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Chapter 1

Introduction

1.1 Background

Industrial power systems are characterized by high concentration of load and high costs
associated with equipment mal-operation. Many industrial loads cause disturbances in the system
like equipment starting dips and transients, harmonic distortion and flicker. Industrial loads are
also very sensitive to voltage dips and other disturbances originating from the grid. So electric
power systems are faced with the challenge of providing high-quality power to industrial loads
and at the same time limiting the disturbances originating in the industrial systems.

Power-electronics solutions have been suggested to solve specific power quality and other
problems in industrial distribution systems. An uninterruptible power supply (UPS) can provide
‘ride-through' capability against voltage interruptions and dips for small loads [1]. Dynamic
voltage restorer (DVR) can alleviate a range of dynamic power quality problems such as voltage
dips and swells for large loads (up to a few MVA)[2]. STATCOM has the ability to either
generate or absorb reactive power at a faster rate than classical solutions allowing for the
mitigation of flicker and alleviation of stability problems [3]. Several options are explained in the
literature [4][5][6].

High Voltage Direct Current traditionally has been used to transfer large amounts of power
over long distances. Sometimes also for control purposes [7][8][9]. But for traditional HVDC the
reactive power cannot be controlled independently of the active power. Recent development in
power systems is voltage source converters (VSC) based High Voltage Direct Current which is
referred to as Voltage Source Converter-High Voltage Direct Current in the thesis. There is an
additional degree of freedom which makes it possible to control the reactive power and the active
power independently. Application of such dc links is expected to solve power-quality related

problems in industrial power systems.

1.2 Objective of the study
The objective of this research is to develop a model for voltage source converter controlled

power transfer for HVDC applications. A control scheme for a VSC-HVDC link connecting two



grids and isolated loads is studied. A vector control scheme is studied to investigate the behavior

of VSC-HVDC during the disturbances. The power flow via DC-link is investigated.

1.3 Problem Statement

In this thesis, a model for voltage source converter controlled power transfer for HVDC
applications is developed. The control variables based on mathematical model are determined and
vector control strategy is introduced.

Under steady state conditions, the 3-phase quantities when expressed in the synchronously
rotating frame become dc quantities. If one of the axes, (usually) the d-axis, arbitrarily aligned
with supply voltage vector, then the d and q axis supply current components automatically
represent the active (P) and the reactive (Q) power flow respectively. Thus, it is possible to have
decoupled control of the active and reactive power flow.

The DC-link voltage controller sets the active power demand whereas the reactive power
demand can be set by an outer reactive power controller or by the required displacement angle
between the phase current and voltages.

Therefore, the main advantages of the vector control technique are the direct control of the
active and reactive power flow in the converter during transient, steady state and the fast
dynamics of the current control loops.

Additionally, the current controllers deal with dc quantities, which using PI controllers,
ensure zero current error in steady state. These are the main reasons for selecting the control

strategy for the implementation of the VSC.

1.4 Proposed Solution

A model of the voltage source converter controlled power transfer for HVDC applications is
developed by using the d-g transformation, It means the instantaneous 3-phase voltages and
currents are transformed to a 2-axis (d-q) reference frame system [10] which rotates at the supply
angular frequency (®,). Thus it is possible to have decoupled control of the active (P) and
reactive (Q) power flow. This thesis studied the voltage source converter connected to an active
ac network with vector control strategy. PWM pattern generation is based on a carrier technique.

The digital simulation was carried out to verify the feasibility of the proposed model.



1.5 Scope of the research work

This research work is concemed with modeling for PWM Voltage source converter
controlled power transfer for HVDC applications, the system was simulated and the control
system was implemented using the vector control technique. Simulation results presented by
using Simulink Matlab. The study was focused on power transfer and performance of the VSC-
HVDC at steady state, load changes and disturbances in supplying network and supplying the

passive loads.

1.6 Outline of the thesis

Chapter 2 presents classic HVDC and VSC-HVDC. In this chapter the arrangements of
HVDC systems, the basic of PWM techniques, the configurations, the advantages and the
applications of classic HVDC systems and VSC-HVDC are described.

Chapter 3 emphasizes the design of model for Voltage source converter controlled power
transfer for HVDC applications and control loops design. The simulation results were also
explained.

Chapter 4 discusses some simulations about VSC between two grids. In this chapter, the
simulation results of four study cases were given and explained.

Chapter 5, the conclusions of the work and some suggestions for the future are pointed out in

this chapter.



Chapter 2

Classic HVYDC and VSC-HVDC

2.1 Introduction

The HVDC technology is a high power electronics technology used in electric power
systems. It is an efficient and flexible method to transmit large amounts of electrical power over
long distances by overhead transmission lines or underground/submarine cables. It is also used to
interconnect separate power systems, where traditional alternating current (ac) connections can
not be used. HVDC is used at many places all around the world. Until recently HVDC based on
thyristors, which is called traditional HVDC or classic HVDC, was used for conversion from ac
to dc and vice versa.

Recently a new type of HVDC has become available. It makes use of more advanced
semiconductor technology instead of thyristors for power conversion between ac and dc. The
semiconductors used are IGBTs (Insulated Gate Bipolar Transistors), the converters are VSCs
(Voltage Source Converters) and they operate with medium switching frequency (1-2 kHz)
utilizing PWM (Pulse Width Modulation). The technology is commercially available as HVDC
light [11] or HVDC plus [12]. In this thesis we will refer to the new technology as VSC-HVDC
(VSC based HVDC), where VSC stands for voltage source converter. VSC-HVDC is currently
available for small to medium scale power transmission applications [13][14][15]. The
technology is claimed to extend the economic power range of dc transmission down to just a few
megawatts. One of the reasons for this is the development of a new type of cable for dc power
transmission.

In this chapter, a brief overview of Pulse Width Modulation (PWM), a classic HVDC and
its applications will be given. Next, the differences between VSC-HVDC and classic HVDC will
be discussed followed by possible applications of VSC-HVDC.

2.2 Pulse Width Modulation (PWM).

There are many forms of modulation used for communicating information. The explanations

of each form are shown in 'Figure 2.1-Figure 2.8. When a high frequency signal has an amplitude



varied in response to a lower frequency signal we have AM (Amplitude Modulation). When the
signal frequency is varied in response to the modulating signal we have FM (Frequency
Modulation). These signals are used for radio modulation because the high frequency carrier
signal is needed for efficient radiation of the signal. When communication by pulses was
introduced, the amplitude, frequency and pulse width become possible modulation options. In
many power electronic converters where the output voltage can be one of two values the only
option is modulation of average conduction time. Figure 2.1 shows unmodulated, sine modulated

pulses.

1IN

Figure 2.1 Unmodulated , sine modulated pulses

2.2.1 Linear Modulation

The simplest modulation to interpret is where the average ON time of the pulses varies
proportionally with the modulating signal. The advantage of linear processing for this application
lies in the ease of de-modulation. The modulating signal can be recovered from the PWM by low
pass filtering. For a single low frequency sine wave as modulating signal modulating the width of
a fixed frequency (f) pulse train the spectra is as shown in Figure 2.2. Clearly a low pass filter

can extract the modulating component f_.
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Figure 2.2 Spectra of PWM

2.2.2 Sampling Pulse Width Modulation

The simplest analog form of generating fixed frequency PWM is by comparison with a linear
slope waveform such as a triangular (carrier). As seen in Figure 2.3, the output signal goes high
when the sine wave (reference) is higher than the triangle. This is implemented using a
comparator whose output voltage goes to logic HIGH when the input is greater than the

other. This strategy is called PWM natural sampling (NS).

modulating
signal
fbgn———————— i
[Comparator Pulse Width
- Modulated
carrier

Figure 2.3 Natural Sinusoidal PWM

L
-

Figure 2.4 Waveform for converter switching



The triangular signal is the carrier or switching frequency of the converter. The modulation
generator produces a sine wave signal that determines the width of pulses, and therefore the
single-phase waveform for converter as shown in Figure 2.3 and Figure 2.4.

Similar to the single-phase waveform, the three-phase PWM waveforms and harmonic
spectrum is shown in Figure 2.5 [16], Figure 2.6 shows the PWM line-to-neutral waveform and

line current (load current).
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Figure 2.5 Three-phase PWM waveforms and harmonic spectrum
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Figure 2.6 PWM line-to-neutral waveform and line current (load current)

2.2.3 Regular Sampled PWM

The scheme illustrated above generates a switching edge at the instant of crossing of the
sinusoidal wave and the triangle. This is an easy scheme to implement using analog electronics
but sufferring the imprecision and drift of all analog computation as well as having difficulties of
generating multiple edges when the signal has even a small added noise. Many modulators are
now implemented digitally but there is difficulty is computing the precise intercept of the
modulating wave and the carrier. Regular sampled PWM makes the width of the pulse
proportional to the value of the modulating signal at the beginning of the carrier period. In Figure

2.7 the intercept of the sample values with the triangle determine the edges of the Pulses

There are many ways to generate a Pulse Width Modulated signal other than fixed frequency
sine triangular. For three phase systems the modulation of a Voltage Source Inverter can generate
a PWM signal for each phase leg by comparison of the desired output voltage waveform for each
phase with the same carrier. One alternative which is easier to implement in a computer and gives

a larger modulation depth is using space vector modulation.



Figure2.7 Regular Sampled PWM

2.2.4 Modulation depth

For a single phase inverter modulated by a sine-sawtooth comparison, if we compare a sine
wave of magnitude from -2 to +2 with a triangle from -1 to +1 the linear relation between the
input signal and the average output signal will be lost. Once the sine wave reaches the peak of the
triangle the pulses will be of maximum width and the modulation will then saturate. The
Modulation depth is the ratio of the current signal to the case when saturation is just starting.
Thus sine wave of peak 1.2 compared with a triangle with peak 2.0 will have a modulation depth

of m= 0.6 as shown in Figure 2.8.
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Figure 2.8 Saturated Pulse Width Modulation
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2.3 Arrangements of HVDC systems
HVDC converter bridges and lines or cables can be arranged into 2 number of configurations
for effective utilization. Converter bridges may be arranged either monopolar or bipolar as shown

in Figure 2.9 and are described as follows:

2.3.1 Monopolar HVDC system

In monopolar links, two converters are used which are separated by a single pole line and
a positive or a negative dc voltage is used. From Figure 2.9(a), there is only one insulated
transmission conductor installed and the ground is used for the return current. For instance, the
Konti-Skan (1965) project and Sardinia-Italy(mainland)(1967) project use monopolar links[8].

Instead of using the ground as a return path, a metallic return conductor may be used.

“) 5] A—(0) g % % %

(a) Monopolar HVDC with earth return. (b) Bipolar HVDC

Figure 2.9 Monopolar and bipolar connection of HVDC converter bridges.

