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Summary

The need for renewable energy has lead to substantial investment in offshore wind energy
technology. One technology considered to be a viable option for the future is high-voltage
direct current (HVDC) transmission. HVDC transmission revolves around transmitting
power as direct current(dc). Commercial wind turbines (WT) today generate alienating
current(ac). To send ac power as dc power the current must first be converted from ac to
dc. To convert the power from ac to dc a multi modular converter (MMC) can be used. One
advantage of ac power is that the current-voltage(IV) can be changed with a transformer.
Transformers are connected between the MMC and the WTs to reduce the voltage across
the WT terminal. To control the power produced by a WT can be a complicated task. To
simplify the power production, the WT can be represented as a constant dc source. To
control how much power the WT delivers to the grid, a 2-level voltage source converter
(VSC) is connected to the dc source. The VSC is connected to the WT terminal. Dc power
from the turbine is now sent through the converter, where it is converted from dc to ac.
The ac power is sent through transformers where the IV ratio changes. The ac power is
then converted to dc in the MMC and delivered to the grid. This is a master thesis that
will describe this operation in detail and show how the power quality varies when power
delivered by the WT to the grid change.

In this thesis show how that a VSC converter can be designed to control the power out-
put and synchronise to the grid by using a PLL. By analyzing the VSC in a time domain, it
is observed harmonic distortion (HD) in the controller, when delivering SOMW and 10MW
to the grid. It is also found that the magnitude of these oscillation are not dependent on the
power output as they remain almost the same for SOMW and 10MW. The thesis shows a
way to control an MMC with and without circulating current control. Tests performed in
both frequency and time domain show that by excluding internal dynamics by removing
the circulating current control is the controller unable to operate in steady state for SOMW.
By considering internal dynamics with a circulating current controller is the MMC capa-
ble of setting the ac voltage at the WT terminal. This conclusion is drawn after testing the
MMC for SOMW and 10MW, connected and disconnected to the VSC. Also, the MMC
experience HD which influences stability. The HDs can be located when the MMC con-
nected and disconnected to the VSC. By testing the MMC without connecting it to the
VSC, it is proven that some of the HD originates at either the MMC control system or
from the switching components. When the MMC and VSC become interconnected, the
THD for the whole system increase, it is therefore likely that the controllers influence each
other and make one another more unstable. Passive components in the transformer and the
transmission line can be designed to filter out some HDs.
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Chapter

Introduction

This chapter will present specific background knowledge for this thesis, like Per Unit
system, Phase-Phase to Phase-Ground transformation, harmonics and general stability. It
also specify that renewable energy investment has made wind energy technology popular.

1.1 Background

Significant investments in the renewable energy sector have led to rapid growth of tech-
nology. [1] As much of the potential land-based energy sources are either being used, or
in places already inhabited by people, many researchers look to the ocean for answers.
Installations located on the open sea are often far away from where the power is con-
sumed. Additionally are the demand for power increasing as installations are becoming
more abundant. Longer distances and more power being transferred are two main reasons
that power equipment efficiency is essential for the future. [1]

One way of transferring ac power very long distances is to send it as High Voltage DC
(HVDC) power. The advantage of DC power is that it does not produce reactive power, it
does not require three phases of cable, and it does not need to be synchronized to the grid.
[2] This lowers the cost and material usage and is why HVDC is a viable option, and is
why this thesis will present the possibility of using HVDC to transfer power.

According to [3] wind energy provides 4.8% of the global power production. In 2018,
wind energy production grew by 10%, reaching a capacity of 564 GW. In Denmark, more
than 46% of power produced come from the wind energy sector. In Europe, 5047 offshore
wind turbines (WT) are connected to the grid across 12 countries. [4] Of these 5047, 502
of them were installed from 2018 to 2019. Norway alone were responsible for installing
approximately 10 GW capacity for this period.[4] The market is clearly expanding, and
offshore WTs are one way of extracting these marine energy resources. This is why this
report will take a look at an offshore wind farm (WF).




1.2 Per Unit System

There are a lot of values and notations when dealing with complex power systems. Just
by looking at a graph, can it be challenging to compare International system of units (SI)
units to the reference value. To simplify the analysis of power systems, one can create
a set of scalar parameters which are connected and can be used when presenting results.
These parameters are called base values. Typical base parameters are apparent power Sp,
peak phase to ground voltage V}, peak current [, and impedance Z;,, where the subscript b
indicates that it is a base parameter. What value these parameters have is up to the person
performing calculations. The base values are reliant on each other, meaning that if two
parameters are decided, then the rest of the parameters are set. It can be recommended to
set the base values equal to rated values and first to decide apparent power and voltage is
most common in literature. The relationship between the mentioned ac base values are

2.5,
Iy, = —— 1.1
b3V (L.
Vi
Ly = — 1.2
b= (1.2)

Other base parameters often presented in literature are angular frequency wy, resistance
Ry, inductance L; and capacitance C}, which can be calculated accordingly

1

7 = = wp Ly =
b = Ry = wply nCh

(1.3)

where angular frequency is independent on other values. When an impedance Z is
presented in its original SI unit, one can use the base value Z;, to generate the result in per
unit Z,,, like this

Ty = — (1.4)

A per unit value, in this thesis, is presented with the unit ”pu”. Dc base calculations
are presented in [5]. Voltage is often presented in literature as the RMS line to line voltage
V11, and can be transferred to its phase to ground peak base value as follows

2
v, = \gm (15)

1.3 Phase-Phase to Phase-Ground

When presenting a result most values are presented in per unit unless SI units will help
illustrate a point. Per unit is used as it makes it is easier for the reader to compare the result
to reference values. Furthermore, it is simpler for someone else to recreate the experiment
and compare their results to this thesis. This system operates with two sets of base values,
WF Inverter base and HVDC base, separated by two transformers. The Simulink model is
built as an isolated network. This will prevent the possibility of measuring from phase to




ground. Voltages, therefore, have to be measured between phases, so-called phase-phase.
Phase-phase voltage can be transformed into phase-ground accordingly [6]

Vap — V.
Van = 22 2C4 (1.6)
3
Vec — V.
Vin = 022 (1.7)
3
Vea — Vi
Vo = % (1.8)

Where V,,,, Vi, and V., are the phase-ground voltage and Vap, Ve and V4 are the
phase-phase voltages.

1.4 Harmonics

Ac voltage and current waveforms consist of harmonics, which are those frequencies
which are integer multiples of a fundamental grid frequency. [7] Harmonic distortion
is the effect non-sinusoidal fundamental or higher frequency current and voltage wave-
forms have on the fundamental sinusoidal waveform, caused by electrical equipment or
mechanical faults. In power electronics are common sources of harmonic distortion, ac-
cording to [7], inverters, industrial motor drives, light dimmers and personal computers.
Also, insulation failure may cause overheating in transformers and motor drives which
are a common cause of harmonic distortion. Voltage and current can have waveforms with
many frequencies. When found, the magnitude of these other frequencies can be compared
to the magnitude of the fundamental frequency. This will allow us to represent harmonic
distortion as percent, where 100% are the energy of the fundamental frequency. [8]

_ Val
Vil

where n is the harmonic integer, H D,, is the nth harmonic distortion in percent, |V |
is the fundamental frequency voltage magnitude and |V,,| in the nth harmonic voltage
magnitude. Another common way of expressing harmonic distortion in literature [7], is
to present the sum of all harmonic distortion as total harmonic distortion (THD). A high
total harmonic distortion is bad. A popular way of calculating THD is to use Fast Fourier
transform (FFT) analysis. Fourier analysis makes it possible to extract each frequency
waveform component. These frequency components can be expressed as sine and cosine
waveforms.

HD, (1.9)

- t t
v(t) = % + Z (ancosn% + b,,sm%) (1.10)
n=1

where v(t) is the voltage waveform, n = 1 is as that is the fundamental frequency
component, F is a half period of the fundamental frequency and a,, and b,, are

1 [2F t
a, = f/o v(t)cosn%dt (1.11)




1 [ t
b, — f/0 v(t)sinn%dt (1.12)

If it is assumed that the ac voltage does not contain a dc component, then ag = 0. 1.1
show an arbitrary harmonic distortion. There it can be seen the first order harmonic is
a lot higher compared to the other harmonics. It is also clear that odd harmonics, also
called third order harmonics, often are higher than even harmonics. The figure shows that
as the harmonic number increase, the magnitude of the frequency component decreases.
This can be seen mathematically performing the integration in 1.11 and 1.12, which will
result in the whole term being divided by the frequency number term n and is why lower
order harmonics are more impactful than high order harmonics. This can be described
physically with ohm’s law for reactance X

X =2nfL (1.13)

where X is resistance, f is frequency and L is inductance. As reactance changes pro-
portional to frequency, higher frequencies will have a higher reactance component, which
will give a lower magnitude.

4

2.5

1.5
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0.5 | ‘
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Figure 1.1: Arbitrary harmonic distortion

1.5 Filters

All ac voltages and currents contain some sort of harmonic distortion. Therefore, filters
are regularly used to reduce these harmonics and make waveforms more sinusoidal. An ac

4



filter consists of impedances in series and parallel. A good filter will reduce higher order
frequency components without influencing the fundamental frequency. 1.2 show a typical
filter for reducing harmonics in an ac circuit.

Vl VZ

— 1 Z .

Z,

1

Figure 1.2: Ac filter where Z; and Z» are impedances

The filter capacitance and inductance directly influence what type of harmonics the
filter is going to reduce. According to [7] are higher frequencies filtered with smaller com-
ponents. High switching frequencies are better for system stability for systems controlled
by transistors. This is because high switching reduces impactful low order harmonics,
but increases high order harmonics. This means that by carefully choosing components,
switching frequency can be used to remove lower harmonics, and filters can be imple-
mented to remover higher ones. Filter components should not be too large as Ohm’s law
state that higher impedance results in higher losses P.

P=17? (1.14)

where I is current.

1.6 General Stability

According to [9] can a system either be asymptotically stable, stable or unstable. Figure
1.3 illustrate the difference between these terms. z, is the condition where the system
starts. x; is the equilibrium point where the system will remain constant if not affected by
a disturbance, x=constant gives dx/dt=0.




Xo(t) Asymphtotically stable
Xp(t) Stable

x.(t) Unstable

&

Figure 1.3: Definition of system that is asymptotically stable, stable and unstable

If the system over time ends up reaching the equilibrium point, like z, in figure 1.3,
the system is defined as Asymptotically stable.

tlﬂf}o%(t) =1 (1.15)

If the system over time does not leave the area defined by the number ¢, like z; in
figure 1.3, the system is considered stable.

lim zy(t) < & (1.16)

t—o0

If the system, over time, does leave the area defined by the number ¢, like . in figure
1.3, the system can be considered unstable

lim z.(t) > ¢ (1.17)

t—o0

1.7 State Space Representation

In [9] a system is defined as "a set of physical elements acting together and realizing a
common goal”. These physical elements are all components necessary to predict how a
system will react. To make these predictions we need, input variables, representing the
force acting on the system, output variables, representing the output from the system and
state variables, describing what conditions the system is operating under. State variables
will have to be linearly independent, meaning they can not be a linear combination of
another state variable[10]. These system states may be static, i.e. time-invariant, x;, or
dynamic i.e. time-dependent, x1(t) [9]. The input, output and states are what makes up
the nonlinear system

i = F(z,u) (1.18)
J = G(z,u) (1.19)




Where & is the state equation, ¢ is the output equation, F(x,u) and G(x,u) are vectors
of a nonlinear equations. For a linear system, the state and output equations will be as
follows

i = Az + Bu (1.20)
y = Cz + Du (1.21)

Where A, B, C and D are matrices derived by derivating F and G with respect to x and u.
In other words, 1.18 and 1.19 can be represented as linear equations by approximation [9]

Ai = AAz + BAu (1.22)
Ay = CAz + DAy (1.23)

For a system to be linear, it has to deliver within the constraints of superposition and
homogeneity. Superposition means that a change in input, u, will result in the same change
for the output, y. Le., is u increased by 10 then y is increased by 10. Homogeneity means
that if the input is multiplied by a scalar, the output will yield a response multiplied by the
same scalar. Some systems are linear at a specific range, as an electronic amplifier, but
will become nonlinear at very high voltage inputs due to saturation. Other systems, like an
electrical motor, will have a dead zone, where it does not start to accelerate due to friction,
even though it is supplied by a voltage source. [10] Linearization is necessary to study the
stability of a dynamic system for small signal stability purposes.

