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Summary

This report documents laboratory testing of multi-terminal HVDC system in down-scaled
model. Testing will be conducted using theory from [1]. First, analytical method for
solving DC power flow is introduced and explained. Power flow equations are set up and
implemented by means of admittance matrix and Newtons method. Second, laboratory
test set-up is presented. Necessary components for steady state tests are described
and control and monitoring system is developed. Third, steady state test results are
presented and compared with analytical solution of DC power flow. Finally, conclusions
on the results and further work are discussed.

Analytical method consists of simple DC power flow equations. Newtons method is
explained and Matlab code for finding the solution using iterations is presented. Some
simplifications for lower number of power flow equations are made and justification for
them is given.

Laboratory test set-up consists of existing and new equipment. Existing equipment
will be described briefly and references to relevant documents are given in the following
chapters. Missing components in the system were ordered, custom-made or created in
conjunction with the two. New equipment is introduced and any further improvements
in making the model more realistic are suggested.

Control system for the laboratory test set-up is presented. Existing components in
the control system are described together with the description of the signal processing
methodology. The structure of controlling the system, as used in the laboratory, is
presented and user interface for controlling and monitoring the system is shown. A user
interface program is described and code is given.

Testing was conducted in organized manner adding the complexity to the test set-up
gradually. Tests are presented so that every next test scenario would have something
in common with the one before making the change in outcome easier to observe. Com-
ments on the expected and laboratory values are given, whereas possible reasons for
inconsistencies in the results are discussed.

Work on building up a laboratory test system for studying dynamic changes in MTDC
systems was started. Results are presented in the second part of the report. Further work
for setting up mode true-to-real model of MTDC system is discussed. Any improvements
on the existing hardware and software are brought out.
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1 Introduction

1.1 Motivation

In the recent years, attention to renewable energy resources has been increasing due to
the ever-growing energy demand and decreasing reserves of fossil fuels. The interest in
renewable energy has increased particularly in Europe, where geopolitical situation and
the lack of conventional energy resources have led the area to invest in sustainable and
local sources of energy.

Among renewable energy resources, wind power has been considered as a sustainable
and efficient way of covering a great share of Europe’s energy demand. For decades, a
number of onshore and coastline wind power facilities have been established, resulting
in growing share of wind energy in Europe’s energy portfolio. European Council has
targeted generating 20% of its energy from renewable resources by 2020 as a part of
the energy policy. Incentives are created to motivate research and industry continuing
their work towards developments in the sector. All that shows the general direction
of Europe’s energy policy, regardless of whether the goals set by 2020 are feasible or
not. Furthermore, by the year 2050 European Commission has targeted reducing energy
related C'Oy emissions back to 1990 level resulting in 85 % decrease [3].

Onshore wind energy has, however, come to limits with rather densely populated areas
having a great deal of opposition to nearby wind farms. In addition, more stable and
higher velocity of offshore wind entice research and industry focusing to offshore develop-
ments. Wind farms, that are relatively close to shore (50 km) are connected to mainland
via AC transmission systems. For longer distances, AC systems become economically
inefficient due to reactive current compensation in the transmission line. Subsea AC lines
longer than 70-100 km HVDC systems become economically less feasible [4], limiting the
distance between generation and mainland.

Multi-terminal HVDC systems could improve the overall cost, reliability and function-
ality even further [5]. An advanced MTDC grid would enable connecting different areas
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over long distances with relatively low losses in the transmission lines, resulting in bet-
ter utilization of renewable energy resources. Combination of North seas wind energy,
Southern-Europe’s solar power and hydro power in Mid-Europe and Norway enhances
the efficiency of renewable energy utilization.

1.2 Voltage source converter

Multi-terminal HVDC grids could, in theory, be based on current source converters (CSC)
or voltage source converters (VSC). CSCs, also referred as line-commutated converters
(LCC), have existed for decades and their operation is well-known. Control of LCC
relies on the AC side voltage. The fact that only turn on of the switching elements in
the converter can be controlled, limits the functionality of the technology. VSCs, on the
other hand, have better controllability, but come with larger losses in the conversion.
Therefore, MTDC system based on VSCs is considered as preferred technology for pan-
European super grid [6].