—ong e L e o

(a) Back-to-Back HVDC system (b) Two-terminal HVDC system.
(c) Series multi-terminal HVDC system (d) Parallel multi-terminal HVDC system

Figure 2.10 Various arrangements of HVDC systems.

2.3.2 Bipolar HVDC system
This is the most commonly used configuration of HVDC power transmission systems[8].
The bipolar circuit link, shown in Figure 2.9(b), has two insulated conductors used as plus and
minus poles. The two poles can be used independently if both neutrals are grounded. It increases

power transfer capacity. Under normal operation, the currents flowing in each pole are equal, and
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there is no ground current. In case of failure of one pole power transmission can continue on the
other pole, so its reliability is high. Most overhead line HVDC transmission systems are bipolar
[8].

The selection of configurations of HVDC system depends on the function and location of the
converter stations. Various schemes and configurations of HVDC systems are shown in
simplified form in Figure 2.10{9]:

2.3.2.1 Back-to-back HVDC system

In this case the two converter stations are located at the same site and no
transmission line or cable is required between the converter bridges. The connection may be
monopolar or bipolar. A block diagram of a back-to-back system is shown in Figure 2.10(a). The
two ac systems interconnected may have the same or different nominal frequency, i.e. 50Hz and
60Hz (The back-to-back link can be used to transmit power between two neighboring non-
synchronous systems). Examples of such system can be found in Japan and South America [17].
The dc voltage in this case is quite low (i.e. 50kV ~150kV) and the converter does not have to be
optimized with respect to the dc bus voltage and the associated distance to reduce costs, etc.

2.3.2.2 Transmission between two substations ( Long distance HVDC)

When it is economical to transfer electric power through dc transmission from one
geographical location to another, a two-terminal or point-to-point HVDC transmission shown in
Figure 2.10(b) is used. In other words, dc power from a dc rectifier terminal is transported to the
other terminal operating as an inverter.

This is typical of most HVDC transmission systems. The link may connect two non-
synchronous systems (e.g. between Sweden and Denmark) or connect two substations within one
interconnected system (e.g. between Sweden and Finland, or the Three-gorges to Shanghai link in

China).

2.3.3 Multi-terminal HVDC transmission system

When three or more HVDC substations are geographically separated with interconnecting
transmission lines or cables, the HVDC transmission system is multiterminal. If all substations
are connected to the same voltage then the system is parallel multi-terminal dc shown in Figure
2.10(d). If one or more converter bridges are added in series in one or both poles, then the system
is series multi-terminal dc shown in Figure 2.10(c). A combination of parallel and series

connections of converter bridges is a hybrid multi-terminal system. Multi-terminal dc systems are
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more difficult to justify economically because of the cost of the additional substations. Examples
of multi-terminal HVDC were implemented in the connection Sardinia-Corsica-Italy(SACOI), the
Pacific Inter tie in the US and the connection Hydro Quebec-New England Hydro from Canada to
the US[18].

2.3.4 Operating modes

In case of an outage of one pole or one line, there are several operating modes possible,
that allow an operation of the workable system parts. If overload capabilities are used, half of the
converter equipment is out of order, but less than half of the power rating is lost. Figure 2.11
shows the normal bipole operation. In case of fault in one of DC line for monopolar, ground
return scheme is shown in Figure 2.12. But Figure 2.13, Figure 2.14 show monopolar, metallic
return and monopolar, metallic return with two DC line parallel respectively in case of one

converter pole fault.

Figure 2.11 Normal bipole operation

Figure 2.12 Monopolar, ground return (in Case of fault in one DC line)
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Figure 2.14 Monoplar, ground return, two DC lines parallel (in case of one converter pole fault)

2.3.5 Twelve-pulse line-frequency converters

It is important to reduce the current harmonics generated on the ac side and the voltage
ripple produced on the dc side of the converter. This is accomplished by mean of a twelve-pulse
converter operation, requires two 6-pulse converters connected through a Y-Y and a A-Y
transformer, as is shown in Figure 2.15. The two 6-pulse converters are connected in series on a
dc side and in parallel on the ac side. The series connection of two 6-pulse converters on the dc
side is important to meet the high voltage requirement of an HVDC system.
by 30°. The voltage and current waveforms can be

In Figure 2.15, V_ , leads V

alnl as2n2

drawn by assuming the current I, on the dc side of the converter to be a pure dc in the presence of
the large smoothing inductor L, shown in Figure 2.15. Initially, for simplicity, we will assume
that the per-phase ac side commutating inductance L is negligible, thus resulting rectangular
current pulses. In practice, however, substantial commutating inductances are present as a result

of the transformer leakage inductances.
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Figure 2.16 Idealized waveforms assuming L =0
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With the forgoing assumptions of Ly = 0 and I () & I, and recognizing that V,  leads V.

by 30°, we can draw the current waveforms as in Figure 2.16a.
Each 6-pulse converter operate at the same delay angle 0. The waveform of the total per-phase
current i, = i,, + 1, clearly shows that it contains fewer harmonics than either i, or i, drawn by the

6-pulse converters. In terms of their Fourier components.

23

i,=—H-1 (cos¢9—lc0559+lcos7t9——]—cosl10+icosl39...) @n
2Nz d 5 7 11 13

243

[p,=—71 (cos¢9+lc0359—lcos79—lcosl19+icosl39...) (22)
2Nz d 5 7 1 13

where 6 = ®t and transformer turns ratio N is indicated in Figure 2.13. Therefore, the combined

current drawn is

23

1 1
=i +i,=—1I ,(cos@—-—cosll@+-—cosl3b... 2.3)
la ’al 102 Nﬂ' d( 11 13 0 )

This Fourier analysis shows that the combined line current has harmonics at the order resulting in
a 12-pulse operation, as compared with a 6-pulse operation where the ac current harmonics are of

the order 6k+ 1 ( where k is integer ).

12k £1 (2.4)

=
il

where k is an integer
The harmonic current amplitude in (2.3) for a 12-pulse converter are inversely proportional to
their harmonic order and the lowest order harmonics are the eleventh and the thirteenth. The
current on the ac side for the two 6-pulse converters add, confirming that the two converters are
effectively in parallel on the ac side.

On the dc side, the voltage waveform V,; and V, for the two 6-pulse converters are shown in
Figure 2.16b. These two voltage forms are shifted by 30° with respect to each other. Since the

two 6-pulse converters are connected in series on the dc side, the total dc voltage V, =V, +V,
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has 12 ripple pulses per fundamental-frequency ac cycle. This results in the voltage harmonics of

the order h in V,, where

h=12k (2.5)

where k is an integer
and the twelfth harmonic is the lowest order harmonic. Magnitude of the dc-side voltage
harmonics vary significantly with the delay angle a.

In practice, Ly is substantial because of the leakage inductance of the transformers. The
presence of L does not change the order of characteristic harmonics produced either on the ac
side or on the dc side, provided that the two 6-pulse converters operate under identical conditions.
However, the harmonic magnitudes depend significantly on Ly, delay angle a, and dc current I,.

The average dc voltage can be written as

v, 32 30l,

=—V,, cosa~—
z

I, (2.6)

where V|, is the line-to line rms voltage applied to each of the 6-pulse converters and L, is the
per-phase leakage inductance of each of the transformer, referred to their converter side.

2.3.5.1 Rectifier mode of operation

With the initial assumption that Ls = 0 in Figure 2.15, Figure 2.16c shows the phase-to-
neutral voltage Vaslnl and the current ias] (corresponding to converter 1 in Figure 2.16) with
i(t)/= 1, at a delay angle a. The fundamental-frequency current component(iasl), shown by the

dashed curve lags behind the phase voltageV,, , by the displacement power factor angle @,

asinl

where

¢

]
R

2.7

Therefore, the three-phase reactive power (lagging) required by the 6-pulse converter because of
the fundamental-frequency reactive current components, which lag their respective phase voltage

by 900, equals
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0, =3V, (I)sine (2.8)

where V|, is the line-to-line voltage on the ac side of the converter.
From the Fourier analysis of the iasl in Figure 2.16¢c, the rms value of its fundamental-

frequency component is

J6

(), =——1,~0.781, 2.9)
/3

Therefore, from (equation 2.8 and 2.9)

J6

0, =3V, AS1,)sina =1.35.781,V,, 1, sina (2.10)
/3

The real power transfer through each of the 6-pulse converter can be calculated from (2.6) with Lg

=0as
P, =V,1,=135V,1,cosa (2.11)

For a desired power transfer P,,, the reactive power demand Q, should be minimized as much
as possible. Similarly, 1, should be kept as small as possible to minimize TR losses on the dc
transmission line. To minimize Id and Q,, noting that V|, is essentially constant in (2.10,2.11), we
should choose a small value for the delay a in the rectifier mode of operation. For practical
reasons, the minimum value of  is chosen in a range of 10° - 20°.

2.3.5.2 Inverter mode of operation

In the inverter mode, the dc voltage of the converter acts like a counter emf in a dc
motor. Therefore, it is convenient to define the dc voltage polarity as shown in Figure 2.17a, so
that the dc voltage is positive when written specifically for the inverter mode of operation. The

extinction angle Y for the inverter was defined in terms of & and u as

y=180°—(a +u) 2.12)

46636
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Figure 2.17 Inverter mode of operating (assuming L = 0)

where o is the delay angle and u is the commutation or the overlap angle. The inverter voltage in

Figure 2.17 can be obtained as (see Problems 2.7)

=

3ol
Vir =V =~ =135V, cosy - ";’[S 1, 2.13)
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Again with the assumption that L = 0 for simplicity, Figure 2. 17(b) shows the idealized

waveform for V, , and i atan o > 90°, corresponding to the inverter mode of operation. The

asinl
fundamental-frequency component (i), of the phase current is shown by the dashed curve. In the
phasor diagram of Figure 2.17(c), the fundamental-frequency reactive current component lags
behind the phase-to-neutral voltage, indicating that even in the inverter mode, where the direction
of power flow through the converter has reversed, the converter requires reactive power (lagging)
from the ac system.

WithLy=0,u=0in(2.12) and ¥ = 180° -OL . Therefore, the expressions for per-converter

Q, and P, in ( 2.10, 2.11) can be obtained specifically for the inverter mode in terms of Y as
0, =1.35V,,4,siny (2.14)

and

P, =135V, I,cosy (2.15)

where the directions of the reactive power (lagging ) and the real power are as shown in Figure
2.17a. From equation 2.14 and 2.15), Y should be as small as possible for a given power transfer
level to minimize LR losses in the transmission line due to Id and to minimize the reactive power
demand of the converter. The minimum value that is allowed to attain is called the minimum
extinction angle that is based on allowing sufficient turn-off time to the thyristors.