Systems can be affected by external forces, called disturbances (z(t)), which can make
a stable system unstable. A representation of a standard feedback system is illustrated in
figurel.4

z(t)
Control u(t) Dynamic y(t)
- device system x(t)

Figure 1.4: Feedback control system with disturbance z(t)

1.8 Impedance Modeling

Ohm’s law specifies that some components, like a purely resistive element, depend only
on the amount of current I flowing through it, to decide what the losses R of the resistor
will be.

R=UI (1.24)

Where U is voltage. While other components, like inductors and capacitors, are in-
fluenced by the frequency of the current to decide on how well the component conducts
current.

X =wlL (1.25)
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1
X = C (1.26)
Where X is the reactance, w is the frequency times 27, L is the inductance and C is the
capacitance. Losses are not the only parameter that are influenced by the frequency of a
circuit. When studying the impedance Z of the system, where an imaginary j component

is included, it is possible to tell the phase shift ¢ of the current relative to the voltage.

UZ0
1/¢p = - (1.27)
. 1
Z=R+jwlL+ — (1.28)
jwC

By testing a system for a broad frequency specter, it will be possible to say how much
frequency influences loss and phase shift. Table 1.1 shows how the impedance provided
by a resistor, inductor and capacitor change as a function of frequency. For a very high
frequency, an inductor operates as an open circuit and a capacitor as a short circuit. For
low frequencies, as for example dc, an inductor will operate as a short and a capacitor as
an open circuit.

Table 1.1: How impedance change for a passive component as a function of frequency

Zero freq. | Low freq. | High freq. | Infinity freq.

Resistance | R R R R
Inductance | Zero Low High Infinity
Capacitance | Infinity High Low Zero

1.9 Nyquist Stability Criterion
A closed loop system in Laplace domain can be represented accordingly

_Ywls) _ Ga(s)
Un(s) 14+ Gn(s)Hn(s)

where L is the transfer function, Yy is the output, Uy is the input, G is the system
being controlled and H y is the feedback function. This system is stable if the roots of
the denominator lie in the left-hand side plane, in the s-domain, as this would prevent
zero division. But to find all the roots of a transfer function can be time consuming work.
Therefore there are alternative ways to evaluate stability that do not require to find all
roots. One way to study stability is to evaluate the Nyquist plot. The Nyquist plot is a
contour C'yy, which encircles all of the right half plane in the s-domain. All zeros Zx and
poles Py of the function Gy (s)Hy(s) in the right half side are now encircled. While
moving along the contour C'y, one can calculate the magnitude and angle from where you
are on the contour to each pole and zero. The sum of magnitude and angle, where zeros
are negative and poles are positive, generates a new contour in the w-plane. The number
of times this new contour for G (jw)H (jw) encircles the critical point (-1 + jO) in the

LN(S)

(1.29)
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clockwise direction is given by My, which is equal to Zy - Py. The system is stable if
the number of zeros in the right half plane is equal to zero and if M encircles the critical
point the same number of times in the counter clockwise directions as there are poles in
the right half plane. [11], [12], [13]

The Nyquist plot can also be used to evaluate stability margins of the system. 1.5 show
a figure of a Nyquist diagram. The point where the contour crosses the real axis is called
the Phase crossover. The distance from the Phase crossover to the critical point is the
gain margin, which is how much the system can increase in magnitude before it becomes
unstable. The point where the contour crosses the unit circle is called the Gain crossover.
The angle of the line from origo to the Gain crossover is called Phase margin, which is
how much the system can be shifted before it reaches the critical point. If the contour does
not cross the real axis or the unity circle, gain margin and phase margin are infinite. [13]

Imaginary axis
jo

Unity Circle

Phase crossover

1,00

Real axis
Phase
margin
N R GNG(D)HNG(D)
Gain

crossover

_jw

Figure 1.5: Nyquist diagram




Chapter

Wind Energy Conversion System

This chapter will describe the operation principle and control technique of a WF Inverter.
The inverter is controlled with a current controller and a PLL. This chapter also include
parameters that can be used to design a 2-level VSC and the frequency response for a
control system with those parameters.

2.1 show a WECS with both rectifier and inverter present. To simplify this system the
power produced by the WF and converted in the rectifier is represented by the voltage Vg,
across the capacitor.

,ﬁ,ﬁ,ﬁ WF WF
Rectifier Inverter

TR e

Figure 2.1: Wind energy conversion system

2.1 Voltage Source Converter Theory

A power converter is a device that converts power from dc to ac or ac to dc. A converter
consists of transistors which are controlled to generate desired voltage and current wave-
forms. [14] VSCs are very common for high power systems as dc power does not produce
the reactive power when transferred over long distances, contrary to ac power, according
to [15]. Another reason for VSCs popularity is their outstanding performance and their
ability to control real and reactive power, ac and dc voltage, as well as current.[1] [16]
One drawback of VSCs are that they are very vulnerable to dc faults. Faults which can
produce over currents many times the rated current to flow across the transistors.[17] A
standard two-level voltage source converter is illustrated in figure 2.2.

10
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Figure 2.2: Two-level voltage source converter

As can be seen on 2.2, are each transistor in parallel with a diode. This is a bypass
diode, and it is there to lead overcurrents past the switch to prevent the switch from getting
destroyed. A control system sends a six pulse binary signal to the transistor gates, which
controls if the switch conduct or blocks current. Later on, this thesis will explain how to
generate and control this type of signal. Two popular choices as transistors are the Isolated
gate bipolar transistor and Metal Oxide Semiconductor Field Effect Transistor, or IGBT
and MOSFET as they are commonly known. [18] MOSFETS are generally designed for
faster switching and IGBT for higher voltage ratings. [18]

2.1.1 Voltage Source Converter System Equation

To decide on the parameter values for the VSC is it necessary to know the voltage across
the converter. Kirchhoff’s current law say that the current from the dc side is equal to the
sum of the currents on the ac side. The full equivalent circuit for the VSC connected to a
voltage source on the ac side is presented in 2.3.

IL > Idc N

4ookf ofFedd Low

r, AA—rr (1

a
+ \% conv Ib LW RW Vb
= Vg T /\/\/ Y U
- Veonv Ve Ly Ry Ve

=Wy v ~
G Gb‘-IK’} GﬂK}

Figure 2.3: Two-level voltage source converter connected between an ac and dc grid.

where V*  is the voltage on the ac side of the converter, superscript k indicates the

phases (k = a, b and c), Ry and Lyy are the line resistance and inductance and V'* are the

11



grid voltage. This is expressed in the following equation where the voltage drop across the
passive components are impedance times current 1%

V¥ = RwI* + LW%I’“ +VE .

This equation is used to control the VSC. But when a controller is implemented, the

controller often takes values in a rotating reference frame as input variables. [1] [19]

Variables expressed in the rotating reference frame is noted with d and q superscript. The

process of transforming variables from synchronous to rotating reference frame is called
Park’s transformation, and is presented in 2.2. [20]

2.1)

xﬂ.

[ch] 2 [sin(@t) sin(0, — ) sin(6; — 25)] |7,

x4| 3 |cos(0;) cos(0, — ZF) cos(f, — 4F) ic

(2.2)

where x represent the parameter which goes through the transformation, and 6; is the
angle of the rotating reference frame. Why it becomes beneficial to express values in this
form will be described at a later stage. When 2.1 is represented in a dq frame, the derivative
term for the voltage drop across the inductor will make for an additional term, due to the
chain rule.[21]

v Id d [ 0 —wl|[r? va .
o] =[] e[ oo 2 [ ] e

conv

A step by step calculation of how this additional term is included is presented in Appendix.

2.2 Voltage Source Converter Control

A typical way to control a VSC is with a DC voltage controller, a current controller and
a phase locked loop (PLL) control system. [1] How this control can be implemented
is illustrated in 2.4. In addition to the control system, the model contains an LC filter
with an inductance L, and capacitance C't,,. The inductive and capacitive components
both contain some parasitic resistive elements R, and Ry, respectively. There is also a
transformer connected to the inverter side. The inverter delivers current to the low voltage
side and the transformer steps up the voltage which is sent to the grid. The voltage and
current measurements are taken after the inductor, to let the inductor straighten out the
converter voltage curve. Both the voltage and the current are sent to a component that
transfers the three-phase signals in a stationary reference frame, into a two-phase signal
in a rotating reference frame. Subsequently, the voltage signal is sent to the PLL control
system to generate a signal synchronized to the grid voltage signal. This signal is used to
perform dq transformation of the voltage and current vectors. The dq transformed current
and voltage signal is then sent into the current controller to generate a converter voltage
signal, which will be explained more in the next subsection. The dc voltage controller
controls the voltage across the dc side capacitor. To simplify the control system, dc voltage
control will not be included, and the dc voltage is represented as a constant dc voltage
source.
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Figure 2.4: Wind energy conversion system with current controller and PLL

2.2.1 Current Controller

Current controller is a technology for controlling VSC and is very common. [1], [22]-[23]
The controller design used in this paper is presented by M.Amin in [1]. This controller
measures the input current and compares it to a reference signal, which is used to decide
on what voltage the converter should produce. By looking closely at 2.1 it becomes clear
that if the grid voltage and passive components remain constant, the current delivered from
the converter to the grid is only dependent on the converter voltage.

Figure 2.5 shows what operations the current signal is sent through to generate the
current reference signal. This block diagram takes in dq reference signals. In steady state
dq signals are constant, which is beneficial for PI controllers. [24]

Mb + L ) Pl Vconv,ref PWM Veonv | tSyStEfm |dq R
— Controller Converter ransich
1 function

Figure 2.5: Current controller control system with Pules width modulator

2.2.2 PI Controller

The current and voltage signals are sent into the current controller after transformation
from abc to dq. There the dq current 799 are compared to the current reference values
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I fgf to find a current error. This error signal is sent through a PI controller block with
proportional and integral parameters K, .. and K; .., respectively. A third parameter, T; ..
is the time constant of the PI controller, and is calculated accordingly, T; .. = K} oo/ K; cc.
The transfer function of the PI controller is

Ki ce 1 + Tll ceS
He(s) = Kpce — =Kpem 24
(s) pree T s e s 24
The output voltage V44, of the PI controller then becomes
K.
dg i,cC
‘/clonv = (Irelf - qu)(KP,CC + s ) (2.5)

223 PWM

As can be seen on 2.5 is the converter voltage marked with an apostrophe then put through
a pulse width modulator(PWM). This is a triangular wave modulator, which compares
the voltage waveform to a three-phase triangular signal. This is a popular method for
generating bipolar signals for many types of switching devices.[25] The output of the
modulator is the converter signal. The PWM can be expressed as a time delay. [26]

1
vda  _ yrde 2.6
conv conv 1 _"_ STa ( )
Where T}, is average time delay of the converter
Tsw 1
Ta=—= 2.7
T2 T, @7

Where T, is the switching time in seconds and f,, is the switching frequency in hertz.