There are a number of different transistors in the market today. There is a great variety
of semiconductors differing from function, properties and price. Off-the-shelf products
are usually designed so that only some of the parameters are optimized while giving
other parameters less attention. This is caused by the cost-effective mass production
where, in order to be competitive, producers need to have optimization between cost and
performance. Therefore it is very important that customers are aware of the restrictions
before they order a specific component such as semiconductor, for example.

Bipolar junction transistors (BJT) and metal-oxide-semiconductor field effect transis-
tors (MOSFET) are two types of semiconductors that have existed for decades and are
therefore very well-known. Some of their advantages make them still used today in some
applications. BJTs have lower on-state voltage drop and therefore less power dissipation
than MOSFETSs. Moreover, they have higher available current ratings than its counter-
part device. Therefore BJTs are more used in applications where switching speeds are
not very high. Power MOSFETS, on the other hand, are much faster devices since there
is no charge to be removed or injected. Many of the applications that use BJTs are
turning to its newer counterpart due to the need for higher switching frequencies [7].

VSC implement Insulated-Gate Bipolar Transistors (IGBT). IGBTs are fully controllable
semiconductors. Turn on and turn off can be controlled by modifying the gate voltage
of the semiconductor. IGBTs are relatively new power switches and combine advantages
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of both BJTs and MOSFETs. Like MOSFET, IGBT is voltage controlled switch and its
switching requirements are very similar to it. In short, lower on-state losses in IGBTs
are achieved by the use of additional pn-junction in the structure of the semiconductor
device resulting in larger amount of charge carriers. The phenomena is called conduction
modulation and is discussed more detailed in [7].

The discussion above leads to the conclusion that the current between collector and
emitter of the device can be turned on and off regardless of voltages that are applied to
each terminal. That is why VSCs are often referred as self-commutated voltage source
converters. Voltage source converter station is able to commutate even when AC grid is
weak or unable to support reactive power to converter’s AC terminal allowing to control
both active and reactive power independently from one another. This makes it possible,
for example, to provide energy via HVDC link to a system performing a black start.

All of the aforementioned makes it clear that VSC is more practical for offshore appli-
cations. Wind farms, for example, have unstable power output caused by the variable
wind speeds, thus the flexibility of the operation in the DC grid becomes very important.

Majority of point-to-point HVDC connections today are based on LCC technology. The
number of VSC-based point-to-point connections is closing to 15, whereas first multi-
terminal VSC HVDC connection is expected to be finished in Sweden in 2019 [8]. Existing
or planned VSC point-to-point connections can possibly be included into the MTDC
network in the future.

1.3 Outline of the report

The body of this thesis is separated into three parts. Chapter 2 introduces the DC net-
work configuration that is of interest in this report. Analytical solution for computing
active power flow is developed and explained. Relations between resistances, active pow-
ers, DC voltages and DC voltage droops are illustrated. MATLAB code implementing
Newtons method was developed and is showed the chapter.

Practical work on setting up laboratory MTDC model is described in Chapter 3. The
most important components are brought out and relations between the components are
denoted. Software for controlling and monitoring of the test system was developed. A
short description of the code of the software is given in this chapter. Laboratory test
results are presented and compared to analytical model. Reasoning to any unwanted
errors in the laboratory test results is given.
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Chapter 4 focuses on DC breaker testing. Current state of technology on DC breakers is
given and estimations upon possible future developments are denoted. Tests on resonant
DC breaker were conducted and are illustrated and commented in this chapter. Further
work on developing a DC breaker for laboratory use is suggested in the end of the chapter.

Further work on the topic is described in Chapter 5. Suggestions for possible improve-
ments in the laboratory are given. In addition, needed improvements for dynamic stud-
ies are mentioned. Chapter 6 concludes the laboratory testing of multi-terminal VSC-
HVDC. Overall performance of laboratory test set-up is assessed.