In a 12-pulse converter arrangement, the reactive power requirement is the sum of the
reactive powers required by each of the two 6-pulse converters. The ac-side filter banks and the
power factor correction capacitors partially provide the reactive power demand of the

converters[16].

2.4 Classic HVDC systems

2.4.1 Configuration of classic HVDC systems
A classic HVDC system operating in bipolar mode, shown in Figure 2.18, consists of ac
filters, shunt capacitor banks or other reactive-compensation equipment, converter transformers,

converters, dc reactors, dc filters, and dc lines or cables [9].
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Figure 2.18 A basic configuration for a classic HVDC system.

2.4.1.1 Converters

The HVDC converters are an HVDC system's hearts. They perform the conversion
from ac to dc (rectifier) at the sending end and from dc to ac (inverter) at the receiving end.
HVDC converters are connected to the ac system by means of converter transformers. The classic
HVDC converters are cumrent source converters (CSCs). The dc current is kept constant.
Magnitude and direction of power flow are controlled by changing magnitude and direction of the
dc voltage[19].

The main components are the thyristor valves. The six pulse valve bridge of Figure 2.19 as
the basic converter unit of classic HVDC is used equally well for rectification and inversion. The
inductance is normally in the form of a transformer. A 12 pulse converter bridge can be built by
connecting two six pulse bridges in series or parallel. Each single bridge consists of a certain
amount of series connected thyristors with their auxiliary circuits. The bridges are then connected
separately to the ac system by means of converter transformers, one of Y-Y winding structure and
another Y-¢ winding structure, as shown in Figure 2.18. In this way the 5th and 7th harmonic
currents through the two transformers are in opposite phase. This significantly reduces the

distortion in the ac system due to the HVDC converters [20][21].



41

L
Y

Ls
S) S3 5

AC source SAAA

Figure 2.19 Configuration of the basic six pulse valve group.

2.4.1.2 Transformers

The transformers connect the ac network to the valve bridges, and adjust the ac
voltage level on the rectifier terminals to a suitable level based on the dc voltage used for the
transmission. The transformers can be of different design depending on the power to be
transmitted, and possible transport requirements. The most common type is a single-phase-
three-winding design. The windings on network side are connected in star. The windings on
converter side are connected in star for one converter and in delta for the other converter. Three
identical transformers are then needed per converter.

2.4.1.3 AC-side harmonic filters

The HVDC converters produce current harmonics on the ac side, these harmonics are
prevented from entering into the connected ac network by ac filters. For example, on the ac side
of a 12-pulse HVDC converter, current harmonics of the order of 11, 13, 23, 25 and higher are
generated. Filters are installed in order to limit the amount of harmonics to a level allowed by the
network. In the conversion process the converter consumes reactive power which is compensated
in part by the filter banks and the rest by capacitor banks. In the case of the CCC (capacitor
commutated converter) the reactive power is compensated by series capacitors installed in series
between the converter valves and the converter transformer. The elimination of switched reactive
power compensation equipment simplifies the ac switchyard and minimizes the number of circuit-
breakers needed, which will reduce the area required for an HVDC station built with CCC [22]
[23].
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The HVDC converters produce ripple on the dc voltage. Voltage ripple in the
frequency band between a few hundred hertz and a few kilohertz causes interference to telephone
circuits near the dc line. Therefore, specially designed dc filters are used in order to reduce the
ripple. Usually no dc filters are needed for pure cable transmission nor for Back-to-Back HVDC
stations. However, it is necessary to install dc filters if an overhead line is used in part or all of the
transmission system. The filters needed to take care of the harmonics generated on the dc end, are
usually considerably smaller and less expensive than the filters on the ac side. Both passive and
active dc filters can be used. In active filters power electronics is used to compensate the
harmonic distortion. In modern installations active dc filters are used. Active filters are
considered more flexible than passive filters, and become cheaper than passive filters for more
complex tasks [24].

2.4.1.5 HVDC cables or overhead lines

HVDC cables are normally used for submarine transmission. No serious length
limitation exists for HVDC cables. For a back to back HVDC system, no dc cable or overhead
line is needed. For connections over land, overhead lines are typically used. However the
tendency is.to also move to cables for connections over land, due to environmental concerns.

2.4.1.6 Control! of classic HVDC systems

The power transmitted over the HVDC link is controlled through the control system
where one of the converters controls the dc voltage and the other converter controls the current
through the dc circuit. The control system acts through firing angle adjustments of the valves and
through tap changer adjustments on the converter transformers to obtain the desired combination
of voltage and current. The control systems of the two stations of a bipolar HVDC system usually
communicate with each other through a telecommunication iink.

2.4.1.7 Protection of classic HVDC systems

DC converter stations form an integral part with the ac system, and their basic
protection philosophy is thus greatly influenced by ac-system protection principles. However, the
limitations of dc circuit breakers and the speed of controllability of HVDC converters influence
some departure from the conventional protection philosophy. Furthermore, the series connection
for converter equipment also presents some special problems not normally encountered in ac

substations.



2.4.2 Advantages of classic HVDC systems

It is important to remark that an HVDC system not only transmits electrical power, but it
also has a lot of value added which should have been necessary to solve by other means in the
case of using conventional ac transmission. Some of these aspects are:

o No limits in transmitted distance. This is valid for both overhead lines and sea or
underground cables.

e Very fast and accurate control of power flow, which implies stability improvements,
not only for the HVDC link but also for the surrounding ac system.

« Magnitude and direction of power can be changed very quickly (bi-directionality).

e An HVDC link does not increase the short-circuit power in the connecting point.
This means that it will not be necessary to change the circuit breakers in the existing network.

* HVDC can carry more power for a given size of conductor.

e The need for right-of-way is much smaller for HVDC than for an ac connection, for
the same transmitted power. The environmental impact is therefore smaller with HVDC, and it is
easier to obtain permission to build.

e Power can be transmitted between two ac-systems operating at different nominal

frequencies or at the same frequency but without being synchronized.

2.4.3 Applications of classic HYDC systems

The first application for classic HVDC systems was to provide point to point electrical power
interconnections between asynchronous ac power networks. There are other applications which
can be met by HVDC converter transmission which include:

o Interconnections between asynchronous systems. Some continental electric power
systems consisting of asynchronous networks such as the East, West, Texas and Quebec networks
in North America make use of HVDC interconnections.

e Deliver energy from remote energy sources. Where generation has been developed at
remote sites of available energy, HVDC transmission has been an economical means to bring the
electricity to load centers. The main application has been the connection of remote hydro-stations
to load centers.

o Import electric energy into congested load areas. In areas where new generation is
impossible to bring into service to meet load growth or replace inefficient or decommissioned

plant, underground dc cable transmission is a viable means to import electricity.



e Increasing the capacity of existing ac transmission by conversion to dc transmission. New
transmission rights-of-way may be impossible to obtain. Existing overhead ac transmission lines
upgraded to or overbuilt with dc transmission can substantially increase the power transfer
capability on the existing right-of-way.

o Power flow control. Ac networks do not easily accommodate desired power flow control.
Power marketers and system operators may require the power flow control capability provided by
HVDC transmission.

» Stabilization of electric power networks. Some wide spread ac power system networks
operate at stability limits well below the thermal capacity of their transmission conductors.
HVDC transmission is an option to consider to increase utilization of network conductors along
with the various power electronic controllers which can be applied on ac transmission.

¢ An HVDC transmission line has lower losses than ac lines for the same power capacity.
The losses in the converter stations have of course to be added, but above a certain break-even
distance, the total HVDC transmission losses become lower than the ac losses. HVDC cables also
have lower losses than ac cables.

Although thyristor-based HVDC systems represent mature technology, there are still exciting
developments worth mentioning such as:

e active ac and dc filtering.

e capacitor commutated converter{CCC) based systems[9].

An improvement in the thyristor-based commutation, the CCC concept is characterized by
the use of commutation capacitors inserted in series between the converter transformers and the
thyristor valves. The commutation capacitors reduce the risk of commutation failure of the
converters when connected to weak networks.

¢ air-insulated outdoor thyristor valves.

¢ new and advanced cabling technology.

e direct connection of generators to HVDC converters.

2.5 VSC-HVDC system

2.5.1 Configuration of VSC-HVDC system

VSC-HVDC is a new dc transmission system technology. It is based on the voltage source
converter, where the valves are built by IGBTs and PWM is used to create the desired voltage

waveform. With PWM it is possible to create any waveform (up to a certain limit set by the



switching frequency), any phase angle and magnitude of the fundamental component. Changes in
waveform, phase angle and magnitude can be made by changing the PWM pattern, which can be
done almost instantaneously.

Thus, the voltage source converter can be considered as a controllable voltage source. This
high controllability allows for a wide range of applications. From a system point of view VSC-
HVDC acts as a synchronous machine without mass that can control active and reactive power

almost instantaneously. In this chapter, the topology of the investigated VSC-HVDC is discussed.

2.5.2 System description
The main function of the VSC-HVDC is to transmit constant dc power from the rectifier to
the inverter. As shown in Figure 2.20, it consists of dc-link capacitors C,, two converters, passive
high-pass filters, phase reactors, transformers and dc cable.
2.5.2.1 Physical structure
The converters are VSCs employing IGBT power semiconductors, one operating as a
rectifier and the other as an inverter. The two converters are connected either back-to-back or
through a dc cable, depending on the application.
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Figure 2.20 Topology of VSC-HVDC.

2.5.2.2 Transformers

Normally, the converters are connected to the ac system via transformers. The most
important function of the transformers is to transform the voltage of the ac system to a value
suitable to ‘the converter. It can use simple connection (two-winding instead of three to eight-
winding transformers used for other schemes [5]). The leakage inductance of the transformers is
usually in the range 0.1-0.2pu.

2.5.2.3 Phase reactors

The phase reactors are used for controlling both the active and the reactive power flow

by regulating currents through them. The reactors also function as ac filters to reduce the high



frequency harmonic contents of the ac currents which are caused by the switching operation of
the VSCs. The reactors are essential for both the active and reactive power flow, since these
properties are determined by the power frequency voltage across the reactors. The reactors are
usually about 0.15pu impedance.

2.5.2.4 AC filters

The ac voltage output contains harmonic components, derived from the switching of the
IGBT's. These harmonics have to be taken care of preventing them from being emitted into the ac
system and causing malfunctioning of ac system equipment or radio and telecommunication
disturbances. High-pass filter branches are installed to take care of these high order harmonics.
With VSC converters there is no need to compensate any reactive power consumed by the
converter itself and the current harmonics on the ac side are related directly to the PWM
frequency. The amount of low-order harmonics in the current is small. Therefore the amount of
filters in this type of converters is reduced dramatically compared with natural commutated
converters.

