms were carried out to determine:

o the impact of the dip depth and duration on the operation of the generator
and control systems;
» the response of the proposed control structures to the grid voltage dip;

o the influence of control systems on the damping of output power oscillations.

Selected results obtained during laboratory measurements for individual CSC
control systems are presented below in the form of graphs. Registration time, unless

otherwise noted, in all cases was 250 ms.

Experimental results for Field Oriented Control are depicted in Figures 5.23 —
5.26. It is evident that this approach effectively restores its functionality with brief
(up to 50 ms) and minor voltage dips. However, when dips exceed 50 ms or dip depth

surpasses 80% of the grid voltage, undamped oscillations manifest in the waveforms
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post-dip, which cannot be mitigated by this method. Despite these oscillations, the
system remains operational. On the contrary, in the case of the multiscalar control
structure 1, as illustrated in Figures 5.27 — 5.30, the system fully recuperates its
functionality. Oscillations observed post-voltage dip are dampened by the applied

decoupling functions.

In the laboratory setup, in contrast to simulation tests, an additional PI
controller was implemented in the DC-link. The spikes evident in the ip¢

waveforms are a typical response to the dynamically changing voltage eg.
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Figure 5.23: Experimental results of voltage dip to 80% of Uy, 50 ms - FOC (the
red lines indicate the duration of voltage dip)
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Figure 5.24: Experimental results of voltage dip to 80% of Uy, 100 ms - FOC (the
red lines indicate the duration of voltage dip)
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Figure 5.25: Experimental results of voltage dip to 75% of Uy, 50 ms - FOC (the
red lines indicate the duration of voltage dip)


http://mostwiedzy.pl

A\ MOST

Experimental results 98

ROl BT Py S VA SO ZAON LT l

1
8 : i O
—0.5 L — i | -1 L — |
0 T T 1 T T
® —L/WJV\,\/}\W <
_1 : T T : T T 0- : T T
1 : : : :
QO 1 @) [
A A
0 L T T T T 0 T T T T
1 T T 1 T T

€Dpc
o
I.E.

€pc
(@]
J

1.2 T T 1.2 i i
08 ] : T T : T T 08 1 : T T : T T
1 T T 1 T T
i i i i
~ NN ]~ EE S o N S S
0 : T T : T T 0 : T T : T T
0 50 100 150 200 250 0 50 100 150 200 250
time [ms] time [ms]

Figure 5.26: Experimental results of voltage dip to 75% of Uy, 100 ms - FOC (the
red lines indicate the duration of extortion signal)
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Figure 5.27: Experimental results of voltage dip to 80% of Uy, 50 ms - multiscalar
control structure 1 (the red lines indicate the duration of voltage dip)
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Figure 5.28: Experimental results of voltage dip to 80% of Uy, 100 ms - multiscalar
control structure 1 (the red lines indicate the duration of voltage dip)
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Figure 5.29: Experimental results of voltage dip to 70% of Uy, 50 ms - multiscalar
control structure 1 (the red lines indicate the duration of voltage dip)
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Figure 5.30: Experimental results of voltage dip to 70% of Uy, 100 ms - multiscalar
control structure 1 (the red lines indicate the duration of voltage dip)

5.5 System behaviour in steady state

This experiment depicts the normal operating conditions of a Doubly-Fed Induction
Generator. The objective of the control systems is to sustain the desired levels of
active and reactive powers which are s, = —0.1 and s, = —0.75. Figures 5.31 — 5.34
present oscillograms of current and voltage waveforms as well as their Fast Fourier

Transform (FFT) analysis measured by Tektronix MSO3034 oscilloscope:

o Figure 5.31 shows oscillograms of stator voltage uy, and FFT;
o Figure 5.32 shows oscillograms of stator current ¢s, and FF'T;
o Figure 5.33 shows oscillograms of rotor voltage u,., and FFT;

o Figure 5.34 shows oscillograms of rotor current 7,, and FFT.

The rotor current and voltage harmonics visible in the FFT waveforms are due
to the generator design and can be referred to as slot harmonics. Due to their
occurrence, the generated current and rotor voltage waveforms are non-sinusoidal.

Despite this, the control structures are resistant to interference from slot harmonics.
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Figure 5.31: Stator voltage us, and FFT
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Figure 5.32: Stator current iy, and FFT
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Figure 5.33: Rotor voltage u, and FFT
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Figure 5.34: Rotor current i,, and FFT
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Conclusions

In this thesis, the control of two-level three-phase Current Source Converter
interfaced with Doubly-Fed Induction Generator that operated in grid mode was
considered. The proposed control structures facilitate independent control of
variables, mitigate oscillations in both steady and transient states, and ensure

robustness during grid faults.

Simulation and laboratory experiments were conducted to assess the response of
DFIG supplied by CSC to step changes in active and reactive power, changes of the
rotor speed, as well as to supply voltage disturbances in the form of voltage dips
of various depths and duration. Five different power control structures for DFIG
were tested, utilizing dependencies of multiscalar DFIG models to synthesize three
nonlinear control systems. Additionally, a simulation program was developed to

facilitate testing of the proposed regulatory structures.