2 Analytical solution

In order to evaluate the accuracy of the test results, a mathematical model would have to
be created. This chapter introduces the method as well as its association to the test set-
up. Approach of handling the network configuration in simplified manner is discussed in
the following subsection. This is followed by setting up power flow equations and finally
MATLAB code, implementing the equations, is introduced.

2.1 Admittance matrix

Admittance matrix of the DC network is an essential part of power flow equations in
analytical calculations. The focus of the experiments is to observe the power flow in
MTDC network consisting of three VSCs. At this stage the system is defined as a three-
terminal star-connected network with VSC at each end of the line. In order to simplify
the power flow equations, Y — A transformation was done as illustrated in Figure 2.1.
This reduces the number of nodes in the system resulting in three nodes instead of four.

_A _B8 _c __A B c
E% Eﬁ &%
D Rac

Figure 2.1: Y — A transformation

R,, R, and R, are the resistances between converters and the star point in the DC
network. Chapter 3 introduces the laboratory test system in detail. Resistances in
the star-connected DC network will be defined and explained. Because of the Y — A
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transformation a new relation between line resistances and admittance matrix had to be
derived. Equation 2.1 illustrates the general form of an admittance matrix for multi-
terminal network.

Yo Yo oo Y, "
Yor Yo o0 Yo, | Y= Z Yijs
Y=|. . . =i (2.1)
: : . : Y = —y;:
le Ym2 Tt Ymn ! yj

Diagonal elements are the sum of admittances to its neighbouring nodes. Off-diagonal
elements have negative values of the admittances between the nodes. Admittance matrix
can then be re-written for the three-terminal A-connected network subsequently:

Y Yio Vi
Y = Vo Yar Yag (2.2)
YE’yl }/32 YZ33

As discussed above, network configuration illustrated on the right side of Figure 2.1
is used to set up the matrix. Admittance matrix with respect to R, Ry and R,. is
illustrated in Equation 2.3:

1 1 1 1
Rap Rac Rap Rac
_ 1 1 1 !
Y - Rap Rap + Ry Ry (23)
1 ! 1 1
Rac Rpe Rac Ry

This admittance matrix includes resistances that are not existent in the practical net-
work. In order to express the admittance matrix using resistances from the initial
Y —connected DC network, Y — A transformation has to be performed. Following equa-
tion illustrates the very same matrix with substitute values:

Ry+Re _ R. Ry

RPro RP'ro RPra

_ | __B.  R.tR. _ R,
Y - RPT‘O RP’I‘O RP'ro (24)

_ Ry _ Rq Ra+Ry

RP’V‘O RP’V‘O RP'ro
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where Rp,, = R,Ry + R,R. + RyR.. This form of admittance matrix is used to set up
power flow equations discussed in following section.

2.2 Power flow equations

Power flow equations are set up using substitute network as illustrated in Figure 2.2 and
explained in the previous section. Power flow equations are derived using active power,
DC voltage, DC droop constant and admittance matrix. Elements in the admittance
matrix are calculated using relations from the previous section. General form of DC
power flow equations is show in Equation 2.5.

AC P2
U2
DC p2
DC i i AC
AC i | bc
i 13 |
P1 1 e l P3
U1 . ... Substitute network | Us
p1 p3
Figure 2.2: Three-terminal DC network with substitute arrangement
Py Ui Yiu Yo oo Y| |[Ud
Py Uz Yor Yoo -0 Y Uz
Tl = _ T T (2.5)

For the substitute three-terminal DC grid, the load flow equation is as illustrated in
Equation 2.6.
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Py U Yin Yio Yiz| |Uy
B = Us Yor Yoo Yos| |Us (2.6)
P, Us| |Ya1 Yao Ys3| |Us

All the three VSCs are controlled by DC voltage droop. DC voltage droop is achieved
by combining active power and DC voltage controllers. Relation between active power,
active power reference, DC voltage, DC voltage reference and DC voltage droop constant
is illustrated in Equation 2.7.

P Plref pil(Ul - UlTEf)
PZ = P2ref %(UQ - U2ref) (27)
PS P3ref p%(Uig - U37'ef)

Due to the inaccessibility of active power references in the laboratory setup, Ppef-s
are excluded from the equations. Thus active power inputs into the DC grid are only
dependant on DC voltage references resulting in relation illustrated in Equation 2.8.