2.5.2.5 DC capacitors

Or|1 the dc side there are two capacitor stacks of the same size. The size of these
capacitors depends on the required dc voltage. The objective for the dc capacitor is primarily to
provide a low inductive path for the turned-off current and energy storage to be able to control the
power flow. The capacitor also reduces the voltage ripple on the dc side.

2.5.2.6 DC cables

The cable used in VSC-HVDC applications is a new developed type, where the
insulation js made of an extruded polymer that is particularly resistant to dc voltage. Polymeric
cables are the preferred choice for HVDC, mainly because of their mechanical strength,

flexibility, and low weight[25].

2.5.3 Converters -
The converters so far employed in actual transmission applications are composed of a number
of elementary converters, that is, of three-phase, two-level, six-pulse bridges, as shown in Figure

2.21, or three-phase, three-level, 12-pulse bridges, as shown in Figure 2.22.
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Figure 2.21 Two-level VSC converter.
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The two-level bridge is the most simple circuit configuration that can be used for building up
a three-phase forced commutated VSC bridge. It has been widely used in many applications at a
wide range of power levels. As shown in Figure 2.21, the two-level converter is capable of
generating the two-voltage levels -0.5.U, N and +0.5.U, N. The two-level bridge consists of six
valves and each valve consists of an IGBT and an anti-parallel diode. In order to use the two-level
bridge in high power applications series connection of devices may be necessary and then each
valve will be built up of a number of series connected turn-off devices and anti-parallel diodes.
The numbér of devices required is determined by the rated power of the bridge and the power
handling capability of the switching devices.

With a present technology of IGBTs a voltage rating of 2.5kV has recently become available
in the market and soon higher voltages are expected. The IGBTs can be switched on and off with
a constantffrequency of about 2kHz. The IGBT valves can block up to 150kV. A VSC equipped
with these valves can carry up to 800A (rms) ac line current. This results in 2 power rating of
approximately 140MVA of one VSC and a £150kV bipolar transmission system for power ratings

up to 200MW[25].



2.5.4 Advantages and applications of VSC-HVDC

The main difference in operation between classic HVDC and VSC-HVDC is the higher
controllabil‘ity of the latter. This leads to a number of new advantages and applications, some of
which are given below. This is a very new technology and the number of installations in use is
still very limited. Most of the examples given below are only potential applications [9,25-26]. The
general agreement appears that the technical potential is very large, the limitations are mainly on
the economic side.

o Independent control of active and reactive power without any needs for extra
compensating equipment.

With PWM, VSC-HVDC offers the possibility to control both active and reactive power
independently. While the transmitted active power is kept constant the reactive power controller
can automatically control the voltage in the ac-network.

Reactive power generation and consumption of a VSC-HVDC converter can be used for
compensating the needs of the connected network within the rating of a converter.
e Mitigation of power quality disturbances.

The reactive power capabilities of VSC-HVDC can be used to control the ac network
voltages, and thereby contribute to an enhanced power quality. Furthermore, the faster response
due to increased switching frequency (PWM) offers new levels of performance regarding power
quality control such as flicker and mitigation of voltage dips, harmonics etc. Power quality
problems are issues of priority for owners of industrial plants, grid operators as well as for the
general public [4].

e No contribution to short circuit currents.

The converter works independently of any ac source, which makes it less sensitive for
disturbances in the ac network and ac faults do not drastically affect the dc side. If ac systems
have ground faults or short circuits, whereupon the ac voltage drops, the dc power transmitted is
automatically reduced to a predetermined value.

¢ Reduced risk of commutation failures.

Disturbances in the ac system may lead to commutation failures in classic HVDC system. As
VSC-HVDC uses self-commutating semiconductor devices, the presence of a sufficiently-high ac
voltage is no longer needed. This significantly reduces the risk of commutation failures, and
extends the use of the HVDC system in stability control.

« Communication not needed.



The control systems on rectifier and inverter side operate independently of each other. They
do not depend on a telecommunication connection. This improves the speed and the reliability of
the controller.

o Feeding islands and passive ac networks.

The VSC converter is able to create its own ac voltage at any predetermined frequency,
without the need for rotating machines. It may be used to supply industrial installations or large
wind farms.

e Multi-terminal dc grid.
VSC converters are very suitable for creating a dc grid with a large number of converters,

since very little coordination is needed between the interconnected VSC-HVDC converters.
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Chapter 3
Modeling for Voltage Source Converter Controlled Power

Transfer for HVDC Applications

3.1 Introduction

In recent years, voltage source converter technology has made a great progress through the
development of high power self-turn off type semiconductor devices. The rating for converter of this
type in practical application has already reached as a high power capacity. Because of its advantage
over the line commutated type in performance characteristics and compactness, various applications
of the voltage source converter have been developed and researched [27].

In this thesis, a model for PWM VSC Controlled Power Transfer for HVDC Application is
developed. The control variables based on mathematical model are determined and vector control
strategy is proposed.

Under steady state conditions, the 3-phase quantities when expressed in the synchronously
rotating frame become dc quantities. If one of the axes, usually the d-axis, arbitrarily aligned with
supply voltage vector, then he d and q axis supply current components automatically represent the
active (P) and the reactive (Q) power flow respectively. Thus it is possible to have decoupled control
of the active and reactive control. The DC-link voltage controller sets the active power demand
whereas the reactive power demand can be set by an outer reactive power controller or by the
required displacement angle between the phase current and voltages.

Therefore, the main advantages of the vector control technique are the direct control of the active
and reactive power flow in the converter during transient, steady state and the fast dynamics of the
current control loops. Additionally, the current controllers deal with dc quantities which, using PI
controllers, ensure zero current error in steady state. These are the main reasons for selecting the
control strategy for the implementation of the VSC. The validity of proposed model and control

strategy has been verified by digital simulation using SIMULINK MATLAB version 6.5.
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3.2 Basic system configuration of VSC

The system configuration of the VSC connected to the on side of an ac network is shown in
Figure 3.1. The 3-phase supply voltages are v,, v,, v, and the 3-phase converter voltages are v, , v,,
and v,,. The PWM control block is adopted to control IGBT, this control not only can manage the

active power, but also reactive power, allowing this type of VSC to correct power factor.

Gl 1G3 |Gsf—] —
J J Jd s ID

Power Source

R L
Ry e
OB ¥
a
N /\vb — v vV, -~ bc
QJ/ L;:—» 4 Q CD Load
Y
(o4
C i — t G2 |Gs |Gs

£ VarVorVa K} J
=\ L8\ ‘

Figure 3.1 Schematic diagram of a three-phase voltage source converter.

3.3 VSC model and its vector control structure for side 1 of HVDC system

According to Figure 3.1, assuming ideal commutation and neglecting the effect of current
harmonics, the equations that model side 1 of VSC can be derived as follows. Considering that
\Y%

. Vy and V , are the fundamental voltages per phase at the input of converter, the following

equation can be written:

V, 1, ia val

v, |=R|i +L£— i, [+]Vv (3.1
b -b dt ‘b bl .
v 1 1 v

cl
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From the reference frame transformations, stationary ABC reference frame to stationary

reference frame for voltages are[28]:

N

2
3
and for currents are:
. 3.
282 5
lﬂ——z‘(lb-lc) (3- )

and stationary of reference frame to rotating d-q reference frame for voltages (and currents)

are

Vi= %(Va cos 6 — Vg sin 8) (3.6)

Vs '}l;(vﬂ cos @ + v, sin 8) 3.7

where 0 is the angle position of the d-q reference frame. The scaling factor k is introduced so
that the d-q variables are scaled to have the same amplitude as the rms phase quantities as follows:

For the voltages:

3 .
= -2" w/i for Delta Connection and
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3
k= ; «/g for Star Connection.

3

k= E w/g for Delta Connection and
3 )

k= ;\/—2- for Star Connection.

Using the transformation given above, equation (3.1) can be transformed into a synchronously

rotating (angular frequency, ® ) d-q reference frame, to yield the following expressions:

di
v, = Riy + L= -0, Li, +v,, (3.8)
dt
- di, X
v, =Ri, +L—;t—+a),_,de +Vg (3.9)

And the following equivalent circuit is obtained as shown in Figure 3.2.
o Li X

{ RS S, SN

Figure 3.2  VSC equivalent circuit in d-q coordination.
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Using the scaling factor for the transformations as shown above, i, is given by:

. IV +1,V,
i, =344 99 (3.10)
V
D

The expressions for the active and reactive power flowing from the supply to converter are given

by:
P=3(v, i, +v,i, (3.11)
Q = 3(vdiq + tid) (3-12)

If the d-axis of the reference frame is aligned along the supply voltage vector position, vq is zero
and since the amplitude of the supply voltage is constant, v, is constant. Therefore the active and
reactive power flow from the supply to converter will be proportional to id and iq respectively. To
calculate the supply voltage vector position 6_, the 3-phase voltages are transformed to a stationary 2-

axis (a,f3) reference frame as described above to give:

Vﬁ
6. = arctanl—/— (3.13)
do
we — dte (3.14)

Where vg, Vg , are the supply voltage components. Neglecting the losses in the filter resistance

and the DC-link (i.e. v,,= v,and v ,= v = 0) the following relations can be written:

Vpi, =3v,i, (3.15)



35

2/2v
m o= - (3.16)
VD
3

lge == mly (3.17)

242

av,
CTID=1,,L_-1,J (3.18)

where m, is the PWM modulation index for converter. From (3.15)-(3.18) it is seen that the DC-

link voltage can be controlled by i,.

—; .
. Cc
=
. D e Y atpier E‘HH
Yp PI =) PI 3 woM L
i T4 ¢ N FWML \ér.f
I'q—-' - Pr
4 3 :of;ir
Cela "—1
v
.3
3_ vqb,c 31‘
2 P
¥
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xS 3 . ‘a,hc P
2 §
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Figure 3.3 Vector control structure for VSC.

The control scheme thus utilizes current control loops for i, and iq, with the i, demand being
derived from the DC-link voltage error through a standard PI controller. The design of the vector

control structure for VSC shown in Figure 3.3.
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3.4 Control loop design
Considering equation (3.8) and (3.9) with the d-axis of the reference frame align along the

supply voltage vector position, the following relationship can be written:

d.
o di _
0=qu+L7+a)ele +Vq1 (3.20)

In order to decouple the d and q axis, equation compensation terms are introduced by defining:

Vg =-vg+(@,Li, +v,) (3.21)
Va= -V, -(0.Li,) © (3.22)
to give
{ di
v, = Ri , + L dtd (3.23)
; ) di,
v, =Ri ¢+ L7 (3.24)
or
i,(s) i,(s) 1
F(s)= a(8) 485 (3.25)

v, (s) v;(s)  Ls+R
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A PI current control loop is used to determine the demand values for v’ q and v’ .. The actual values
for v*, and v* , are given by:

* ]

Vg =-vg+(@,Li, +v,) (3.26)

*

=-v, -(o,Li,) (3.27)
and are then transformed to provide the 3-phase modulating waves (v*,,, v*,, and v* ) for the

PWM generation. The line inductor used in the simulation has a value of SmH/phase.