2.2.4 System Transfer Function

The purpose of the VSC current controller is to control the output current of the controller.
This is done by controlling the converter voltage, which is explained in 2.1. To simplify
the controller, the waveforms are converted to a synchronous reference frame. Dq transfor-
mation presented in 2.2 introduces a cross-coupling term, wi/% calculated in Appendix.
This cross-coupling term can be compensated for by introducing a feed forward term. This
will allow for independent dq control. [5]
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Gee(s) > 19

Vq

Figure 2.6: How to exterminate the cross coupling terms for the current controller

Where L¢ is the cross coupling term wy Ly, and Goc is the system transfer function

1 1
Rw 1+ st

Gee = (2.8)

where 7 is defined as inductance over resistance é—‘;"v.

2.2.5 Phase Locked Loop

The technique known as phase locked loop was first presented by Appleton in 1923. [27]
But was not wildly used in the industry before the 1970s, due to difficulty when imple-
menting it into real systems. At that time, it was first introduced by control engineers to
control synchronous motors and has been used ever since. [28] The purpose of a PLL is
to make one signal trace another. A PLL makes it possible to generate an output signal
which contains the same phase angle and frequency as a desirable reference signal. The
general requirements for a standard PLL are, according to [28] and [29], a phase detector,
loop filter and a voltage control oscillator. The phase detector compares each phase of the
measured input signal. Then generates an error signal which the voltage control oscillator
uses to make the output frequency equal to the input frequency. PLLs have three operating
states, frequency running, capture and locked state, which are explained in [29]. PLLs op-
erate in a feedback loop to reduce error and be able to change in case the system frequency
should change. [30]

The PLL presented in this paper is connected to the WF Inverter. The reason for this
is that the WF Inverter delivers current to the grid, and to do so will the current phase
angle decide on what type of power the converter delivers. The reference frequency for
the converter is the grid voltage. The grid voltage is measured on and sent to the PLL.
Because the WF Inverter operates in a synchronous reference frame are the three-phase
grid voltage signals transformed into a dq signal with an initial phase angle zero. The
purpose of this PLL is to set the phase angle of the synchronous reference frame equal
to the grid phase angle. When synchronization is achieved, the dq voltage signal will
be constants. The angle between the direct and quadrature axis is always 90°. They will
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always rotate at the same speed, and the direct axis voltage V¢ can, therefore, be neglected.
After the transformation is the quadrature voltage signal V7 filtered to remove high order
frequencies.

1
C Typrrs+1

Where G ppr, is the filter transfer function in the Laplace domain and T pry, is the
filter break frequency. The reference quadrature voltage signal is set to zero as this will
make the direct voltage signal equal to the three-phase voltage peak phase signal V.

GPLL(S) (2.9)

Vi=V, and Vi=0 (2.10)

The quadrature reference voltage and real voltage are compared which generated an
error. This error is sent through a PI controller with transfer function Hpp 1,

K;
Hprr =Kp,PLL+% (2.11)

where K, prr and K; prr, are the proportional and integral terms of the PLL PI con-
troller, respectively. The PI controller generates we,ror, Which is the angular frequency
difference between the synchronous reference frame wpy ;, and the base angular frequency
wp. The rotation speed of the synchronous reference frame can be calculated accordingly

WPLL = Wh + Werror 2.12)

The real phase angle 6pr;, can thereby be calculated by integrating the synchronous
reference frame speed.

WpLL

Oprr = (2.13)

This reference frame angle is sent back to the beginning of the PLL loop to transform
the three-phase signal into the dq reference frame. The loop is then restarted to produce
an even smaller phase angle error. The PLL process is illustrated under

d OpLp
v, Vi, O
Vabc Vq Vq chrror Ocrror. /F 1 6
— abe dq Goprr(s) Hpp 1 (s) =5{+ > e T

Figure 2.7: PLL block diagram

2.3 Voltage Source Converter Tuning

The VSC is controlled by a current controller presented in [1]. The current controller gets
its reference values from the PLL controller. For weak grids can one power supply, like
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the wind turbine system presented in this thesis, influence the grid voltage substantially.
This can make the input of the PLL oscillating, which can, if not tuned correctly, make
the PLL use a long time to synchronize with a higher margin of error. Which can make
the power output of the inverter oscillate and, in the worst case, make the whole system
unstable. That is why it is important to design a system with substantial transient response
and margins. This section will present a technique on how to tune the PI parameters of the
current controller and PLL controller. The WF Inverter parameters are

Table 2.1: WF Inverter parameters

Parameter Value
Rated power S, 50e6 VA
Rated ac voltage V,, 690 V
Rated dc power Vi, 4. 1500 V
Rated frequency f., 50 Hz
Inverter Resistance R, 0.003 pu
Inverter Inductance L,, 0.15 pu

Inverter Capacitance C'y,,  0.0344 pu

The system parameters of the current controller and the PLL are

Table 2.2: VSC and PLL PI parameters

Parameter Value
VSC CC gain K, . 0.0455
VSC CC integral term K; .. 4.5487
PLL gain Kp,PLL 1

PLL integral term K; prz, 16.42

2.3.1 VSC Tuning Techniques

The open loop transfer function of the controller is a low order plant. The system transfer
function is the product of the current controller, PWM and the PLL. [31]

1+chs) 1 1 1
T 14+ 8T, Rw 1+ st

There are two ways to tune the parameters of the current controller. The first is modulus
optimum. Modulus optimum is a way to simplify the system transfer function and, in that
way, tune the current controller. According to [32], is modulus optimum common when
tuning analog controllers with low order control plants, that does not contain any time
delays. This controller has a dominant time constant, and additional, but less significant,
time constants. With modulus optimum, it will be possible to cancel out these lesser
constants, which gives fewer poles and a less complicated system. The poles are canceled
when the PI parameters are equal to the current controller parameters, accordingly

Gcc,ol(s) = Kp,cc( (214)
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When the PI parameters are set to these values the new open loop current controller
transfer function becomes

1 1
27252 4+ T,s

The second way to tune the parameters is according to symmetrical optimum. Sym-
metrical optimum is presented in [31]. The main objective of symmetrical optimum is to
maximize phase margin for low frequencies. This will make the system more tolerant to
delay. 2.8 shows the frequency response of the current controller. The figure shows that
the system operates with phase margin of 70° around the operating point(50Hz). The peak
phase margin is 80°, which occurs where the magnitude plot crosses 0dB. According to
the bode plot is the current controller stable, with good stability margins.

Next is to analyze the step response of the current controller, which can be found in
figure 2.9. The step response can be calculated according to [33]. Rise time is defined as
how long it takes for the system to go from 5% to 95% of its final value. Peak time is at
what time the first peak value of the response occurs. Maximum overshoot is how high

Gcc,ol(s) (217)
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above unity the maximum peak goes; for this case, it is presented in percent. Settling time
is how long time it takes for the system response to reach 98% of unity value, without it
deviate outside of 2% of unity value.

Step response
Reference value | |

Amplitude

0 0.5 1.5 2 25 3 35 4
Time (seconds) <1073
Figure 2.9: Current controller step response

It can be seen that the system transient response is
Rise time = 1.15e-3 sec (5% to 95%)
Peak time = 2.9e-3sec
Maximum overshoot = 4%
Settling time = 4e-3 sec

2.3.2 PLL Response

As discussed previously is quadrature voltage filtered and then sent into a PI controller.
The output of the PI controller of the PLL is the angular frequency of the rotating reference
frame. This angular frequency is integrated to find the angle of the rotating reference
frame. These calculations are what generates the system transfer function. [34]

K;prr,1 1

- 2.18
S sTrprrs+1 ( )

Gprr = (Kp prL

The frequency response for the PLL is presented in the 2.10. The figure shows that the
cross over point occurs at very low frequency. And if the magnitude of the converter is to
be shifted, the PLL will still operate with decent stability margins around 50Hz.
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Chapter

High-Voltage DC Rectifier

This chapter describes the operating principle and tuning technique of a MMC rectifier in a
HVDC system. This chapter will also present the parameters used to control the MMC and
the system frequency response this generates. The MMC is controlled according to three
principles, Compensated modulation and Direct modulation with and without circulating
current control. 3.1 show where in a HVDC conversion system the MMC rectifier is
located. In this thesis, when the HVDC system is mentioned it talks about the MMC
rectifier.

Modular multilevel converters (MMC) have been accepted in the industry as they are
able to produce excellent voltage quality for medium and high voltage. When compared
to a 2-level voltage source converter, an MMC requires less filtering and has lower power
semiconductor losses. [35] Compared to other types of multilevel converters, like a neutral
point clamped converter (NPC), the MMC is beneficial, as many cells allow it to produce
voltages of different levels. [36] Even though it has a large number of cells that require a
more complex controller, the simple design of each cell result in a simple structure. This,
together with lower filtering requirements, lowers production costs and makes the MMC
highly competitive. A type of multilevel converter capable of reaching high voltage levels
is the H-bridge converter. According to [36], do each H-bridge usually require an isolated
dc-source, which is often supplied by a multi pulse transformer. MMCs does not require
an input transformer [37] which makes scaleability simple for medium and high power
levels. [38], [39]

MMC Grid Side
Rectifier Inverter

R L,
PCC N ' Power
~A
@ Vv o L ‘IG ‘IK} Grid
fr
Transformer R, Ig

Figure 3.1: HVDC converter system
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3.1 Modular Multi Level Converter Topology

An MMC is a converter consisting of a large number of power cells, connected in se-
ries. Each of these power cells, or submodules (SM), consists of some kind of switching
system. [40] Typical switching systems are full-bridge converter, half-bridge converter,
unidirectional cells, multilevel NPC cell, multilevel flyback capacitor cell, and some other
converters described by M.A.Perez in [35]. Among these, are full-bridge and half-bridge
most common. A half-bridge SM is only able to generate positive and zero voltage, and
will, therefore, require the power system to be connected to a dc system. The full-bridge
converter is, on the other hand, able to also generate negative voltage and can, therefore, be
used when connected to both full ac and dc systems. The disadvantage of the full-bridge
converter is that it demands more physical components then a half-bridge cell. A unidi-
rectional modular multilevel converter (uMMC) for HVDC subsea system is proposed by
G.J.M.de Sousa in [41]. It can be advantageous to other MMCs as it requires only one
switching device per SM, which can lower cost and increase reliability. The disadvantage
of the uMMC is that current can only flow one direction. This prevents the converter from
being applicable for some popular generator types for wind turbines, like the doubly fed
induction generator, which requires reactive power to induce a magnetic field to produce
power. Most of the literature found for this thesis, [35], [36], [38], [41], are on 2-level arm
converters (2L), but in [42] E. Solas explains the working principles of 3-level arm convert-
ers (3L). For example, can, according to [42], a 3L-NPC converter do approximately the
same job as a 2L converter, with half the SMs, which can make the 3L-NPC more compact
than a 2L converter. But, the 3L NPC and flyback converter will require voltage balancing
control for all capacitors of each SM. These extensive measurement requirements, of all
capacitor voltages, increase computational costs, which can be a determining factor when
deciding what type of converter to use.

A half-bridge MMC is illustrated in 3.2. The SM contains two switches and is therefor
capable of operating in three modes.[40]

e Inserted: S1 is open and S2 is closed, the capacitor is charges and discharges.
* Bypassed: Sl is closed and S2 is open, the voltage in the capacitor remains constant.

* Blocked: Both gates are in an open state blocking current from flowing. The voltage
from the dc voltage source may still charge up the capacitor, but the capacitor may
not discharge.