Pl p_ll(Ul - Ulref)
Py| = — | 2(U2 = Usrey) (2.8)
P3 %(UB_U?)ref)

2.3 Newtons method

Newtons method is used for solving non-linear algebraic equations. This method uses
iterations, first assuming initial value of the variable being searched, then during the next
iteration, using adjusted value based of the derivative % [9]. Tterations are repeated until
selected convergence criterion ¢ reaches a low value, meaning that enough accuracy is

achieved.

In the given problem, active powers and DC voltages at all three nodes are to be found.
DC droop constants and DC voltage references are determined resulting in 6 variables
and three equations. Using power flow equations expressed by 2.6, following convergence
criteria are obtained (Equation 2.9).
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1
gi = Ui(Un Y + UsYio + UsYis) + p_<U’L — Ulrey) (2.9)

)

Jacobian matrix consisting partial derivatives of convergence criteria with respect to
node voltages is illustrated in the following equation:

Oeq Oeq Oeq
oUy 90Uy  0Us

— | Q2 G2z Oep
J - 8U1 6U2 8U3 (210)

Oes Oesg Oeg
oUy 90Uy  0Us

Voltage values for the next iteration are found as illustrated in Equation 2.11. Con-
vergence function is multiplied with inverse of Jacobian matrix and then the product is
subtracted from previous iteration voltage vector:

U, =U,-J'xe (2.11)

Examples for calculating partial derivatives in the Jacobian matrix are given in Equations
2.12 and 2.13.

681 1
— = 2U,Y; U,Y; UsY; — 2.12
U, 1¥11 + UsYio + 313+p1 ( )
Oe
a_Ulz — U, Yy (2.13)

Matlab code was created to implement the method discussed above. Figure 2.3 illus-
trates the procedure in the program. Droop constants, admittance matrix and reference
voltages are inserted into the operation and they remain unchanged during the execution
of the program. Initial values for DC voltages are 600 V. Based on the con-
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Droop Admittance Initial values for Reference
constants matrix Y U1, U2 and U3 voltages

| | |

A

gi=Ui(U1Yin+U2Yi+U3Yi3)+1/pi(Ui-Uirer) | i=1,2,3

Yes

gi<criterion?

No

J(Diagonal)=U1Yir+U2Yi2+UsYiz+UiYi+1/pi
J(X,y)=Unyy

Unext,iteration=U-J Tleg

Pi=1/pi(Ui-Uiref) i=1,2,3

Figure 2.3: Newtons method for solving three-terminal DC network

vergence criterion it is decided whether another iteration is needed or not, or in other
words, whether the result is close to real value or not. If € satisfies the specified criterion,
then active power is calculated and no more iterations are conducted. If not then elements
in the Jacobian matrix are adjusted for next iteration using analogy from Equation 2.12
for diagonal elements and Equation 2.13 for off-diagonal elements.

Matlab code, implementing the method, is illustrated in Appendix D.

10



3 Steady state testing

3.1 Laboratory set-up

This section describes the laboratory test system. All parts of the DC network are
brought out here and values for the components are calculated or given on the basis of
experimentally found values. Some components were custom-made just for the project,
while others have been developed over the years in collaboration with ongoing projects

that Sintef Energi AS and NTNU have had.

In the laboratory testing, a number of simplifications are made, among them using lower
voltages. Down-scaling of the system was handled and discussed in [10] where preferred
values for different measures were calculated. These values, however, can be adjusted
in the following argumentation, whereas the change in these values is brought about by
additional information obtained during the set up.

Effects of the simplifications are discussed after the testing together with the results.

3.1.1 Description of laboratory VSC

Parhaps the most important components in testing multi-terminal DC grid are voltage
source converters (VSC). This section introduces the VSC that was used in the laboratory
set-up. More detailed information about the VSC is given in memo [11]. The memo
includes specific information about the VSC and it various applications, properties and
parameters.