3.3.1 DC-link voltage controller design
The design of the DC-link voltage controller follows directly from equation (3.15)-(3.18) and the

transfer function of the plant is given by:

V,(s) > 3m
1,(s) 2-/2Cs

(3.28)

The closed loop block diagram for the DC-link voltage control {29] is shown in Figure 3.3. In

which I is represented as a disturbance.

i
% D

.r

Vb Ta i 31:,,1'
@[ B e[ L

s
I 2 PLANT

Figure 3.4 Block diagram of the DC-link Voltage control loop

(SN

v

From Figure 3.4, the characteristic equation for the DC-link voltage controller is given by:

2+3m,K,S+3K‘,aL,m,_O 329
2J2C 2J2C (3:29)
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The controller parameters are given by:

Ke = Licé‘aﬁl_ (3'30)
m,
/ 2

a, =
Im K,

3.3.2 Current loop controller design
The design of the PI current controller [30] follows directly from (3.24). The closed loop block

diagram for the current control is shown in Figure 3.5

f * V, j
g
7 S+a‘ q . 1 _
(3 L | Ls+R et
Pl

Figure 3.5 Block diagram of the current control loop

From Figure 3.5. The characteristic equation for the current controller is given by:

L R+K. o Kea
L L

S2

=0 (3.32)

The controller parameters are given by:

K.=2¢w,L-R (3.33)
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a. = —n___ (3.34)

A standard design procedure can be applied to the block diagram of Figure 3.3 . All the basic

equations for VSC (side 2) of HVDC system are similarly to the equations shown above.

3.5 Simulation results

The simulation results were performed just only for sidel of VSC-HVDC system by connecting
to load (for rectifying mode) and to dc source (for inverting mode). And also a Bode plot has been
conducted. The controller gains are initially calculated by equations (3.28) to(3.34). A design for a
closed loop natural frequency (®, = 20 Hz) and a damping ratio ( £=0.707) have been chosen.

Figure 3.6 Shows the typical line current and supply voltage of the converter in rectifying mode
(P > 0, Q = 0). Figure 3.7 shows the typical line current and supply voltage of the converter in
inverting mode (P < 0, Q = 0) and Figure 3.8 shows the results at different load. To control the
reactive power, Iq* has been controlled, Figure 3.9. Figure 3.10, Figure 3.11, show the Bode plot

diagram, and Pole Zero diagrams of DC-link voltage control loop.

Voltage (x 10V ), Current (A )

. ! T - T ; T I ' ! T

i 1 i i i
0.35 0.36 037 0.38 039 04 041 0.42 043 0.44 045
Time (s)

Figure 3.6 Typical line current and supply voltage (rectifying mode, P >0, Q = 0).
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Figure 3.7 Typical line current and supply voltage (inverting mode, P <0, Q =0)
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Figure 3.8 Dynamic response performance with increasing load current 5A to 10 A
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Voltage (x 10V), Current (A)
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System:
Phase Margin (deg): 161
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-link voltage control loop

3.10 Bode plot diagram of DC

Figure
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Figure 3.11 Pole Zero plot diagram of DC-link voltage control loop

3.6 Conclusion

A model of the Voltage Source Converter Controlled Power Transfer for HVDC Applications is
developed by using the d-q transformation. The characteristic equation of the DC-link voltage and
current control loops are second order (Equation 3.29 and 3.32). The controller gains are chosen
based on the natural frequency and damping factor. The simulation results show that the line current
can be calculated to be in phase or out of phase by controlling the reactive power as shown in Figure

3.9. The DC-link voltages maintained while the load has changed as shown in Figure 3.8.



Chapter 4

VSC between two grids

4.1 Introduction

To analyze the designed control system, the system shown in Figure 4.1 is simulated and the
control system is implemented using vector control strategy. Simulation results are presented in
this chapter. The study is focused on the performance of the VSC at steady state, with load

changes. Hére, four study cases of the system simulation are investigated.

P : i
19 Couverter ) iget iga Coxverter 2 5 Phase

3-Fhase —— —»
acsewrce 1 L | i m ------ L2 scsource 2
3 Ny <} alf al+ | _,<} AN (D)
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’ S S QRS T ] —
Gl G2 G3 G4 G5 G6 DC-Link G1 G2 G3 G4 G5 G6
i
Pl Pl
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Dref —s T 1nt_.®_f
Ve 3
i

Figure 4.1 Block diagram of the studied systems with the contro! algorithm

4.2 DC-link control between two grids with proposed control strategy
The studied system consists of two voltage source converters, one of which operates as a

power dispatcher and the other as a power receiver. Four study cases are explained in this chapter.

42.1 Casel: The same frequency, different voltage
As shown in Figure 4.1, all simulations have been performed with two two-level converters.
The converter bridge valves are represented as a turn-off IGBT and an anti-parallel diode with
ideal switches in Simulink models. State losses and switching losses are neglected. The ac system
voltages at both sides are 220V and 110V, respectively. The rated dc voltage is 500V, the set
reference value of the dc voltage is 500V, the rated power flow of P is set to 2500 W and the

reactive power flow (Q) steps from 1500 Var to 3000 Var, the line inductance are SmH, the



switch frequency used in the VSC is 5kHz, the fundamental frequency of the ac systems is 60Hz.
Two dc capacitors are 5000 (tF.

The control loop implemented will depend on the application. To control reactive power and
active power flow via DC-link, the control strategy as stated below is implemented to evaluate
their performances:

The control strategy is:
¢ Converter 1 controls dc voltage and reactive power.

In order to control dc voltage, the value of the dc voltage can be chosen by setting the

*
reference value V), directly to the DC-link voltage control loop (inner loop) as shown in the

vector control structure for VSC in chapter 3. To control the reactive power, the value of the

*
reactive power can be chosen by setting the reference value (iq ) directly to the reactive control
loop (outer loop).
o Converter 2 controls the active power and reactive power.

In order to control the active power, the value of the reactive power can be chosen by

*
setting the reference value (i) directly to the active control loop (inner loop) as there is no DC-
link control loop in this side. To control the reactive power, the value of the reactive power can be
*
chosen by setting the reference value (iq ) directly to the reactive control loop (outer loop).

4.2.1.1 Converter sidel (sending side)

Voltage (x10 V), Current (A)
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-100 3
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0.22 0.24 026 028 03 032 0.34 036 038
Time(s)

Figure 4.2 Typical line current and supply voltage of converter 1

Figure 4.2 illustrates the voltage and current from the ac source side 1 and Figure 4.3 shows
the dc voltage under steady state operation conditions. From figure 4.4, 4.5 and 4.6, it can be seen

that high quality balanced three phase ac voltages and currents are obtained at the converter side
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1. The step changes in power flow occurs at Ts= 0.3s for many cases. The dc voltage is a
constant equal to the set reference value. In fact dc voltage includes +0:5% ripple at steady state
due to the use of small capacitors on the dc side and the recovery time is about 0.04s. From

Figure 4.3, it can be seen that the V. slightly dropped at the moment of step change in power

flow.
DC-link voltage (V)
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Figure 4.4 Three-phase line currents at converter sidelduring the reactive power step change

Figure 4.5 Phase current at converter side1during the reactive power step change
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Figure 4.6 Line-to- line voltage waveforms at converter side 1

From Figure 4.6, it is clearly that the line-to- line voltages waveforms at converter side 1 are kept

constant during the reactive power step change.

The active and reactive powers are measured by using equation 4.1and equation 4.2.
P =3(vyi, +v,i,) (4.1)
Q =3(v,i, +v,i;) (4.2)

Figure 4.7 shows the graph of active power flow from converter side | at the rated of
2500 W and the reactive power flow with initial rate of 1500 Var and then it steps to 3000 Var at
Ts = 0.3s. It takes about 0.015s to reach the refereﬂc;airalue. The active power flow, which is
transmitted from converter 1 to converter 2, changes slightly when the step is applied and then it
become steady again after 0.05s.

Active power ( W ), Reactive power ( Var)
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Figure 4.7 Step change of reactive power from 1500 Var to 3000 Var at the converter side 1



The PWM line-to-neutral voltage waveform shown in Figure 4.8 is the voltage measured
between the corresponding phase voltage near converter and neutral point. It can be seen that the
fundamental voltage reduce and the number of pulses increases to meet the step change of
reactive power flow. Figure 4.9 presents PWM phase voltage and corresponding harmonics.

Harmonics appear at multiple of switching frequency.
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Figure 4.8 PWM line-to neutral voltage waveform
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Figure 4.9 PWM line-to neutral voltage spectra (switching frequency of 5 kHz)



Figure 4. 10 PWM current spectra at converter side 1
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Figure 4.10 shows the PWM current spectra at converter sidel, it can be seen that the lower order

harmonic appears and current waveform is nearly sinusoidal wave with THD of 5.20 %.

4.2.1.2 Converter side 2 (receiving side)

Voltage ( V), Current ( A)

g8g.9838

Step change —» |

0.28 03 032
Time (s)

Figure 4.11 Typical line current and supply voltage of converter side 2
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Figure 4.11 illustrates the voltage and current at the ac source side 2. From Figure 4.12, 4.13
and 4.14, it can be seen that high quality balanced three phase ac voltages and currents are
obtained at the converter side 2. The currents are slightly changed due to the changing of reactive

power flow, but the voltage waveforms are maintained constant.
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Figure 4.12 Phase current at converter side 2
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Figure 4.13 Three-phase line current at converter side 2
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Figure 4.14 Line-to- line voltage waveform at converter side 2



The measured active power and reactive power levels at the converter side 2 are slightly
changed due to the step change in power flow as shown in Figure 4.15. The active power slightly

changes during the step change of Q and it recovers again after 0.02s.
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Figure 4.16 PWM line-to neutral voltage spectra (switching frequency of 5 kHz)
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Figure 4.16 presents PWM line-neutral voltage waveform and its corresponding harmonics.
Harmonics appear at multiple of switching frequency (i.e. 5 kHz, 15 kHz, etc.) Figure 4.17 shows
the PWM line-to- neutral voltage waveform and it can be seen that the pulse with of PWM

waveform increases after the moment of step change of reactive power flow.

Voltage (V)

Time (s)

Figure 4.17 PWM line-to- neutral voltage waveform at converter side 2

Current (A)  FFT-window: 1 0f36 cycles of selected signak.
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Figure 4.18 PWM current spectra at converter side 2



Figure 4.18 shows the PWM current spectra at converter side 2, it is clearly that the current

waveform is nearly sinusoidal wave with THD of 1.25 %.