Figure 3.2: Half-bridge cell for MMC SM

An MMC can convert power from single phase to single phase, three phase to single
phase, single phase to three phase and three phase to three phase as illustrated in 3.3 [35]
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Figure 3.3: Modular multilevel converter. a) single phase to single phase b) three phase to single
phase, single phase to three phase and c) three phase to three phase

The power cells are divided into subgroups called arms, which are connected between
two phases(example dc phase and ac phase). For a single-phase to three-phase converters,
an arm can be connected in two ways, either to the positive or negative part of the single
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phase. If the arm is connected to the positive part of the single-phase, it is an upper arm
and is noted with the subscript «, if an arm is connected to the negative phase of the single
line, it is a lower arm, and is noted with the subscript /. An example of a MMC connected
between a dc and a three-phase ac grid is presented in 3.4, where Vg, and Vj are the dc
and ac grid voltages, respectively, and Ly, L., and L are the dc side, arm and ac side
inductances, respectively.

Lee 13
ﬁ [ [ |
| S1v["‘ul| | SMbul | SMcu]
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| SMaun | Slv[bun | SMCun
Lm Lm Lm
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Lm Lm Lm
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I I |
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Figure 3.4: Modular multilevel converter. Single phase to three phase

3.2 Dynamic Relations of MMC

The common way of controlling an MMC is to control the voltage or current at its terminal.
There must be implemented a control strategy that controls the voltage levels in the energy
storage elements of the MMC. There can also be a secondary control objective, some of
which are explained under this section.

Arm current control is used to decide the arm current and is presented in [43]. It can
be used to control ac side current, dc-bus current and circulating current. Arm current is
set by controlling the arm voltages. [25] The modulation signals can be calculated directly
from the input and output reference set for the desired operating value. An open-loop
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case is presented in [44] where a compensation term is included to eliminate steady state
error. This strategy is able to produce a stable output in steady state. For the closed loop
case presented in [45] the feedback loop eliminates the steady-state error. These closed
loop systems can vary in difficulty, from simple PI controllers to more advanced linear-
quadratic regulator controllers.

Capacitor voltage control operates with the purpose of maintaining a set average volt-
age reference level. To simplify the calculations for this technique, all SMs are considered
to be a single equivalent capacitance. From [25] the power equation describing the rela-
tionship of the capacitance power P, input power P;,, output power F,,; and power
loss Pj,ss across the MMC in steady state is

Pcap:Pin_Pout_Ploss (31)
Power across the capacitor is
C., dV2
cap = < e (3.2)
2 dt

Where C,, is the equivalent capacitance and V,,4 is the average voltage. This means
that for the energy to stay constant across the equivalent capacitor, the power sent into the
system must equal the power out plus any losses in the converter, while operating at steady
state.

To study the dynamics of an MMC it can be beneficial to study it as an equivalent
circuit, where the SMs are modeled as a constant voltage source. This allows us to simplify
each phase of the model substantially, as illustrated in the following figure. [38]

Figure 3.5: Modular multilevel converter. Single phase equivalent circuit.

As for the VSC are each phase expressed by & for a three phase MMC. Where V,, and
Vi are the positive and negative dc voltages, respectively. Where in the case of figure 3.5
they will be half of the real dc voltage, presented in 3.3
Vi

Vaw = Va = 76 (3.3)

The voltages Vf; , are the voltage representing the capacitors and is where the control

signal is sent to control the MMC. [38] The resistance R,,, are parasitic arm resistance and
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converter losses, which is often very small and can vary with operating conditions. The
inductance L,, is the arm inductance, which is there to lower the fault current and current
harmonics of each arm. [40] The inductance is also necessary to limit the current that
flows when a switch turns on/off due to the instantaneous difference in voltage across the
arm. [35] There are three different currents flowing in the MMC. We assume power flow
from the dc to the ac side. The current from the dc side is divided equally in each of the
three phases. Therefore, is the current in the upper leg equal to I, 5/3. The output current
flowing on the ac side of the MMC is [, f At first sight, it can be natural to think that the
dc current is equal to the ac current of the MMC. But an important characteristic for the
MMC is the upper and lower circulating current fj ; controls the output current.

" =1k 1t (3.4)
Where the circulating currents ¥ is defined as
IF +1F
If — % (3.5)

Kirchhoft’s voltage law can be used to find the dynamic of the equivalent circuit by
summing the voltages across all the components.

k k k dIk
Vau = V + Vo, + BRI, + Ly, a 3.6)
Va = —Vg + V + R Il + L, dt 3.7

Where Vg’“ is the voltage on the ac grid side of the converter. According to [40] is the
sum of all the capacitor voltages equal ch .

VE = pky2k 3.8)
VE = nfvt (3.9)

Where n , are the insertion indices in phase k when u and 1 are upper and lower arm,

respectively. And Vc%: , are the sum of voltages across all capacitors in phase k, for upper
and lower arm. [38] represent two techniques for controlling the MMC, compensated
modulation and direct modulation.

3.2.1 Compensated Modulation

Compensated modulation makes it possible to disregard the internal dynamics of the
MMC. [38] [40] This makes way for the assumption that the arm voltages are equal to
the voltage control references. This type of control is very difficult to implement in reality
as time delays from the voltage measurements will lead to problems.

For compensated modulation the insertion index calculated accordingly

w Vdu _ Vsrefk
.

cu

(3.10)
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Va + V7elk

k dl s

n = ——=— (3.11)
vt

Where V7/* is the desired output voltage in phase k. Subtracting 3.6 and 3.7 gives

d
Lm%(Iff +IF) + R (IF + IF) + (0, +08) = Ve (3.12)
substituting in 3.5, 3.8-3.11, 3.13 show that the circulating current naturally drops to
zero at steady state. This means, that its not necessary to actively suppress the circulating
current. [38]

drk
L, dtc + R, IF=0 (3.13)
Adding 3.6 and 3.7 gives
d
LI = IF) + Ry (I} = IF) + (VY = V) = Vi (3.14)

dt

where V2 is the imbalanced dc bus voltage in phase k
Vb=V -V (3.15)

which for a three phase system is equal to zero. [38] Substituting 3.4, 3.8-3.11, 3.13
into 3.14 gives the dynamic equation describing the output current from the MMC for
compensated modulation mode.

Ly, dI¥ Ry,

R A i (3.16)

3.2.2 Direct Modulation

For direct modulation mode will the internal dynamics of the MMC have to be considered.
By assuming that the capacitance is high enough to maintain a constant voltage across each
arm, the sum of the capacitor voltages is equal to the dc side voltage. The insertion index
from 3.10 and 3.11 are used to find the new insertion index nﬁl for the direct modulation
controller by taking the circulating current voltage reference V."*/* into consideration

- Vdu _ ‘/sTefk _ ‘/Crefk

3.17

nt - (3.17)
Var + VyeI —vredr

s S (3.18)

The general formula for energy stored in a capacitor is used to find the sum of the
energy in each arm of the converter.

N
Cm ’
Wh == (Vik)? (3.19)
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Where W,; is the stored up energy in the capacitor, N is the number of SMs, C,,, and
V! is the individual capacitance and capacitor voltage, respectively. It is known that the
input power of an arm at one instant is equal to the time derivative of stored up energy.

=Chn Zw’zl Vet =V IE, (3.20)

Due to the large capacitance of the converter is the change in energy minor, which
allows for the assumption that the individual arm capacitor voltage Vgul is equal to the

sum of the capacitor voltages in either upper or lower arm VC%I , divided by the number of
SM in that arm. Or in other words, the arm capacitor voltage is equal to the mean capacitor

voltage.

; k
O Z cZ]le ~ Cmv al d‘/c”;l o Cfm‘“%%l )2 (3 21)
a e ON  dt '

1=

This assumption makes for a new expression for the energy stored per arm

Cm
Wh = S (V) (3.22)

The dynamic equation of the sum of the capacitor voltage can now be derived by
substituting 3.21 and

VEi=nlvf (3.23)
into 3.20. Resulting in
>k
CTY ‘/(,
NL dt“l =nk 1% (3.24)

The converter voltage can be found by substituting upper and lower arm voltage from
the dc side voltage.
VvV, — k VE k kvz k
v, = 24" " 5 — " Vel (3.25)

Where the sum of the upper and lower converter voltages are, of course, equal to the
total of the capacitor voltages

VEk—yTk ik (3.26)

By substituting 3.17, 3.18, 3.25 and 3.26 into 3.24, the first equation describing the
internal dynamics of the MMC is obtained in 3.27.

Cm d‘/czk Vgrefk[ic 2‘/Crefk
T — S+ (1 _ ¢
Va

I* 27
N 7 ). (3.27)
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The unbalanced capacitor voltage per phase V.2 is the difference between the sum of
the upper and lower capacitor voltages

VAR =y k oyt (3.28)

By deviating 3.28 and then substituting in 3.3 - 3.5, 3.17, 3.18, 3.24, the dynamic state
equation for unbalanced capacitor voltage is derived to be

Cm dV'CAk _q 2‘/Crefk Iélf 2V’§refk Ik
N dt Va 2 Vg O °

3.16 describes how the circulating current decays for compensated modulation control.
This will not be the case for direct modulation as the circulating current does not equal

zero. From subtracting 3.8 and 3.9 the new expression for circulating current is derived

(3.29)

drr

"t

Now, by substituting in 3.3 - 3.5, 3.17, 3.18, 3.25, 3.26 and 3.28 for 3.30 the dynamic
circulating state equation is derived

L

=VF — R, I* (3.30)

dIk 1 chk Vrefk‘/czk VrefkvAk
L dtc == i(Vd - + < + = <

— R, IF 3.31

3.3 Control Structure
3.3.1 Phase Shift and Level Shifted Modulation

Phase shifted and level shifted triangular waveforms are often compared with the reference
signal to generate a switching signal, as illustrated in 3.6a and 3.6b. These techniques
have, even though they are good, high switching losses compared to other techniques, like
fundamental frequency modulation. [25] Level shifted modulation is presented in [46],
there it is specified that this technique is very simple, even for a large number of SM per
arm. This is not the case for phase shifted modulation as this technique becomes complex
as the number of SM per arm increases. [25]
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(a) (b)

Figure 3.6: Pulse width modulation: a) Phase shifted modulation b) Level shifted modulation

3.3.2 Proportional Resonant Controller

There are two popular ways to control converters presented in this report. The first one
is dg-control and the second phase control. Phase control takes, in this case, in three
sinusoidal signals, a, b and c, and compare these signals to oscillating reference signals.
Two compare the reference and measured signals, a proportional-resonant (PR) controller
is implemented in [38]. The PR controller has three parameters, the proportional term
K, aresonant term K, and a frequency term w. The transfer function H,(s) of the PR
controller controlling the ac voltage is

Km;s

Ho(s) = Koo+ 2

(3.32)

Where the subscript v is indicating that the parameter is a part of the ac voltage con-
troller. The goal of the PR controller is to make the MMC operate in steady state, with
as low error as possible. A model of how the controller is implemented for the system is
illustrated in 3.7

V;efa > m
N
\Y refb N
refc \(
Ve (+
Jag Vb Ve

Figure 3.7: PR controller with feed forward gain

To improve the dynamic response, a feed forward gain ky is included in the controller.
The reference output voltage of the MMC in the frequency domain V7 ¢f%(5s) is
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Vsmfk(s) = Hv(s)[VqTefk(S) - qu(s)] + kaqk(s) (3.33)

Where V;¢/% is the fundamental frequency voltage.

In the direct modulation case, as discussed previously, circulating current control has
to be considered, as circulating current is not suppressed naturally for this case. The circu-
lating current is controlled by controlling the circulating current voltage. The circulating
current voltage is controlled with a PR controller, accordingly

K.