The VSC used in the laboratory is designed for low voltage applications. Acceptable AC
voltage level is up to 400V whereas DC voltage can be 750 V at its maximum. Rated
power for the converter is 60 kVA and it is designed for various applications. All these
applications are not handled here and only relevant data is given.

11
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A{@ {@{ JANNVANNVAY

B

8o -

e || 2R3 | R

Figure 3.1: Principal layout of laboratory VSC

Figure 3.1 illustrates the general construction of the laboratory VSC. Inverter module
and filters are the main parts of the converter. On the left hand side of the figure LCL
filter is shown. Converter is connected to the grid via the filter for protecting converter
from sudden current and voltage transients. The rest of the figure represents a pre-made
inverter module consisting of IGBT bridges, DC-link capacitor and rectifier. Dotted
lines are not used in the normal operation of the converter as they become important
for motordrive application, which is not handled in this report.

Inverter module

This part of the VSC is the fundamental component. It consists of 6 IGBT modules,
1 capacitor bank, three-phase input rectifier and a driver board. IGBT modules are
designed for 400A at 1200V. Capacitance between IGBT bridges and three-phase rectifier
is 14 mH. There are two three-phase rectifiers in the laboratory VSC. One of them is a
part of the inverter module and is not used in the current application. The second diode
rectifier is also connected to the DC-terminal with the duty of charging the DC-link.
It is important to have DC-link charged before the connection to avoid a huge inrush
current to the capacitor.

12
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Table 3.1: Inverter module parameters and purpose

6 IGBT modules: 400A and 1200V, perform PWM

Capacitor bank: 14 mF, Stable DC voltage

Three-phase diode rectifier: | Charging DC-link

Driver board: Power supply to gate drivers, protection functions, al-
lowing maximum switching frequency of 6kHz

Filters

The filter that is used in the VSC has two inductors on both side of the capacitors.
Parameters are given in Table 3.2. There are several reasons to have LCL filter in the
VSC. Having LCL filter ensures that high frequency pulse-width modulated voltage and
current wafeforms could not enter the AC grid. It is also critical to have inductance on
the AC side of the capacitor when running multiple converters in parallel. Otherwise
two capacitors from different converters would be short circuited causing high currents
in the AC cables between them.

Table 3.2: VSC filter parameters
Converter side filter inductor L1: | 500 uH
Capacitor C: 50 uF
Grid side filter inductor L2: 200 uH

Main contactor and measuring

Main contactor is a three-phase AC switch which is located between AC grid and LCL
filter on Figure 3.1. There are several safety functions regarding the operation of the
switch. If there are some failures in the system, then main contactor (also named as
supply contactor) becomes blocked [2,11]. After engaging the main contactor, charging
circuit is turned on via another set of contactors between AC circuit and charging diode
rectifier. When desired DC voltage level is reached, this circuit turnes off again and

drivers for the IGBTs become unblocked.

Measurements are done in three different locations on the converter. First, current
measurement on the AC side uses three current transducers, one for each phase. They
are located between LCL filter and IGBT bridges. Second, AC voltage measurements

13
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are carried out by LEM trafoshunts which are positioned right at the same point as
the previously mentioned current transducers. Finally, voltage transducers measure the
voltage at the DC side of the converter.

FPGA control board

Vital part of the laboratory VSC is its control system. Physically the control system con-
sists of multiple microcontrollers communicating with each other without any processor.
For time-restricted components FPGA module is used. A LCD display and buttons are
used as user interface for adjusting settings of the converter. User can change parameters
and adjust references depending on the desired operation. The converter control system
is also equipped with CAN interface which enables controlling references remotely, in-
stead of using aforementioned LCD display and buttons. Software part of the FPGA
board is handled in the following chapter whereas detailed information can be found
in [2].

Figure 3.2: FPGA converter controller board
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3.1.2 DC Busbars

In order to connect multiple DC lines at one connection point, custom-made terminals are
used. The purpose of these components is to have well-organized DC terminals allowing
safe and clear overview of the DC grid connections. Each of the busbars have 5 terminals,
whereas three of them are equipped with two measuring instruments; one operates in
common mode and the other in differential mode. Using common and differential mode
helps determining the fault type in the DC network. Busbar is illustrated in Figure 3.3.