4.2.2 Case II: The same voltage and frequency
All simulations have been performed according to Figure 4.1, the ac system voltages
at both sides are 110V . The rated dc voltage is 500V, the set reference value of the dc voltage is
500V, the rated power flow of Q is set to 3750 Var and the active power flow (P) steps from 1250
W to 2500 W , the line inductance are 5000mH, the switch frequency used in the VSC is 5kHz,
the fundamental frequency of the ac systems is 60Hz. Two dc capacitors are 5000 pF. The same
control strategy as in case I is also implemented here.
The control strategy is:
e converter 1 controls dc voltage and reactive power.
e converter 2 controls the active power and reactive power.
4.2.2.1 Converter sidel ( sending side )

The Figure 4.19 shows the curve of power transmission from converter side 1 to
converter side 2, the reactive power is kept constant at about 3750 Var, meanwhile the active
power is changed at Ts = 0.6s from 1250 W to 2500 W. During this transient time, Q slightly
changes and become steady state again after about 0.03s. Clearly that controllers work well. The
AC voltage waveform maintained constant at the moment of step change in power as shown in

Figure 2.20.
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Figure 4.19 Step change of the reactive power at the converter side 1 from 1250 W to 2500 W
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Figure 4.20 Typical line voltage of converter side 1

Current (A )

Figure 4.21 Typical line current of converter side 1

Figure 4.21 and Figure 4.22 show the typical line currents of the converter side 1, the line current
changes from the moment of the active power flow changing ( Ts = 0.3s). From Figure 4.23, it
can be seen that the changing of the active power flow is not affect to voltages waveforms. The
changing of the active power flow causes in changes of the current amplitude and phase shift

between voltage and current as shown in Figure 4.24.

Figure 4.22 Three-phase line currents at converter side 1



Voltage (V)
400

i H ! 5 !

T T
© Vab Vbc Vea:
v ¥ ¥

D R e R § e S S A Feerteseanascnsenaaons et nia s ate e e e e e S e e S ASRTHS O o

E 888 .88 8

Step change —p-
1 oy | 1 1 1 1
0.24 0.26 0.28 03 032 034 0.36
Time (s)
Figure 4.23 Line-to- line voltages waveforms at converter side 1
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Figure 4.24 Typical line current and supply voltage of converter side 1

All of the figures shown below are obtained at converter side 1 of case studied 2, but with
different levels of the active and reactive power flow. As in Figure 4.25, P is kept constant at
about 2500 W and Q steps from 1250 Var to 3750 Var. The active power flow changes slightly

when the step is applied and then it becomes steady again after about 0.05s.

Active power ( W ), Reactive power ( Var )
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Figure 4.25 Step change of the active power at the converter side 1



From Figure 2.26, it can be seen that the dc voltage is constant equal to the set reference value.
But it drops during the step change of reactive power flow and recovers again after about 0.04s.
One more thing that we can see is that the current phase angle is shifted from the moment of

reactive power changing (Figure 4.27 and Figure 4.28)
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Figure 4.26 Dynamic response performance with step change in power flow
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Figure 4.27 Typical line current and supply voltage of converter side 1
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Figure 4.28 Typical line current of converter side 1



Figure 4.29 shows the changes of three-phase line currents after step change in power flow. And
Figure 4.30 shows the PWM current spectra at converter sidel; it is clearly that the current

waveform is nearly sinusoidal wave with THD of 1.50 %.
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Figure 4. 30 PWM current spectra at converter side 1
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Figure 4.31 presents the PWM line-to-neutral voltage waveform at converterl and Figure 4.32

presents PWM phase voltage waveform and its corresponding harmonics.
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Figure 4.31 PWM line-to neutral voltage waveform at converter side 1
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Figure 4.32 PWM line-to neutral voltage spectra (switching frequency of 5 kHz)

4.2.2.2 Converter side 2 (receiving side)
The measured active power and reactive power levels at the converter side 2 are
slightly dropped due to transmission impedance and converter absorptions as shown in Figure

4.33. Similarity figures are obtained at the study case 1 in this chapter.
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Figure 4.33 Step change of the active power at the converter side 2
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Figure 4.35 Three-phase line currents at converter side 2



The changing of the active power flow causes in changes of the current amplitude and phase shift
between voltage and current as shown in Figure 4.34 and Figure 4.35. ). From Figure 4.36, it can
be seen that the changing of the active power flow is not affect to voltages waveforms. Figure

4.37 presents PWM voltage spectra at converter side 2 with THD=75.98%.
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Figure 4.36 Line-to- line voltages waveform at converter side 2
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Figure 4. 37 PWM voltage spectra at converter side 2
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Figure 4.38 PWM line-to neutral voltage waveform at converter side 2

Figure 4.38 presents the PWM line-to neutral voltage waveform at converter side 2 and it can be
seen that the fundamental voltage reduce and the number of pulses increases to meet the step
change (T, = 0.3s) of reactive power flow.

Figure 4.39 shows the step change of the reactive power flow in converter side 2
( receiving side) with initial rate of -1250 Var and then it steps to -3750 Var at Ts = 0.3s. It takes
about 0.015s to reach the reference value. The active power flow, which is transmitted from
converter 1 to converter 2, changed slightly when the step is applied and then it became steady

again after 0.05s.
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Figure 4.39 Step change of the active power at the converter side2
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Figure 4.40 Typical line current and supply voltage of converter side 2
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Figure 4.42 Line-to- line voltages waveform at converter side 2

Figure 4.40 and Figure 4.41 show the changes of the line currents due to the step change of
reactive power flow. The amplitude of the currents is changed and the phase angle between
voltage and current is shifted. But the Line-to- line voltages waveform is maintained as shown in

Figure 4.42. From Figure 4.43, it can be seen that the current sidebands appear at multiple of



switching frequency (5 kHz, 10 kHz, 15 kHz, etc.), the current waveform is nearly sinusoidal with

THD = 1.52%.
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Figure 4. 43 PWM current spectra at converter side 2
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Figure 4.44 PWM phase-to neutral voltage waveform at converter side 2



Figure 4. 45 PWM voltage spectra at converter side 2

Figure 4.45 presents PWM phase voltage waveform and corresponding harmonics. Harmonics

appear at multiple of switching frequency (i.e. 10 kHz, 15 kHz, 20 kHz, 25 kHz, etc.).

4.2.3 Case Ill: Different voltage and different frequency

All simulations have been performed according to Figure 4.1, the ac system voltages
at both sides are 220V and 110V, respectively. The rated dc voltage is 500V, the set reference
value of the dc voltage is 500V, the line inductance are 5000mH, the switch frequency used in the
VSC is 5kHz, the fundamental frequency of converterl is 50Hz and the fundamental frequency of
converter2 is 60Hz. Two dc capacitors are S000pF. The same control strategy as in case studied 1
is also implemented here.
The control strategy is :

e converter 1 controls dc voltage and reactive power.



e converter 2 controls the active power and reactive power.
4.2.3.1 Converter side 1
The Figure 4.46 shows the curve of power transmission from converter side 1 to
converter side 2, the reactive power is kept constant at about 2800 Var, meanwhile the reactive
power is changed at T, = 0.3s from 2000 W to 4000 W. The reactive power slightly changes

during the step change of P and it recovers again after about 0.02s.
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Figure 4.46 Step change of the active power at the converter side 1
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Figure 4.47 Typical line current of converter side 1

Figure 4.47 shows the typical line current of the converter side 1, the line current slightly
changes its amplitude while the reactive power is stepping up at T, = 0.3s. Figure 4.48 also shows

the changes of three-phase line currents due to the step change in power flow. Figure 4.49

presents the line-to- line voltages waveforms at converter side 1, there is no any changes in



voltage waveform during the step change. From Figure 4.50, it can be seen that the phase shift

angle between voltage and current is larger in case of P<Q, but it is smaller in case of P>Q.
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Figure 4.48 Three-phase line currents at converter side 1
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Figure 4.49 Line-to- line voltages waveforms at converter side 1
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Figure 4.50 Typical line current and supply voltage of converter side 1



Figure 4.51 and Figure 4.52 presents PWM phase voltage and corresponding harmonics.

Harmonics appear at multiple of switching frequency (i.e. 5 kHz, 15 kHz, etc.)
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Figure 4.51 PWM phase-to neutral voltage waveform
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Figure 4.52 PWM phase-to neutral voltage spectra (switching frequency of 5 kHz)



Figure 4.52 PWM phase-to neutral voltage spectra (switching frequency of 5 kHz)
Figure 4.53 presents the PWM current spectra at converter side 1, the current waveform is nearly

sinusoidal with THD = 2.84%.
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Figure 4. 53 PWM current spectra at converter side 1

All of the figures shown below are obtained at converter side 1 of case III, but with different
levels of the active and reactive power flow.  The Figure 4.54 shows the curve of power
transmission from converter side 1 to converter side 2, the active power is kept constant at about
2800 W, meanwhile the reactive power is changed at T, = 0.3s from 2000 Var to 4000 Var.
From the graph, it can be seen that the real power slightly changes at the moment of reactive
power flow step change. It recovers again after about 0.05s. Figure 4.55 shows the disturbance
of reactive power step change. The phase shift between voltage and current due to the reactive

power step change can be seen in Figure 4.56.
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Figure 4.54 Step change of the reactive power at the converter side 1
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Figure 4.55 Dynamic response performance with step change in power flow
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Figure 4.56 Typical line current and supply voltage of converter side 1
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Figure 4.57 Typical line current of converter side 1
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Figure 4.58 Three-phase line currents at converter side 1

Figure 4.57 shows the typical line current of the converter side 1, it can be seen that the line
current after step change is slightly shifted and the current amplitude is changed. Figure 4.58 also
shows the changes of three-phase line currents due to the power changes. Figure 4.59 shows the
PWM line-to-neutral voltage waveform, It can be seen that the fundamental voltage reduce and
the number of pulses increases to meet the step change in power flow. Figure 4.60 presents PWM
phase voltage waveform and corresponding harmonics. Harmonics appear at multiple of
switching frequency (i.e.5 kHz, 15 kHz, etc.). Figure 4.61 presents the PWM current spectra at

converter side 1, the current waveform is nearly sinusoidal with THD=4.27%.
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Figure 4.59 PWM phase-to neutral voltage waveform
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Figure 4.60 PWM phase-to neutral voltage waveform at converter side 1
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Figure 4. 61 PWM current spectra at converter side 1

4.2.3.2 Converter side 2
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Figure 4.62 Step change of the active power at the converter side 2 from -2000 W to -4000 W