Hels) =B+ 7 2

(3.34)

Where H.(s) is the transfer function of the controller, K., and K,. is the con-
troller proportional and resonance parameters, respectively, and ws is twice the angular
frequency. The PR controller takes in circulating current reference and measures circulat-
ing current, which is calculated according to 3.5. The circulating current voltage is given
by

VIH(s) = Ho()IZ () = 1(3)] + RIZTH() (339)

Where the reference circulating current I7¢/ is equal to the steady state current I%,,
and resistance times reference current compensates for the voltage drop that occurs due to
the resistive parasitic element in the converter.

3.4 HVDC Tuning

A frequency and time dependent scenario has to be performed to test the potential stability
of these components. In order to do so, the parameters have to have some value. Each
value for the MMC and its controller is presented in 3.1 and 3.2.

Table 3.1: HVDC parameters

Parameter Value
Rated power .S, 50e6 VA
Rated ac voltage V. 166e3 V
Rated dc power V. 4. 400e3 V
Rated frequency f, 50 Hz
Arm resistance R,, 1.81e-6 pu
Arm inductance L, 0.057 pu
SM capacitance C,, 96.95 pu

Rectifier Resistance R, 0.0011 pu
Rectifier Inductance L, 0.054 pu
Rectifier Capacitance C'y,.  0.2038 pu
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Table 3.2: MMC PR controller parameters

Parameter Value
Ac voltage PR, proportional K, 0.5
Ac voltage PR K., 50
Circulating current PR controller K. 20

Circulating current PR controller K., 1000

3.32 represent the ac voltage controller in open loop. This function can be turned into
closed loop with 3.36.

H,(s)
H,. = 3.36
) =15, 6) (339
The result of the previous equation is presented in 3.37
Ky (14 Tpy)
H.(s) = tdd fdd 3.37
C’Cl( ) Tpv + va(l + Tpv) ( )
Where T}, is the resonant time constant given by
K
Ty = 22 3.38
P KT'?) ( )

To evaluate stability is it of interest to study the response of the PR ac voltage con-
troller. 3.8 show the controller response in a bode plot. The result from the bode plot show
that the controller delivers stable output for normal frequency range.
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Figure 3.8: PR ac voltage controller bode
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Step Response
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Figure 3.9: PR ac voltage controller step response

The voltage controller step response is presented in 3.9, and is used to evaluate how
long time the controller will use to produce a stable output.

The figure shows that the settling time is fast with a critically damped response, mean-
ing that the system reaches the reference value without any overshoot. The step response
gives the following transient response Rise time = 100e-3 sec (5% to 95%)

Settling time = 110e-3 sec
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Chapter

Stability Analysis of Wind
Farm-HVDC System

This chapter show how to calculate various stability models of a VSC and a MMC. It show
how stable the converters should be according to parameters presented in 2.1, 2.2, 3.1 and
3.2

Small-signal stability methods test system stability by injecting a small perturbation
current, also called disturbance, into a system. A small perturbation current is in this case
a current that still allows the system equations to be linearized for analysis purposes. [47]
A system is considered unstable if, by injecting a small disturbance, the system goes from
synchronized to unsynchronized. In power systems today, lack of system stability is often
due to insufficient damping of system oscillations. [47] To perform small-signal stability
analysis the system has to be linearized, which was explained in 1.7.

4.1 State Space Representation

4.1.1 Wind Energy Conversion State Space

This section will present a description of how to generate equations describing all operat-
ing conditions for a VSC with current control connected to a grid. 4.1 show the location
of all parameters for the system, except for the controller. To generate the equations to
analyzing the system, fairly simple circuit analysis can be performed. [48]
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Figure 4.1: Voltage source inverter wind conversion system

The dynamic equation of current flowing from the converter Iy is decided by the
voltage difference between the converter Vi and Vj, and the voltage drop across the con-
verter resistor Ryy and inductor Ly,. The function for the current is presented in 4.1, take
note that the current is transferred to the dq domain, which introduces an additional term
calculated in Appendix.

dlyf _ Vi = Vg — I Rw
da Lw
Where wy, is the grid frequency. Another dynamic equation of grid current I is decided

by the the voltage difference between Vj and the grid V,, and grid resistance R, and
inductance L, in 4.2.

+ wy I (4.1)

drde vy —yda _ rdag
g 0 g g 9 d
= + wy I 4.2
dt Ly oty (4-2)
4.3 describes Vj. It specifies that V} is equal to the voltage drop across the grounded

capacitor C'f,,. It is calculated by analysing the sum of the currents flowing through V;

dVOdq ] [gq J
= +w Vq 4.3
dt wa “.3)

Current Controller
The VSC dynamics are also dependent on the controller parameters. This means that the
current controller with the PLL generate reference signals which are used for the VSC.
The block diagram of the current controller with a PLL is represented in chapter 2. The
block diagram is built to emulate 4.4 to calculate the converter voltage Vo

Ve, = VI 4 Hee(I12

conv ce,ref

qu) :FquLUpLLLW (44)

Where H.. is the PI regulator with proportional and integral terms K., and K.,
respectively. Now, auxiliary variables ~ can represent the dynamic performance of the
integral term of the PI controller in 4.5.

d'ydq
dt

— (18

ce,ref

- I8 (4.5)

35



PLL

The PLL can be expressed with three dynamic equations describing its operating condi-
tions. 4.7 is included do to the low pass filter containing an integral component. The
standard equation for a signal going through a low pass filter is presented in 4.6

wLp

Vi, =Vi—EtE
PLL s+wrp

(4.6)

Where V2, ; is the voltage running through the PLL, w,p is the cut-off frequency of
the filter. The dynamic equation of 4.6 is

dViLr
dt
For steady-state operating conditions, the q component of the converter voltage should
be zero. As the g-axis voltage signal is sent through the PLL-PI controller, a new auxiliary
variable epy 1, is introduced do to the integral term of the PI controller.

= quLp—V}gLLwLp (47)

deprr
dt
At last, the phase angle 00py 1, of the PLL is calculated as V7 is used to calculate wpyy,
through a PI controller. The integral of wpy , is then taken which gives

4.8)

débprr
dt
Where dwpy 1, also can be expressed as

=éwprr = KppriV?+ Klprreprr 4.9)

dwprr = WpLL — Wy (4.10)

4.1.2 Modular Multi Level Converter State Space

The dynamic equations describing the operating conditions for the MMC are expressed in
3.24,3.29 and 3.16. To use these equations to analyze the stability of the system, they first
have to be linearized at a steady state. It may be assumed that the steady state conditions
for the state variables are

vk =y, (4.11)

vak =0 (4.12)
P

M = — 4.1

o = 377 (4.13)

Where the subscript O notes the steady-state value and P is transferred power. [38]
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4.2 Impedance Modeling

The system is tested for impedance response in a bode plot to evaluate the stability of the
converters. When testing the frequency response of the ac equivalent impedance models
the system can be split up into three parts, WF inverter, LC filter and HVDC MMC. Each
impedance frequency response is also analyzed and compared to one another, by moving
the equivalent impedances across the transformers. This chapter will also derive a way to
represent the three impedances as one equivalent impedance model, shown in figure 4.2.

7' ¢ Z'vive

. :
Ly Zy

Wind Power Inverter HVDC MMC

Figure 4.2: System impedance model

4.2.1 Voltage Source Converter Impedance

Impedance based stability analysis are in [49] superior to state space modeling as it over-
come limitations that can occur for state space modeling. Additionally, impedance mod-
eling will require the impedance of a system at the input and output terminal. The most
common way to represent a VSC current controller is in the dq-domain, but it is also
possible to represent a current VSC controller in the phase domain. [50] What type of
controller will influence how complicated the stability analysis will become. In litterateur,
impedance can be in either dq or sequence domain. [51] This thesis will prioritize se-
quence impedance as the MMC is controlled by a phase controller. Impedance modeling
can be represented in for both dc and ac power. This thesis will present ac impedance
modeling.

[49] presents an ac sequence impedance method for a VSC with dc voltage control,
current control and PLL. When a constant dc voltage is assumed, the dc voltage control
loop can be neglected for bandwidths above the voltage controller, which is 10Hz. For a
system only containing a current controller, correct results may be assumed for bandwidths
above the voltage controller, which is usually frequencies above 10Hz. The transfer func-
tion for the current controller is presented in 2.4. The synchronous reference frame angle
Opr 1 is generated by integrating the angular frequency wpr,, which is generated from
the PLL PI converter. This makes the PLL compensation function
Kiprr ) 1

- (4.14)

Hprra(s) = (Kp prL + S

The loop gain of the PLL them becomes
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ViwHprr2(s)
1+ VwHprra(s))
where V,, is the per unit phase to ground peak ac side voltage magnitude. The relation-

ship between the phase voltages abc and the sequence voltages int the time domain can be
written as

Tprr(s) = 2 (4.15)

Vk (t) = Viycos(2m f1t) + Vpcos(2m fipt + ¢up) + Vicos(2m frt + dun) (4.16)

where k is the phase, f; is the fundamental or in this case the base frequency, V, is
the positive sequence voltage magnitude with a phase ¢,,, and frequency f,, and V;, is
the negative sequence voltage magnitude with a phase ¢,,,, and frequency f,,. This can be
written in the frequency domain as

Vi f=0h
Va[f] = Vp f = (fp - fb) (4.17)
Vo f: (fn+fb)

With these functions [49] calculate the positive Z,,, and negative Z,,,, sequence impedance
to be

H —J — Jjwyp) L
pr = CC(S j,Wb)VO ha (8 jwb)' W], Vo (4.18)
1 =Tprr(s — jws)[l + Hee(s — jws) -2])
H.o(s + jun) Vi i) L
Z. (s + jws) Vo + (s + jwp) Lw 4.19)

1= Tepr(s+ jws)[1 + Heels + jws) 52])

where I, is the ac side peak current. The input impedances include the output impedance
of the inverter but is excluding the capacitor. Therefore, the capacitor impedance is calcu-
lated separately later in this chapter. The following figure shows where on the circuit the
ac impedance is calculated from

T G0 .
| _I’_/I\{/W\’ 2 g
<IR SR E: gij
_|
_|

Cru

Figure 4.3: VSC impedance model
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The frequency response of Zy,, which is equal to Z,,,, is presented in 4.4. There, it
can be seen that the impedance margins are really high, which indicates that the VSC is
stable for the operating conditions presented in 2.1 and 2.2
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Figure 4.4: VSC frequency response

4.2.2 Modular Multi Level Converter Impedance

The MMC impedance is calculated as ac impedance from the grid side across the convert-
ers. The output impedance as well as the leg impedance is included, which can be seen in
the following figure
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Figure 4.5: MMC ac impedance

Compensated modulation case

To study the stability for the compensated modulation controller, it is necessary to extract
the impedance model of the MMC when the circulating current decays to become zero
as time progress. The impedance is found by taking 3.33 and putting it into 3.16, then
applying linearization. The result is

1 - .
5 (Lms + Ri)IE(s) = (kg — Hy(s) — 1)V, (s) (4.20)
where the tilde is indicating that the variable is linearized. The impedance Zasar¢ is given
by V,} over —IF, accordingly

ng B Lpys+ Ry,
Ik 2(1— kg + Hy(s))
To evaluate the stability of the compensated modulation controller the bode plot and the
Nyquist plot in 4.6 and 4.7, respectively. The bode plot shows that the converter is stable,
but with a small impedance phase margin, 5.46dB at 50.3Hz. As there is no crossing of the
-180° line, the impedance gain margin is assumed infinite. The Nyquist plot also indicates
that the system is stable as there are no rotations around the critical point.