Busbar plates are equipped with ground connection. Figure A.2 shows an image of the
DC busbars.

o o o} o
TDCIT TDCZT TDC3T DC4 DC5

Common mode

Differential mode

Figure 3.3: Principal scheme of DC busbars

3.1.3 DC line models

In a complete representation of VSC HVDC grid, DC lines ought to consist of resistances,
series inductances and parallel capacitances forming m-equivalent for receiving the most
accurate behaviour of the DC grid in transient process. In essence, DC grids are more
vulnerable to short circuits due to less inductance in the DC lines. In this report, however,
transients are not of interest and thus series inductances and parallel capacitances do
not have a huge effect on the results. Therefore setting up a DC line model with only
resistances is prioritized.
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Resistive DC line models consist of three resistor units that are series connected and have
parallel set of switches enabling to short any one of them. The values of the resistors are
50m, 100m and 200m, enabling tuning between Om and 350m with 50m steps. DPST
(double pole, single throw) switches were used to bypass each of the three steps. The
model is illustrated in Figure 3.4. Due to its robust layout the switches should only be
operated under no load conditions.

Amper

meter _‘

P1 0,6mQ 50mQ 100mQ 200mQ P2
[N I [ I T T T T T I
11 21 I 1 21 1 21

OoT— | Oo+——- | Oo4—

I | I I
| | | | | |
LN 13 32 a1, 133 4

N1 50mQ 100mQ 200mQ N2

Figure 3.4: Resistive DC line model

Resistive units were ordered without casing. Casings were made so that resistor units
could be mounted in standard-sized cabinet. Bypass connections in the resistor units
were made using 35mm? copper cables with higher insulation temperature withstand
capability. This is vital for long term testing due to the significant amount of dissipated
energy. Resistor banks were designed for currents up to 100A thus in full resistance (in
two pole system) the power P = 700m$ * (100A4)% = TkW. As seen from Figure 3.5 DC
resistors have no top or bottom side of casing which allows stacking multiple DC line
resistors on top of each other and forcing hot air out of the roof of the cabinet. A fan
was added to the bottom of the cabinet so that hot air in the cabinet could be blown
out. The fan is controlled by the speed regulator [11] that uses temperature readings
from the temperature sensor mounted in ceiling of the cabinet.
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Figure 3.5: DC line equivalent resistor: Wiring process

In addition to the three resistor units, there are four DC busbars in the cabinet. Labo-
ratory converters were connected in star using 35mm? copper cables between converters,
busbars and resistor banks. Copper cables between the converters and resistor banks
add extra resistance into the DC network. In order to have as accurate assessment of
the system as possible, resistances in the path between converters and DC network star
point were measured. Table 3.3 illustrates the resistance in the path between converter
and star-point of DC grid.

Table 3.3: Measured resistance between converter and star-point
R, Ry R,
0 m& Case | 92 m§2 74 mS) 50 m$2
50 m§2 Case | 142 mQ | 130 m2 | 98 m{2
100 m§2 Case | 188 m€Q | 172 m§ | 145 m&)
150 m€) Case | 234 mQ | 217 mQ | 189 mS)
200 m€ Case | 281 m€) | 265 m€Q | 237 mf2
250 mf) Case | 330 m£) | 314 m&) | 286 mS2
300 m€Q Case | 372 m&) | 356 mQ | 330 mf2
350 mf) Case | 417 m£) | 401 m£) | 374 mQ2

3.1.4 AC grid connection

Converters were connected to 230/400 V AC grid. Two VSCs were connected to the
system via three-phase transformers. These transformers have equal number of windings
on primary and secondary side resulting in no change in voltage. Transformer data is

shown in Table 3.4.
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Table 3.4: Transformer data

Transformer T1

Transformer T2

Power: 70kVA \ Frequency: 50-60 Hz

Power: 80kVA \ Frequency: 47-63 Hz

Primary: 380V and 108A

Primary: 400 and 118A

Secondary: 380V and 105A

Secondary: 400 and 115A

Cooling: AN | Group: YNyn0

Cooling: AN [ Group: YNyn0

Local grid 1 and local grid 2 were connected to the laboratory supply grid via two 1mH

inductors with rated current of 863 A. Connections between components is illustrated in
Figure 3.6.