The measured active power and reactive power levels at the converter side 2 are slightly
changed due the step change of power transfer as shown in Figure 4.62. Similarly to figures

at the previous study cases are obtained here.
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Figure 4.63 Typical line current and supply voltage of converter side 2
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Figure 4.64 Three-phase line currents at converter side 2

Figure 4.63 and Figure 4.64 show the changes of currents from the moment of the active
power changing. The line-to- line voltage waveforms at converter side 2 maintained sinusoidal as
shown in Figure 4.65. Figure 4.66 presents PWM phase voltage waveform and corresponding
harmonics. Harmonics appear at multiple of switching frequency (i.e.5kHz, 10 kHz, 15 kHz,

20 kHz, 25 kHz, etc.).
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Figure 4. 66 PWM voltage spectra at converter side 2
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From Figure 4.67, it can be seen that the fundamental voltage reduce and the number of pulses
increases to meet the step change (Ts=0.3s) of power flow. Figure 4.68 presents the PWM current

spectra at converter side 2, the current waveform is nearly sinusoidal with THD=1.26%.
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Figure 4.67 PWM line-to neutral voltage waveform at converter side 2
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Figure 4.68 PWM current spectra at converter side 2
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All of the figures shown below are obtained at converter side 2 of case III, but with different
levels of the active and reactive power flow. The measured active power is slightly changed due

to the step change in power flow as shown in Figure 4.69.
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Figure 4.69 Step change of the reactive power at the converter2 side from -2000Var to -4000 Var
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Figure 4.70 Typical line current and supply voltage of converter side 2

Figure 4.70 shows the phase shift between voltage and current and the change of current
amplitude due to the step change of power flow. Figure 4.71 and Figure 4.72 present the changes
of one typical line current and three-phase line currents at converter side 2 according to the step

change of power flow. But the line-to- line voltages waveform as shown in Figure 4.73 maintain.
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Figure 4.71 Typical line current of converter side 2
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Figure 4.72 Three-phase line currents at converter side 2
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Figure 4.73 Line-to- line voltages waveform at converter side 2
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Figure 4.74 PWM phase-to neutral voltage waveform at converter side 2
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Figure 4. 75 PWM voltage spectra at converter side 2
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Figure 4.66 presents PWM phase voltage waveform at converter side2. Harmonics appear at

multiple of switching frequency (i.e.5kHz, 10 kHz, 15 kHz, etc.) as shown in Figure 4.75.
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Figure 4. 76 PWM current spectra at converter side 2

Figure 4.76 presents the PWM current spectra at converter side 2, the current waveform is nearly

sinusoidal with THD=1.23%.

4.2.4 Case IV: The same voltage and frequency with high DC-link voltage
All simulations have been performed according to Figure 4.1, the ac system voltages at
both sides are 220V. The rated dc voltage is 1200V; the fundamental frequency of the ac
systems is 50Hz. Other elements of the systems are the same as in the previous cases.
4.2.4.1 Converter side 1

The Figure 4.77 shows the curve of power transmission from converter side 1 to



converter side 2, the active power is kept constant at about 4150 W, meanwhile the reactive
power is changed at Ts = 0.25 s from 3000 Var to 6000 Var. During the transient time, the active

power slightly changes due to the disturbance of reactive power step change.
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Figure 4.77 Step change of the reactive power at the converter sidel from 3000W to 6000W
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Figure 4.78 Typical line current and supply voltage of converter side 1
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Figure 4.79 PWM phase-to neutral voltage waveform at converter side 1



Figure 4.78 shows the typical line voltage and current of the converter side 2, the line current
slightly changes while the reactive power is stepping up at Ts = 0.25 S and the current amplitude
increases. The PWM line-to-neutral voltage waveform shown in Figure 4.79 is the voltage
measured between the corresponding phase voltage near converter and neutral point. It can be
seen that the fundamental voltage reduce and the number of pulses increases to meet the step

change of power flow.
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Figure 4. 80 PWM voltage spectra at converter side 1

Figure 4.80 presents PWM phase voltage waveform at converter side 1 and its corresponding

harmonics.
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Figure 4.81 Three-phase line currents at converter side 1
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Figure 4.82 Dynamic response performance with step change in power flow

From Figure 4.81, it can be seen the phase shift angle between voltage and current due to the step
change of power flow. The DC-link voltage of the system shown in Figure 4.82, slightly drops at
the moment of the reactive power step change. It becomes steady again after 0.04 S. It can be
concluded that the DC-link controller works well. Figure 4.83 presents the PWM current spectra

at converter side 1, the current waveform is nearly sinusoidal with THD = 5.44%.



Figure 4. 83 PWM current spectra at converter side 1
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Figure 4.84 Step change of the active power at the converter side 2
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The measured active power and reactive power levels at the converter side 2 as shown in
Figure 4.84 are slightly changed due to the step change of power transfer. Similarity figures to
other cases are obtained here. The changing of the reactive power flow causes in changes of the
current amplitude and phase shift between voltage and current as shown in Figure 4.85. The
changes in three-phase line currents at converter side 2 because of the step change in power flow

are shown in Figure 4.86.
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Figure 4.85 Typical line current and supply voltage of converter side 2
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Figure 4.86 Three-phase line currents at converter side 2

Figure 4.87 presents PWM phase voltage waveform at converter side 2 and its corresponding
harmonics. Figure 4.88 presents the PWM line-to neutral voltage waveform at converter side 2
and it can be seen that the fundamental voltage reduce and the number of pulses increases to meet

the step change (T, = 0.25s) of power flow.
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Figure 4.88 PWM phase-to neutral voltage waveform at converter side 2

Figure 4.89 presents the PWM current spectra at converter side 2, the current waveform is nearly

sinusoidal with THD = 5.46%.
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Figure 4. 89 PWM current spectra at converter side 2

4.3 Summary
This chapter presents Simulink Matlab implementation of the VSC between two grids. Four

study cases are investigated in this chapter. As described before, the VSC control strategies can
be varied regarding different objectives. The control strategy is used for simulation as bellows:

e Converter 1 controls dc voltage and reactive power.

e Converter 2 controls reactive power and active power.
From the simulation results, it is verified that

e VSC can control both active and reactive power independently.

e Due to the use of the PWM the high quality ac voltages (Figure 4.14) and ac currents
(Figure 4.13) can be obtained from the source sides, and the harmonics caused by disturbances in

the power system are reduced compared with thyristor converter as described in chapter 2.
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Chapter 5

Conclusions and suggestions.

5.1 Conclusions
A model of a PWM VSC Controlled Power Transfer for HVDC Applications and vector
control strategies are presented in this thesis. Four study cases were investigated. This control

strategy is described and implemented in SIMULINK/MATLAB.

5.1.1 Control system

Using pulse-width modulation (PWM) for voltage-source converters enables independent
control of real and reactive power within the equipment limits. The HVDC control objectives and
schemes will change significantly because of this. Different kinds of controllers can be used
depending on the application. A decision on which controller to use may require advanced power
system study. But the active power flow through the dc link must be the same with both
terminals, the dc voltage controller is necessary to achieve this balance.

The control system of the VSC-HVDC is based on DC-link voltage control loop controlling

the dc voltage and current control loops controlling the active and reactive power flow.

3
In the sending side of the system, the reference value (¥, ) for the DC-link voltage control

is set directly to the DC-link voltage control loop (inner loop) as shown in the vector control

t
structure for VSC in chapter 4. To control the reactive power, the reference value (7 4 ) is set

directly to the reactive control loop (outer loop). And at the same time in the receiving side of the

system, the reference value (i; ) and the reference value (i; ) for controlling P and Q, are set
directly to active and reactive control loops respectively. The validity of the proposed control has
been confirmed in MATLAB/SIMULINK.

From the simulation results, it is concluded that the system response is fast; control accuracy
can be achieved and high quality ac voltages and ac currents can be obtained. The active power
and the reactive power can be controlled independently. But fast transient variations of the

operating point of the converter may cause transients in the dc voltage.
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5.2 Suggestions

As described before, VSC distribution and transmission have some disadvantages, which
include potentially high losses and costs, but the technology continues to evolve. To further
assess the potential and limitation of VSC distribution and transmission for industrial power
systems, a number of possible applications and advancements in the VSC technology are
required.

For the case studies, the level of system voltages must be set to be much closed to the level
of the real system voltages with bidirectional controlling technique. All of transmission line
parameters must be included.

It is necessary to establish an ac controller for the ac side, the frequency control and other
controllers to protect the system from faults also should be implemented. Keeping the dc voltage
constant in the sending side is very importance for power transfer processes.

As not all of device parameters were implemented in this model, it is also necessary to take in
to account some conditions for improvement this model such as:

e Blanking time effect. The blanking time prevents the upper and lower switched devices
in the same leg of converter from short circuit. In this work, the model converters have
ideal characteristic. However, in practice they have some delay time of banking.

o Snubber effects to reduce the switching losses and current spikes.

o DC filter, the filters are needed to take care of the harmonics generated on the dc end

e Minimized rated dc capacitor in terms of the cost reason.
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Abstract— In this paper, a model for PWAM Voltage Source
Converter (VSC) Controlled Power Transfer has been
developed. A vector control strategy with PI controllers is
propesed. This paper studied the PWM Voltage Source
Converter connected 10 an active ac network with vector
control strategy. PWM pattern generation Is based on a
carrier technigue. The instantancous 3-phase voltages and
currents are transformed to a 2-axis (d-q) reference frame
system [1] which rotates at the supply angular frequency
(@, ). Thus it is possible to have decoupled control of the
active (F) and reactive (Q) power flow and it is necessary
to develop a mathematical model for VSC to determine
controlling variables, The design and the performance of
controllers are investigated. Digital simulation shows the
feasibility of the proposed control strategy.

L INTRODUCTION

In recent years, voltage source coaverter technology has
made 2 great progress through the development of high power
seif-tumn off fype semiconductor devices. The rating for
converter of this type in practical application has already
reached as a high B of its tage over the line
commutated type in performance characteristics and
compactaess, various applications of the voltage source
converter have been developed and researched [2].

In this paper, a model for PWM VSC Conirolled Power
Transfer is developed. The comtrol variables based on
mathematical model are determined and vector control
strategy is proposed.

Under steady state conditions, the 3-phase quantities when
expressed in the synchrononsly rotating frame become do
quantities. If one of the axes (usuafly) the d-axis arbitranily
aligned with supply voltage vector, then the d and q axis
supply current components avtomatically represent the active
(P) and the reactive (Q) power flow respectively.

Thus it is possible to have decoupled control of the active

and reactive control.
The DC-link voltage controlier sets the active power demand
whereas the reactive power demand can be set by an outer
reactive power controlles or by the required displacement
angle between the phase cusrent and voltages.