Zymc(s) = 4.21)
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Figure 4.6: MMC with compensated modulation control bode plot
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Direct Modulation Without Circulating Current Control

To extract the impedance of the MMC ac voltage controller 3.14 is used as the equation
describing the system. By substituting 3.5, 3.8, 3.9, 3.17 and 3.18 into 3.14 a new equation
for system response is

Vrefk Vrefk

drk 1
2V + L—% + Ry I + SVAF — Y AF — oy 2k 422
g T dt + st 2°¢ Vv, ¢ Vg ¢ ( )

Without the circulating current controller it can be assumed that the circulating current
voltage reference is equal to zero, V/¢/* = 0. With this assumption 4.22 can be simplified

accordingly

dI* 1 vrerk
2VF+ L dts + Ry IF + 5VCA’c — STVCZ’C (4.23)

Then, by merging 3.33 and 4.23 with two of the state equations 3.27 and 3.29, then
this new equation can be linearized in the frequency domain with the assumptions from
4.11, 4.12 and 4.13, giving

- - .
Ay () + AieL () = Acel((s) = 0 (4.24)
where A, A;. and A is given by

Nlks — Hy,(s)|1r¢f N Nmlky — Hy(s)]Ls0e®

Ape =2 — C s 5C Vs —2[ky — Hy(s)] (4.25)
Aic = SLy + Ry + 46]’\[? + i\énjs (4.26)
Ace = CN—:; (4.27)

Where m is the modulation index which is
m =2 ‘ch (4.28)

where the hat on Vg indicates peak value, I5o and ¢ is the amplitude and the initial
angle of the output current I;. According to [38], can the perturbation circulating current
be represented by the perturbation circulating current second order harmonic component
I%, if the perturbation dc current is ignored.

IF(s) ~ I}(s) (4.29)

And by modeling the the dc side capacitor as a constant dc source the second order
circulating current can be calculated accordingly
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3m

1%(5) ~ AceaI¥(s) ~ Soje) *(s) (4.30)
me(QLm(S - Jw) + Rm) + 138;4_722)

By substituting the 4.30 into 4.24 the ac side impedance of the HVDC side MMC can
be obtained as

Aic - AccAcc2

Zymoe(s) = e 4.31)

To evaluate the stability of the MMC without circulating current control is the impedance
model evaluated in a bode plot in 4.8. What is worth noting for this response is that there
are two resonant peaks at 23.8Hz and 76.4Hz. When finding the impedance model phase
margin and gain margin, it is observed that they are located at almost the same frequency,
which is the fundamental. And that they are relatively small, 19dB and 19°. It is also noted
0dB is crossed several times around where the bode phase plot crosses the 180°-line. This
indicates that the MMC without circulating current controller is unstable.
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Figure 4.8: MMC without circulating current control bode plot

Direct Modulation With Circulating Current Control

By substituting 3.27, 3.29, 3.33 and 3.35 into 4.22 for then to apply linearization in the
frequency domain, the result is
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AV (s) + Adl(s) + ALl (s) = 0 (4.32)

where,

_2N[ky — Hy(s)]I77 1 R3S

N Nmlky — Hy(s)|Ls0e?®

A, =2 —2k;—H,
CdeS 2 Vd ) QCdeS [ / (S)]
(4.33)
Ay = $Lpy 4 Ry + = (E—Rlzef)Q N (4.34)

@ Shm T Crys \2 Va 4C,, s ’

N [He(s) — Rpn]ls0e?® 1 RyIref H.(s)I7ef

A, = - - — € ) —m—I 4,

i Cs (( Vy m)(2 Va ) mn Vy ) (4.33)

The purpose of the circulating current controller is to suppress the circulating current
during steady state. [38] Therefore, can the MMC impedance model be expressed as

VE(s A;
Zynmc(s) = — ‘JI,E ) _ T (4.36)

in the frequency domain. The system impedance response is presented in 4.9. By
comparing the bode plot of the MMC with circulating current control to the bode plot in
4.8, of the MMC without circulating current control, it is clear that the resonant peaks at
20 and 70Hz are suppressed due to internal damping provided by the circulating current
controller. As this system response does not cross the -180° line, the MMC with current
control is considered stable, but with a low impedance phase margin of 6.3°.
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Figure 4.9: MMC with circulating current control bode plot

4.2.3 Cable and Transformer Impedance

As a large amount of ac power is transferred from the WF Inverter to the HVDC side will
passive components influence the power. A model of these components is illustrated in
4.10. As can be seen, the model is constructed with two transformers. The first transformer
T increase the voltage from V,, 690V to V. 50kV and the second 75 from 50kV to V.
166kV. Both of these transformers are implemented with a resistance Ry, s of 0.005pu
and inductance Lty s of 0.001pu on primary p and secondary s side, where n indicates
which transformer. These transformer parameters have to be considered when calculating
the impedance of the system.

Figure 4.10: Single line diagram of cable passive components with transformers

A small perturbation current is sent from the WF Inverter side. The ac parameters that
influence this current are all moved to the low voltage side of the transformers. Trans-
former 1 and two turns ratio 7;; and 7,9, respectively are
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Ve
Ve
Ty = . (4.38)

The mid voltage impedance Z. can be transferred to the low voltage side in the fre-
quency domain accordingly

_ Rpip +sLrip + Re + Le 4 Rros + sLiras

(Tar)?

Where apostrophe ’ specifies that the impedance is shifted to the secondary side. The
HVDC side impedance Z,. of the LC filter becomes

Z! (4.39)

(RrtsLe) ' +(Rprt 58-) 7"

)1

~ Rrop + sLrap + (
(Tal + Ta2)2
Where the filter impedance is marked with an f. Where the denominator is both trans-

former 1 and 2 turns ratio, as the impedance has to be moved across both transformers.
The ac impedance on the WF Inverter side Z;, then becomes

Z! (4.40)

1
Swa

-1
Zic = ((wa + ) + (Rpis 4 sLris + 2+ Z;)—l) (4.41)

The frequency response of the filter is
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Figure 4.11: The frequency response of the passive components.
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The frequency response show that the passive components are stable for all suspected
power outputs.

4.2.4 Full System Impedance Stability

To analyze if the WF Inverter and HVDC system is stable when connected together, they
are evaluated in an open loop. As there are transformers separating the WF Inverter and
HVDC systems, it will be necessary to do a transformation, so the systems operate on
the same side of the transformers. As the resistive components are transferred to the low
voltage side in the previous section, it is less complicated to also transfer the HVDC to the
low voltage side. This is done by dividing the impedance of the MMC by the turns ratio
squared, accordingly

7 _ Zymc
MMCE (Tal + Ta2)2

The bode plot of an interconnected WF Inverter-HVDC system is presented in 4.12.
The frequency response of the MMC is a little different than the frequency response in 4.9,
due to the change in impedance across transformers. [38] presents the criterion that the in-
terconnected system is stable if the WF MMC is always smaller then the VSC impedance.
The bode plot confirms that this is the case, which means that for normal operating condi-
tions, this interconnected system is stable.

(4.42)
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Figure 4.12: The frequency response comparison of the VSC, MMC and the passive RLC compo-
nents in the ac system for SOMW
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The total system impedance Z;,, is found by combining 4.18, 4.36, 4.37,4.38 and 4.41
in 4.2. Then the total system impedance becomes

!
MMC
Lot = T + 20 (4.43)
To evaluate how well the system operates, it has also been tested for I0MW. First
frequency response has been tested in 4.13. By comparing the frequency response to
the test for 50 MW in 4.12 show that none of the components are very much influenced
by this change. The bode plot also proves according to the assumption from [38], that
interconnected system is stable for I0OMW. The WF Inverter-HVDC system will be tested
in the time domain to make sure that the results found in this section are accurate.
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Figure 4.13: The frequency response comparison of the VSC, MMC and the passive RLC compo-
nents in the ac system for I0OMW
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Chapter

Simulation Result of Interconnected
Wind Farm-HVDC System

This chapter will present the results obtained from Matlab Simulink. The model is, of
course, based on theory and values presented in Chapters 2 and 3. The Simulink model
will be tested for a total of four cases. In the first case, the WF Inverter-HVDC system
is tested to see if its capable of producing SOMW and 10MW when the MMC does not
contain a circulating current controller. In the second case, the system is tested for the
same thing, but this time will the MMC contain a circulating current controller. To estab-
lish what is the source of harmonic oscillations in the system, the third and fourth case
are that each converter will be connected in an isolated grid. What this means is, that the
WF Inverter will be connected directly to a strong grid, that is not influenced by a single
power source, as presented in 2.3. This can be done simply in Simulink by connecting the
converter to an “ac voltage source”-block. Then the converter will be set to deliver SOMW
and 10MW. The HVDC system does the job of setting the ac side voltage. Therefore, the
MMC is connected to a load that draws SOMW and 10MW. This means that the power
flow happens in the opposite direction, but as discussed in 3 should this not be a problem
for a half-bridge MMC.

The VSC is simulated with the parameters from 2.1 and 2.2. The MMC with and
without circulating current control is simulated with the parameters from 3.1 and 3.2 The
tests are performed accordingly:

For the first 0.15 seconds, the MMC is turned on alone to generate a stable ac power
throughout the system. At 0.15 is the PLL turned on to synchronize to the MMC ac volt-
age without the VSC influencing the system. At this time, none of the VSC switches are
conducting current, and the inverter only delivers power through its diodes. That means
that the converter operates as a diode inverter, and there is no active control over the
current delivered by the WF side. After 0.3 seconds, the VSC current controller is turned
on. This is done by the synchronous reference direct current component being set to 1pu,
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which makes the VSC deliver 50MW to the grid. 0.1 seconds after the current controller
is turned on, and the inverter delivers a stable output to the grid. The first measurements
of the WF Inverter and HVDC voltage and currents are taken to analyze the result. At 0.6
seconds after the MMC is turned on for the first time, and the direct current reference is
changed to 0.2pu. This makes the VSC deliver 10MW to the grid. 0.2 seconds later the
output is considered stable, and the second measurement is taken to analyze power quality
and stability.

The isolated cases are also set to the same references at the same time to best compare
the connected and isolated cases.