Proposed multiscalar control structures 1, 3 and 4 (described in Sections 3.2, 3.4
and 3.5 respectively) were deployed on a laboratory setup to evaluate their dynamic
characteristics, allowing for subsequent comparison and analysis. Multiscalar
control structure 2, due to its computational complexity, has been analysed only
in simulation studies. The most important conclusions obtained on the basis of

simulation and laboratory tests:

« the developed structures of control systems enable independent regulation of
active and reactive power DFIG under normal generator operating conditions;

o the proposed DFIG power control systems with nonlinear multiscalar control
are characterized by good dynamic properties such as response times below
75 ms for changes in active and reactive powers;

e due to a more complex control structure than the FOC the best properties
of damping oscillations in the generator output power waveforms are

characterized by the control system with nonlinear multiscalar control
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described in Section 3.5;

 in case of a shallow dip, the proposed power control systems enable control of
rotor currents, but their effectiveness depends on the depth of the dip;

« in case of a deep voltage dip, it is necessary to use additional protection circuits
for Current Source Converter on the rotor side - an example is a supplementary
energy storage system connected to DC-link by a bridge converter and switched
on for the duration of the dip. This system would function as a temporary

power source.

Nevertheless, the configurations of power control system topologies for
Doubly-Fed Induction Generator outlined by the author do not comprehensively
explore the potential for synthesizing novel control systems utilizing multiscalar
models.  The control system configurations outlined in the thesis serve as
a foundation for future investigations of poly-phase DFIG systems which are

currently investigated at the Gdansk University of Technology.
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Machine and converter parameters

Table A.1: DFIG with Current Source Converter System parameters and reference
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unit.
Symbol Name Values
R, stator resistance 2.741 ©/0.0649 p.u.
R, rotor resistance 3.212 ©/0.0762 p.u.
L, magnetizing inductance 0.17 H/1.2733 p.u.
L, L, stator and rotor inductance | 0.195 H/1.3378 p.u.
P, nominal power 2 kW
L,s nominal stator current 5.5 A
L, nominal rotor current 3.4 A
U, nominal stator voltage 400 V
n nominal rotor speed 910 rpm
f nominal frequency 50 Hz
r turn ratio N/ N, 1
L, DC choke inductance 12.4 mH/0.1 p.u.
Chm output filter capacitance 100 nF/0.125 p.u.
Uy reference voltage 400 V
I, = /31,5 | reference current 9.52 A
Sy reference power 3.81 kVA
Timp converters PWM period 150 ms
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Name

‘ Symbol ‘ Value

Field Oriented Control

proportional gain of ¢}, Epi 0.4
integral gain of ¢, i 0.25
proportional gain of iy, Fp2 0.4
integral gain of i;, kio 0.25
Multiscalar structure 1
proportional gain of sp kpp 1.05
integral gain of sp kip 0.05
proportional gain of sg ko 1.5
integral gain of s ki 0.07
Multiscalar structure 2
proportional gain of sp kpp 1.75
integral gain of sp k:p 0.02
proportional gain of sg Epo 1.75
integral gain of sg Eig 0.015
Multiscalar structure 3
proportional gain of sp kpp 2
integral gain of sp kip 0.1
proportional gain of sg kpo 4
integral gain of sg kig 0.2
proportional gain of 2y, kpi2 3
integral gain of z19 k12 0.5
proportional gain of 299 Fpoo 3
integral gain of 25 Koo 0.1
Multiscalar structure 4
proportional gain of sp kpp 2
integral gain of sp kip 0.1
proportional gain of sg kpo 4
integral gain of sg kig 0.2
proportional gain of 2y, kpi2 3
integral gain of z19 k12 0.5
proportional gain of 299 Fpoo 3
integral gain of 215 Koo 0.1

Table A.2: Values of inner and outer control loops gains for tested control methods
used in simulation tests
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Table A.3: Values of inner and outer control loops gains for tested control methods
used in experimental tests

Name ‘ Symbol ‘ Value
Field Oriented Control
proportional gain of i, kp 0.35
integral gain of i, ki 0.0045
proportional gain of iy, Fpa 0.3
integral gain of iﬁq kio 0.008
Multiscalar structure 1
proportional gain of sp kpp 1.75
integral gain of sp kip 0.025
proportional gain of s ko 1.0
integral gain of sg kig 0.00975
Multiscalar structure 3
proportional gain of sp kyp 1.0
integral gain of sp k;p 0.0175
proportional gain of sg kpo 1.25
integral gain of sg ki 0.0075
proportional gain of 219 kpio 1
integral gain of z19 k1o 0.0125
proportional gain of 299 kp2o 0.9
integral gain of 219 ko9 0.0125
Multiscalar structure 4
proportional gain of sp kyp 1.0
integral gain of sp k;p 0.0175
proportional gain of s¢ kpo 1.25
integral gain of sg ki 0.0075
proportional gain of 219 kpi2 1
integral gain of z19 k1o 0.0125
proportional gain of 299 kp2o 0.9
integral gain of 29 ko9 0.0125
DC current PI
proportional gain of sp kyp 0.3
integral gain of sp k;p 0.055
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Appendix B

Experimental stand

Figure B.1: Illustration of the Current Source Converter including signal processing
unit (1), DC-link (2) and transistor array (3)
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Figure B.2: Illustration of the generator system — three-phase induction motor
working as a load on the left and Doubly-Fed Induction Machine on the right
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