Therefore, the main advantages of the vector control
technique are the direct control of the active and reactive
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power flow in the converter during transient, steady state and
the fast dynamics of the curyent control loops.

Additionally, the current controllers deal with de quantities
which, using PI coantrollers, ensures zero current ervor in
steady state. These are the main reasons for selecting the
control strategy for the implementation of the VSC. The
validity of proposed model and control atrategy has been
verified by digital simulation using spplication SIMULINK
MATLAB 6.5.

IL SYSTEM CONFIGURATION

ST

Sy
AL
Bw

F G

Fig. 1. Schematic diagram of a three-phase voltage source coaverter

The system configuration of the VSC connected to an ac
neftwork is shown in Fig. 1. The 3-phase supply voltages are
Vatn Ve and the 3-phase converter voltages are vy),vy) and ve).
The PWM contro} block is adopted to control IGBT, this
control not only can manage the active power, but also
reactive power, allowing this type of VSC to correct power
factor.

II. VSCMODEL ANDITS VECTOR CONTROL

STRUCTURE

According to Fig. 1, assuming ideal commutation and
neglecting the effect of current barmonics, the equations that
model of VSC can be derived as follows. Considering that
Var,Vap and Vi) are the fundamental voltages per phase at the
input of converter, the following equation can be written:
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1 5 =R f) +L-E- i+ Y1 (l)
Ve ie Ie ¥e1

From the reference frame transformations, stationary ABC
reference frame to stationary reference frame for voltages
are{3]:

3
Vo =YV, +—'J5-—Yu (3}
3
Veryvk ®
and for currents are:
i -3.1

fﬁ"%f’ =i G

And stationary aff reference frame to rotating d-q reference
frame for voltages (and currents) ase :

vg --:—{vamx g -v gsin 6)

©)
U

where & is the angle position of the d-g reference frame. The
scaling factor k is introduced so that the dg variables are
scaled to bave the same amplitude as the rms phase quantities
as follows:

ve =iy goo: 84v g stn 8)
f 3 A

For the voltages:
: __;_42' for Delta Connection ~ and

s _3_46‘ for Star Connection.

For the currents:

r-3d

2
' -%6
Using the transformation given above, equation (1) can be

transformed into a synchronously rotating (angular frequency,
©,) d-q reference frame, 10 yield the following expressions:

for Delta Consection and

for Star Connection.

di, .
V4 =Ril +L#- @Iﬁ +Va

®)
diy
Vg -m’ +LT+&),I)} e )
and the following equivalent circuit is obtained as shown in

Fig. 2.
Using the scaling factor for the transformations as shown
above, iy is given by:

v, +i vy
AL 1
1‘_.,3‘_‘,05_ 10

The expressions for the active and reactive power flowing
from the supply to converter are given by:

P=3v4, +v,i) an

12

If the d-axis of the reference frame is aligned along the
supply voltage vector position, vy is zero and since the
amplitude of the supply voltage is constant, v¢ is constant.
Therefore the active and reactive power flow from the supply
to converter will be proportional to /g and fg respectively.

@ =3(v,i, +v,i,)

Vs g S I
», X ¥
i gk FT ®

Fig.2. VSC equivalent ciscuit in d-g coardination.

To calculate the supply voltage vector position &. the 3-
phase voltages are transformed to a stationary 2-axis («,8)
reference frame as described above to give:

s
=arctm
f Y,

(13

Dy = d_?}._. (14)

dr

where Vg Vg e the supply voltage components.

Neglecting the losses in the filter resistance and the DC-link
(ie. va= vz and vy= vg=0) the following relations can be
written:

Ppia = ais (15
27V {16)
my ot
Yp
s S%.]i‘ (17)
T2y, as
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where m) is the PWM modulation index for convester. From
(15)(18) it is seen that the DC-link can be controlled by ig.

3

]
22

e 32

i

fitng sy

Fig. 3. Viector control structuxe for VSC

The control scheme thus utilizes current control loops for iy
and iy, with the iy demand being derived from the DC-link
voltage error throngh a standard Pl conteoller. The design of
the vector countrol structure for VSC shown in Fig. 3.

IV. CONTROL LOOP DESIGN
Considering equation (8) and (9) with the d-axis of the
reference frame align along the supply voltage vector position,
the following relationship can be written:
di,

v, =Ri, +.L—;17-— @,Lig +vy 19
. di, .
0=R!'+L-;-+Q,Lx,+vgl 20)

In order to decouple the d and g axis, equation
compensation terms are introduced by defining:

Vdl =-Vd +( DLy +v4) o))
vql had 'vq '((’)‘L,d) (22)
to give
. di g
Vg = Ri d + L T (23)
. “di
ve =Rig +L-ﬁ— 4
Or
Fs) =dals) _ fgfs) 1
4 va(s) ve(s) Ls +R 25)

A PI current control loop is used to determine the demand
values for v', and v; .
The actual values for v;, and v;l are given by:

. .
Vil =g +(@lly +vg) 26)
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. .
Vgl = Vg -(@,lig) en
and are then transformed to provide the 3-phase modulating
waves ( v%; ,v% and v%; ) for the PWM generation . The
PWM generator employs a SkHz casrier frequency regular
asymmetric regular sampling PWM strategy. The line
inductor used in the simulation has a value of SmH/phase.

A. DClink voltage controller design

The design of the DC.link voltage controller follows
directly from equation (15)-(18) and the transfer fonction of
the plant is given by:

Vpls) _ 3mi @9
lafs) 2820

The closed loop block diagram for the DC-link voltage
controlf4] is shown in Fig. 4. In which Jp is represented as 2
disturbance.

Fig 4. Block diagram of the DClink Voltage control foop

From Fig. 4, the characteristic equation for the DC-link
voltage controfler is given by:

2 3myx, 3x,a,m
s -—%.—s —72._L-o
» 242¢ y 22¢

The controlier parameters are given by:

29)

4-2¢c¢o
L, = oN2iC304
. 3![1 (30)
. 2J2_aze 1
4 3myk, éh

B. Current loop controller design.

The design of the PI curmvent costroller[5] follows directly
from (24). The closed loop block diagram for the current
control is shown ia Fig_ 5.

I
GRS Ry T ey N8

i v i,
- PRt Al = |
= B

Fig. 5. Block diagram of the crerent control loop
From Fig. 5, the characteristic equation for the current
controller is given by:
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s2 4 R+Ll’ S+ KLEa, 0 (32

K, =20 L-R (33)
o

a, - —H—— (D)

A standard design procedure can be applied to the block
diagram of Fig. 3.

V. SIMULATION RESULTS

The controller gains are initially calculated by equations
(28)-(34). A design for a closed loop natural frequency and a
damping ratio, (=0.707, has been chosen. To control the
reactive power, [;* has been controlled. Fig. 8 shows the
results at different load.

] 1 - ] » o 4 % =
Fig. 6. Typical line cixrent and supply volage (inverting)
Vz2:300Vidiv, 1a: 10A/div.

s m 20 n @ ] 0 me

Fig 7. Typical line cusrent and supply voltage (rectifying)
Vax: 300Vidiv, Ba: J0A/div

Ve

Fig & Steady state performance

<

2

® N ms
(Vp =100V/div).
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i 2 H i i

* B B N @ s w

Fig 9. Sirmlation result of I* in the VSC.
Va2 100Vidiv, a2 SA/dv, /* A

V1. CONCLUSIONS

A model of the PWM Voltage Source Converster Controlled
Power Transfer is developed by using the d-g transformation.
The characteristic equation of the coatrol loops is second
order. The controller gains are chosen based on the natural
frequency and damping factor. The simulation results show
that the line corrent can be calculated to be in phase or out of
phase by coatrolling the reactive power. The DC-link voltages
maintained while the load has changed.
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Appendix B

Application Software: MATLAB 5.6.0 180913a Release 13

valpha [

Gain

Product
cosui1)
Fen3
i -
)
Productt
Fent
> X
Product3
sin((u[1D)
Fend
vD
D> A
vbata
Gain1 Product2
)
Fen | costul1D) theta
Fend

Figure 1.1 Simulation block of V, and V,,



ialph
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Figure 1.2  Simulation block of I jand I,
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Figure 1.3 Simulation block of converter sidel
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Figure 1.4 Simulation block of VSC-HVDC systems

Study case 1:

Three-phase ac source 1:

Peak amplitude (V): 220*sqrt(2)

Frequency ( Hz ): 60

L, 3 Phase (H ): 5e-3

Converter 1: 6 IGBT with an anti-parallel diode
Three-phase ac source 2:

Peak amplitude (V): 110*sqrt(2)

Frequency ( Hz ): 60

L, 3 Phase (H ): Se-3

Converter 2: 6 IGBT with an anti-parallel diode

Study case 2:

Three-phase ac source 1:

Peak amplitude (V):110*sqrt(2)

Frequency ( Hz ): 60

Lg 3 Phase (H): Se-3

Converter 1: 6 IGBT with an anti-parallel diode

Three-phase ac source 2:
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Peak amplitude (V): 110*sqrt(2)
Frequency ( Hz ): 60
L, 3 Phase (H): 5e-3

Converter 2: 6 IGBT with an anti-parallel diode
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Denotations

G1-G6 IGBT

Cp DC-link capacitor

V. Actual dc voltage

V.1 Vi Vo, AC voltage at the inverter side

V,, V,, V. Three-phase supply voltages

Vp >V, DC voltage

V.sVesB., Phase-to-phase ac voltages

ipiyi, AC currents

®_ Supply angular frequency

®, Natural frequency

€ Damping ratio

Vo Stationary voltage

VB Stationary voltage

Iy Stationary current

Ig Stationary current

D, d D-axis ( rotating reference frame )

Q, q Q-axis ( rotating reference frame )

V, Voltage in rotating d-q reference frame (d-axis)
V. Voltage in rotating d-q reference frame (g-axis)
K Scaling factor

I, Current in rotating d-q reference frame (d-axis)
Iq Current in rotating d-q reference frame (d-axis)
V*4s V¥ Actual values

R Load resistance

L AC line inductance

I,. DC supply current of the DC-link voltage

Vg1, V,, Compensation values

V*,.:V*1, V¥, Three-phase modulating waves

0, Supply voltage vector position
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f, Carrier frequency

f, Fundamental fequency

m, Modulation index

P Active power

Q Reactive power

T One cycle period of the network fundamental frequency

Ts Sampling period of the control system
*
V;, Reference value of the DC-link voltage

*
1, Reference value of the active power

*
1, Reference value of the reactive power

Abbreviations

IGBTs Insulated Gate Bipolar Transistors
PWM Pulse Width Modulation

VSC Voltage source converter

ac or AC Alternative Current

dc or DC Direct Current

HVDC High voltage direct current

VSC-HVDC Voltage source converter based High voltage direct current
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