5.1 Casel: WF Inverter-HVDC Without Circulating Cur-
rent Control

The global graph in 5.1a show that the MMC without circulating current control is unable
to set a stable ac voltage for zero, I0MW and SOMW. This will not allow the PLL to
synchronize to anything which will make the power flow unstable, which can be seen in
the current flow presented in 5.1b.
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Figure 5.1: Three Phase HVDC side voltage and current in pu for MMC without Circulating Current
Control. a) Voltage and b) Current

5.2 Case 2: WF Inverter-HVDC With Circulating Cur-
rent Control

The time domain response of both the I0MW and SOMW simulation are presented in the
following figures. 5.2a and 5.2b show the global voltage and current waveforms on the
HVDC side. Just by looking at these figures, it becomes clear that stability has improved
significantly. Later, figures will show that the converter system is able to operate in steady

50



state, which agrees with the conclusion from the previous chapter that the system would
be stable for both SOMW and 10MW.
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Figure 5.2: Three phase HVDC side voltage and current in pu for MMC with Circulating Current
Control. a) Voltage and b) Current

5.2.1 Case 2: 50MW Case

The active and reactive power output of the WF Inverter is shown compared to the ref-
erence values in 5.3. The figure shows that the converters are able to deliver the desired
output after a couple of milliseconds. As the control systems settle, there is some over-
shoot of both active and reactive power. The figure shows that the system delivers a stable

power output after 0.4 seconds, which is why future voltage and current measurements are
taken after 0.4 seconds.
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Figure 5.3: Active and reactive output power for SOMW case

5.4a to 5.4d shows the voltage and current waveforms on the ac side of the two con-
verters. 5.4a and 5.4b show that the ac voltage is a little more than 1pu. The current from
the WF Inverter to the HVDC side is presented in 5.4c and 5.4d. The second figure shows
that there are some small-signal subsynchronous oscillations in the current. These ripples
are very well documented in the literature and have been observed in real life. [1],[38],
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[52] According to [1] one reason for these harmonics are interactions between the WF
Inverter and HVDC controllers and interconnected system impedance. But both [1] and
[52] clearly states that the root cause of these oscillations is not clearly understood. It
becomes clear when studying the power output in 5.3 that there are some oscillations in-
fluencing the power quality. Another way of evaluating power quality, than by looking
at the waveforms, is to do an FFT analysis. FFT analysis will generate the THD of a
waveform. FFT analysis is easily applied in Simulink by using the integrated FFT analysis
in the “powergui”-block. The result of the FFT analysis for the HVDC side current and

voltage waveform is presented in 5.4e and 5.4f. The figures show what type of HDs that
are influencing the waveforms.
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Fundamental (50Hz) = 1.052 , THD= 1.39% Fundamental (50Hz) = 1.042 , THD= 1.25%
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Figure 5.4: For 5S0MW case. a) WF Inverter voltage b) HVDC voltage c) WF Inverter current d)
HVDC current e) THD HVDC Voltage f) THD HVDC Current

5.2.2 Case2: 10MW Case

D-reference value is changed to make the VSC deliver less power to the grid. The power
output result is presented in 5.5. As the figure shows is there an instantaneous drop to
10MW output. 5.6a and 5.6b illustrates that the voltage do not change as the power output
drops. This means that the MMC, which controls the voltage, is able to set the ac voltage
at a node for a large variety of power ratings. 5.6c and 5.6d show that the current output
decreases to 0.2pu, which means that the output power is controlled only by the current
controller. The current controller is more influences by harmonics for “smaller” power
outputs (< 10MW). The harmonic distortion in 5.6e and 5.6f shows an increase in THD
for both voltage and current. Of course, it is the current that experiences the biggest
increase, with a new THD of more than 4.5%. It is likely that the large amounts of THDs
are the reason why the voltage also experiences harmonic increase. Because the MMC
control system is dependent on the circulating current control. For a case where the output
current is unstable, can this influence the circulating current. 5.6f also show that the current
contains a large amount of dc harmonics.
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Fund | (50Hz) = 1.048 , THD= 1.57% Fund I (50Hz) = 0.2059 , THD= 4.80 %
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Figure 5.6: For I0OMW case. a) WF Inverter voltage b) HVDC voltage c) WF Inverter current d)
HVDC current ¢) THD HVDC Voltage f) THD HVDC Current

5.3 Case 3: WF Inverter Isolated Case

For the WF Inverter isolated case, the ac side voltage is set by a constant ac voltage source.
This case will show how the VSC operates when it is connected to a stiff grid, which could
be the case for some wind farms. The figures in 5.7a and 5.7b show the voltage and current
for the WF Inverter. These figures show that the VSC is capable of delivering a stable
current flow to the grid, but to evaluate if the power quality has improved it is necessary to
look closer at the current.
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Figure 5.7: Three phase isolated WF Inverter side voltage and current in pu for VSC. a) Voltage and
b) Current
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5.3.1 Case 3: 50MW Case

5.8 show the power flow from the WF Inverter to the grid. The result shows that the
current controller reaches steady state after approximately 0.06 seconds. The figure also
shows that the active power output is uncompensated, which, according to [10], can be
improved by changing the PI parameters.
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Figure 5.8: Active and reactive output power for SOMW isolated case

5.9a and 5.9c show that the voltage from the ac voltage source is perfectly sinusoidal
without any harmonics. 5.9b show the current from the delivered to the grid by the VSC.
The figure shows that the current delivered is more than what is expected. The current

waveform also has higher order harmonics, which can be studied closely in the HD figure
in 5.9d.
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Fundamental (50Hz) = 1, THD= 0.00% Fundamental (50Hz) = 1.047 , THD= 0.85%
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Figure 5.9: For isolated SOMW case. a) WF Inverter voltage b) WF Inverter current c) THD WF
Inverter Voltage d) THD WF Inverter Current

5.3.2 Case 3: 10MW Case

Now the reference current has been lowered, and the power output presented in 5.10
changes immediately. The converter is able to deliver the required power to the grid with-
out much steady state error.
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Figure 5.10: Active and reactive output power for I0MW isolated case

5.11a and 5.11c again show stable grid voltage. 5.11b show that the
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Figure 5.11: For isolated 10MW case. a) WF Inverter voltage b) WF Inverter current ¢) THD WF
Inverter Voltage d) THD WF Inverter Current

From the previous cases, it seems as if HD increase as the power output for the VSC
decreases. In 5.12, the fundamental current waveform for 5S0Hz is subtracted from the out-
put current. This is done, so the only frequencies left is that of the HD. What is made clear
during this operation is that the amount of HD in the current waveform almost remains

constant. And that the HD increase only because of the magnitude of the fundamental
frequency decrease.
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Figure 5.12: WF Inverter current noise for SOMW and 10MW in phase a

5.4 Case 4: HVDC Isolated Case

5.13a and 5.13b show the HVDC side voltage and current, respectively when the HVDC
system operates as an isolated network. The MMC ac voltage controller decides the ac
voltage. A changing load decides the ac current, and its waveform is dependent on the ac
voltage. This section will show how the HVDC system operates independently from the
WEF Inverter.
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Figure 5.13: Three phase isolated HVDC side voltage and current in pu for MMC. a) Voltage and
b) Current

5.4.1 Case4: 50MW Case

For the SOMW case power is drawn from the dc side to the ac side. Power flow is shown
in 5.14 which illustrate that the power is flowing opposite to the other cases. The power
flow figure show that the power delivered to the load has lower overshoot than the other
cases and stabilize after 0.05 seconds.
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5.15a and 5.15b show the HVDC voltage and current, respectively for the isolated
50MW case. The figures show what looks like almost perfectly sinusoidal waves with low
HD. 5.15c and 5.15d reveal that the HD is identical for the voltage and current waveforms.
This is as expected as the load is considered to not produce any noise to the system, with
a magnitude set by the load impedance and ac voltage and a waveform that follows the ac

voltage.
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Fundamental (50Hz) = 1.051 , THD= 1.31% Fundamental (50Hz) = 1.051 , THD= 1.31%
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Figure 5.15: For isolated SOMW case. a) HVDC voltage b) HVDC current ¢c) THD HVDC Voltage
d) THD HVDC Current

5.4.2 Case4: 10MW Case

The power delivered to the load from the HVDC system is changed by changing the load
impedance. The active and reactive power result of changing the load impedance is pre-
sented in 5.16. It is observed the load draws stable power from the dc side after approxi-
mately 0.2 seconds.
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Figure 5.16: Active and reactive output power for I0MW isolated case
5.17a and 5.17b show the HVDC voltage and current, respectively for the isolated

10MW case. Again it can be seen in 5.17c and 5.17d that the noise in the current waveform
is fully dependent on the ac voltage.
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Figure 5.17: For isolated I0MW case. a) HVDC voltage b) HVDC current c) THD HVDC Voltage
d) THD HVDC Current

5.5 Wind Farm Inverter controller system analysis

5.5.1 Impact of Phase Locked Loop

The importance of a good PLL can not be overstressed. The point of the PLL is to obtain
the synchronous frequency, which is used through the whole VSC. 5.18 shows the system
response of the PLL for the interconnected system with circulating current control case
(case 2). The PLL is turned on after 0.15 seconds. It can be seen that the PLL has an
overshoot of more than 100%. As the simulation result shows that the PLL reaches a
steady state after 0.05 seconds. When the current controller gets turned on, there is some
uncontrollable ripple. But after 0.1 seconds are this ripple turned into a stable output with
5041 Hz, as can be seen in the additional square in 5.18. The PLL simulation response
shows that the PLL is able to reach within 2% of the reference value after 0.1 seconds. Itis
likely that some of these ripples occur due to the ac voltage ripple. The first order low pass
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filter of the PLL is set to 500 Hz cut of frequency, which will reduce high order harmonics
in the system.
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Figure 5.18: PLL time response for interconnected system

5.19 show the PLL time response for the isolated WF Inverter case (case 3). What
separates this PLL response from that in case 2 is that the PLL is connected to a stiff grid,
that is not influenced by a change in power output. The show that the high overshoot in the
start up for the PLL is a result of the PLL tuning. After the PLL reaches steady-state it will
produce a stable output with no noticeable ripple. 5.19, therefore, proves that the PLL time
response noise is due to the PLL voltage reference noise and no noise produced by the PLL
controller. A conclusion can be drawn that the PLL output will improve automatically if
the grid voltage becomes stable.
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Figure 5.19: PLL time response for isolated case

5.5.2 Impact of VSC Current Controller

To makes sure that the VSC current controller is operating properly, the dq current signal
in the control system, for case 2, is measured compared to its reference values. The current
component is presented in per unit and is illustrated from the controller is turned on, until
one second has passed. The result is presented in 5.20. The figure shows that the controller
can generate a fast responding signal with a very small margin of error in steady state. By
changing the reference value from first a large value to a smaller output, it is proven that
this type of controller can control the power delivered WF Inverter.
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Figure 5.20: DQ current in controller for interconnected system

5.21 show the dq current for the case 3. By comparing the dq current from cases 2
and 3, it is observed that the improvement by having a stiff grid is minimal. The response
shows that the 50MW power steady state error is between +1%. This steady state error is
close to what we can observe for the interconnected system in case 2.
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Figure 5.21: DQ current in controller for isolated case

5.6 HVDC Controller System Analysis

5.6.1 AC Voltage Proportional Resonant Controller

The control system consists of two PR controllers, a circulating current controller and an
ac voltage controller. The circulating current controller takes in a three-phase sinusoidal
signal generated by a Sine Wave block in Simulink. The purpose of the sine waves are
to set the reference for the circulating current in each leg. The reference signal is phase
shifted by 120 degrees with a frequency of twice the fundamental angular frequency. Up-
per and lower leg current is measured in each of the three phases, then the currents are
summed and divided by two to calculate the phase circulating current. The calculated
circulating current is compared to its reference value and the error is sent trough the cir-
culating current PR controller. A feed forward gain is implemented to compensate for the
voltage drop across the parasitic resistance. The output of the PR controller and the feed
forward gained are summed up to produce the voltage inducing the circulating current.
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The circulating current voltage is used to calculate the insertion index in upper and lower
leg for each phase.

There are three ac voltage controllers, one for each phase. The purpose of the controller
is to generate a voltage output that matches the grid voltage. This is achieved according
to 3.32. The reference ac voltage signal is generated the same way as for the circulating
current controller. The ac voltage measurements are in Simulink taken after the LC filter
has influenced the ripple. Measuring voltage to close to the MMC can result in high order
frequency harmonics, which, if not filtered out, can make the controller unstable. As the
reference output voltage of the converter becomes close to the reference value, the output
of the PR controller becomes small compared to the feed forward therm. 5.22 show the
output of the PR controller during steady state. The figure shows that the controller has an
output of approximately +0.25pu, which indicates that the system has some offset even
though the grid voltage curve is similar to its reference value.
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Figure 5.22: Left axis is output voltage reference and output voltage, and right side is PR controller
output

5.6.2 Half-bridge Signal and Converter Voltage

3.17 and 3.18 are the two equations used to generate the insertion index for the direct
modulation control. For both equations, the numerator are divided by the dc side voltage.
The numerators consist of a constant value of upper and lower dc side voltage. According
to 3.3 are upper and lower dc voltage half of the total dc voltage. The output voltage
and circulating current voltage, are oscillating sine waves, which means that the average
insertion index value will be 0.5. Alternatively, in other words, the insertion index will
oscillate between 0 and 1. This is very important when deciding on a PWM techniques, as
some methods assume average value of zero with oscillations from -1 to 1. [53] 5.23 show
the the insertion index and sum of the on signals sent to a phase upper arm SM during full
operation mode (i.e. v7¢/ = 1pu). This summation of signals is one way to make sure that
the PWM is working properly. Note that the insertion index does not reach 0 and 1, which
means that the model does not produce at optimal capacity. This also makes so the arm is
constantly conducting current. This can, if inaccurate voltage balancing or certain PWM
techniques are chosen, mean that the SMs are only bypassed. An example of this is if level
shifted PWM is used as, presented in [53], the insertion index will never cross the upper
triangular waveform, which generates a constant bypass signal to the SM.
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Figure 5.23: Sum of switching signals left hand side and insertion index right hand side in upper
arm phase a.

Phase shifted triangular waveforms are for this 20 SM MMC phase shifted by 360/N =
18°. The phase shifted triangular PWM is implemented for this model as it is a technique
that divides the on-off time equally among all SM. 5.24 shows that the voltage across
the capacitors is approximately equal, which backs up the previous statement. 5.24 also
show that the voltage deviation across the capacitors is relatively constant due to the large
capacitance of each capacitor. The voltage sum of these capacitors is equal to the dc side

voltage.
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Figure 5.24: Voltage across each of the 20 capacitors in upper arm phase a.

5.6.3 Connecting Wind Farm Inverter and HVDC System

Two transformers are used to change the I-V ratio when transferring power from the WF
Inverter to the HVDC system. It is assumed that the distance from one transformer station
to the next is 10 kilometers. By increasing voltage and lowering current losses are expected
to drop exponentially according to Ohm’s law P = ZI?. The WF Inverter side transformer
increases the line-line voltage from 575V to 50kV. The HVDC side transformer increases
the voltage from 50kV to 166kV.
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Chapter

Discussion and Conclusion

This chapter will present a discussion around the result, and a final conclusion on WF
Inverter-HVDC control strategy and harmonic distortion. The last section will present the
authors thought on what can be done to improve the project.

6.1 Discussion

This thesis has presented a way of controlling an HVDC-WF Inverter conversion system,
which is very appropriate today and in the future. The WF Inverter in the thesis is con-
trolled with a current controller. It is deemed as unnecessary to us a dc voltage controller
as it is possible to replace it with a constant dc voltage source. However, this is not the
case if the voltage converter were to be implemented in a larger system where the power
was delivered by turbines. So for an expanded system dc voltage control through the VSC
is a viable option. Also, active and reactive power control is something that would be
attractive to include, as that is presented frequently in literature. [54], [55] Due to time
limitations an outer control is not included in the VSC.

There are presented three techniques for controlling an MMC, compensated modu-
lation, direct modulation without circulating current control, and direct modulation with
circulating current control. MMC with compensated modulation is, according to [38], very
difficult to implement in real life systems, and is therefore only used as an analytical exam-
ple. 4.7 show that the MMC will be stable with compensated modulation control, but with
very small margins. The analytical result shows that an MMC can, in theory, be controlled
with a single control loop. Direct modulation without circulating current control is tested
for SOMW to see if the MMC can be controlled in direct modulation by a single control
loop. The controller is tested both analytical in the frequency domain and simulated in
the time domain. The main principle of direct modulation is that the circulating voltage
is suppressed. The analytical response for direct modulation without circulating current
control is presented in a bode plot in 4.8. In the bode plot, two resonant peaks for ap-
proximately 20Hz and 70Hz are observed. These resonant peaks will mean that noise sent
through the controller with these frequencies will heavily impact the controller. The phase
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margin for this controller is also small and is located at the fundamental frequency. The
bode plot indicates that the direct modulation without circulating current control should
not be stable at SOMW. To find out if this is indeed true is the MMC simulated in Simulink
without circulating current control while connected to the WF Inverter. The time domain
simulation gives the same answers, that for SOMW the MMC will not be able to produce
a stable output. The time domain test also shows that the interconnected system without
circulating current control is not stable for IOMW either.

Analytical and simulation-based tests are performed to study rather or not a circulat-
ing current controller can be implemented to improve stability the impedance model of an
MMC controlled by direct modulation. The analytical result is presented in a bode plot in
4.9. This bode plot also indicates that the impedance model of MMC with voltage control
has a very low phase margin around the fundamental frequency, which could cause insta-
bility. When the system is interconnected in 4.12 and 4.13 it is observed that the impedance
ration for the MMC has changed. The interconnected system is considered stable for both
50MW and 10MW if each system is stable independently, and if the impedance ration for
the MMC is smaller than the impedance ratio for the VSC at all frequencies. [38] The
limitations for the analytical analysis in Chapter 4 is that the bode plot does not show
stability margins of the interconnected system. To perform a stability margin analysis,
the interconnected system could be tested according to the Nyquist criterion. A Nyquist
plot would also reveal what HD distortion that could be expected from the converters. To
ensure interconnected system stability, the poles of the converters should be mapped and
compared to the result obtained from the Nyquist plots.

The WF Inverter and HVDC system is tested in four time domain cases. The first case,
interconnected WF Inverter-HVDC system without circulating current controller, shows
the importance of the internal dynamic control. The time domain results show that the
system is unable to reach a steady state and produce a stable output. This reflects what is
found in the analytical model.

Cases 3 and 4 show how the converters can be expected to change when the power
output is reduced. 5.9d and 5.11d show that the HD is more influential for lower power
output. An interesting observation is found in 5.12, which proves that the magnitude of
the noise in the VSC does not increase when the power output is reduced. Rather, it is
only the fundamental frequency that is lowered and therefore experiences a higher impact
from the harmonics. For future work, it could be interesting to see the controller could be
improved substantially by implementing specific harmonic order filtering. Now we have
seen what can be expected from the VSC in a best-case scenario, case 4 show the same
for the MMC. HD in the MMC shows that the system harmonic is only influenced by the
voltage waveform. The SOMW case shows that there are some HD produced by the MMC.
It is observed in 5.17c that the converter is especially affected by the 5th order harmonic
(150Hz).

The second case shows that by implementing a current controller will the stability
margins improve significantly for both SOMW and 10MW. The analytical model indicates
that the converters should produce a stable output. The time domain simulation shows that
the system indeed produces a stable power output. FFT analysis of the current shows that
dc and third order harmonics are the main sources of harmonic distortion in the waveform.
The dc HD magnitude is low for cases 3 and 4, and it can, therefore, be concluded that
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by connecting the WF Inverter and HVDC dc harmonic increase substantially. When the
power output reference is changed from SOMW to 10MW the voltage HD becomes heavily
influenced by the 5th order harmonic originating from the MMC ac voltage controller. By
comparing cases 2 and 4, it is observed that the THD in the voltage and current is actually
reduced. Voltage and current HD reduction when connecting the converters could be a
result of filtering due to transformers and line impedance.

The PLL is a vital part of the WF Inverter, as it is the converter that synchronizes the
rotating reference frame to the HVDC side’s angular frequency. The stability of the PLL is
presented with a bode plot in 2.10. The plot shows that the PLL has good stability margins
for frequencies in the operating range. That the PLL has good stability margins is proven
in a time simulation when the controller is connected to a stiff gird without harmonics in
case 3. The time response also shows that the PLL is fast to reach steady state and has
almost no steady state error. This indicates that in order to improve the VSC output, the
current control has to be improved.

6.2 Conclusion

In this thesis, a VSC and an MMC are connected by transformers to represent a WF In-
verter connected to an HVDC system. The VSC converter is controlled with a current
controller and PLL controller. The MMC is controlled by an ac voltage controller and
circulating current control. Tests performed in frequency and time domain show that an
interconnected WF Inverter-HVDC system can be controlled to produce the desired power
output. The test in the time domain shows that triangular phase shifted PWM technique
will divide the on-off time equally among MMC SMs. The tests in the time domain show
that with high MMC SM capacitance can the voltage across each capacitor be considered
constant. The test also uncovers that subsynchronous oscillation is of great concern in
this high power system. Literature referenced in this paper indicates that sources of these
oscillations are interaction between WF Inverter and HVDC controllers. Time domain
test indicates that some of the HD originates from the control technique and interaction
between the controllers can both increase and decrease subsynchronous oscillations. It is
shown that the THD can be reduced for an interconnected system due to passive compo-
nent impedance. Test results in the frequency domain acknowledge that HD could occur
due to low stability margins.

6.3 Future Work

Future work should first aim to analyze the interconnected system in the Nyquist diagram.
The goal of this should be to find the stability margins, poles and zeros. It would be
especially interesting to see how the stability margins for the VSC current controller would
change, as this current controller is considered to be the most significant source of HD
for the system as a whole. By locating the poles and zeros it could be an alternative
to try to actively cancel out certain harmonic orders with a filter in the control system.
By improving the control system instead of improving power quality with power grid
impedance and capacitance filters the total efficiency might be higher. During this work
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the number of SMs has been changed. The number of SMs decide how many voltage levels
the MMC is able to deliver for. Therefore, by increasing the number of SM HD should
improve. But, the VSC has been tested with stiff S0Hz grid without that lowering the
THD bellow 3% for I0MW. That means, even if one implemented a MMC with an infinite
number of SMs this VSC should not be able to produce bellow 3% THD for 10MW, which
would require high computing power for relatively high amount of distortion. For this
reason is increasing number of SM not considered a significant improvement alone. VSC
outer loop control is frequently carried out in litterateur and is more realistic to include for
a real control system. This is because it is, for most cases, more useful to control power
output or dc voltage across a converter than direct and quadrature current. If the goal is to
analyse a more complete and realistic converter system, VSC outer loop control should be
considered.
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Appendix

How the cross coupling term is derived in system equation This extraction is pre-
sented in [19] by D.Godhei
To transfer abc frame to dq frame, inverse Parks(P~!) can be factorized from the abc-
frame accordingly
Xt = pmixdao (6.1)

The VSC system equation is as follows

conv

Vabc _ Rlab(' 4 de Iabc + Vabc (62)

Start off by do the transformation according to equation 6.1

P40 = pmiRIY0 4 P 1L5 190 4 pmtydes (6.3)

conv

Multiply the previous equation by a regular park matrix (P)

dP~ d
pp~lydd — pp=lRprdd L pp— = quo + PP~ 1Ld 1990 4 pp=lyddd  (6.4)

conv

The inductor part of the equation gives the following equation, due to product deriva-
tion rule

d dpP~1 d

PP 'L—1% = pr,——[%°  pp~l[— %O 6.5
dt dt + dt ©5)
For one part of the equation will the multiplied parks cancel the inverse Parks
d dP~ d
PP'L—1% = p[—— quo L—1%° 6.6
dt dt + dt ©6)
The second part of equation 6.5 yields
_ 0 —w 0] [1¢
dP
PL—— 7 quo Llw 0 0| |14 (6.7)
0 0 of [[I°
On matrix form equation 6.5 then becomes
d 14 —wl d 14
-1 d
PP L— (Il =L | wlI* | +L— |11 (6.8)
dt 70 0 dt 70

When the previous equation is put into 6.4 and 7° terms are neglected it gives the final

equation
—w]?
Vd Id d Id wd Vcctlnzv
[Vq] - H vl H rL et [Vq ] (69)
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