Lab supply grid (AC)

L

]

Local grid 1: Local grid 2:

Transformer
2

Transformer
1

l

U

29
. 1
E a’ - =2e] [-=e ]| [=e]
5 [ en| [[: em| |3 em
|28 vsc vsc vsc
& A B c

Two-pole connections
between converters and
Resistor banks

Figure 3.6: Laboratory testing set-up illustration
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3.2 Control and monitoring

This section gives an overview of control system of the laboratory test system. Hardware
as well as developed software is introduced here. The most relevant control theory is
also presented as a part of created software.

3.2.1 Converter control system

Messages

In the previous chapter VSCs were introduced and as a part of these converters FPGA
boards play important role in connecting user interface to converters’ IGBTs in a specified
way. As the converter itself, the FPGA is versatile and could be used in several different
applications [2]. Even tough the converter could fully be controlled using the LCD display
on the front panel, it is desired to remotely send desired references to the converter.
Figure 3.7 illustrates how parameters and references can be inserted to the control system.

References and returned values

—_————— e - T - - e = = = = = — = — — 5

| | | |
| | | |
| | | |
CAN _ 1 _ _| Converter L Converter L Converter L Converter

FPGA FPGA FPGA FPGA

References
and returned
values
Parameters

Front panel

User interface

i

Figure 3.7: Control strategy of laboratory set-up

Parameters are can only be changed from the front panel as these measures need to be
adjusted when converter is not under operation. These values represent conditions in
which testing is conducted. References, on the other hand, can be sent to the system
when it is under operation. These values are variables in the system and depending on
which control strategy is used, they define the dynamic operation of the converter.
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Table 3.5: Relevant parameters and references

Relevant parameters | Active control mode, reactive control mode, control source,
Ireact/Tact ratio, Limit value coupling, rated reg current, I
dq meas filt t, [ reg Kp, I reg Ti, UDC reg Kp, UDC reg Ti,
UDC reg droop, CAN bus enable, CAN bitrate, CAN control
signal ID, CAN status signal ID, CAN message valid time, I
meas, full scale, I trip level

Relevant references | Active reference, active limits, reactive limits, Converter Sta-
tus, Reactive current, Active current, U DC-link, U AC RMS,
PLL frequency

Table 3.5 illustrates the relevant parameters and references inserted from the front panel
and sent via the CAN bus respectively. Information regarding the references is docu-
mented in [2], the purpose of each parameter is described in the LCD display menu.

Controller

Outer current controller, as an essential part of DC droop control, is discussed in the
given subsection. The most typical way of implementing DC droop control is illustrated
in Figure 3.8. This controller is a combination of constant voltage controller and constant
power controller. 74 s is achieved when active power error and modified DC voltage error
are added and put through PI controller. p represents a DC voltage droop, whereas when
the value is set to 0, the controller acts as constant voltage controller. Infinitely large
value of DC voltage droop results in constant power controller.

iy
Pret - e P | Id_ref

Uref ;{I_X U

N

Figure 3.8: Common DC droop controller
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Laboratory outer current controller is somewhat different from the one discussed above.
PI regulator is divided into proportional and integral part. Signal from the integral part
is fed back to the input of PI regulator. This creates an offset in the error resulting in a
droop between DC voltage and active power. In other words, the gain in the controller
becomes finite. Outer current controller used in the laboratory is illustrated in Figure
3.9.

Max
v

KP G, ) Out

Uet € LP "

o 2

1 P Min

Init— Z
Set Init |

Figure 3.9: Laboratory DC droop controller [2]

3.2.2 CAN bus

CAN Bus was first introduced in the second half of 1980-s in automotive industry. Cars
had become more equipped with electronic devices and thus in order to reduce the
amount of wiring a communication system with less parallel lines was desired. A system
as illustrated in 3.7 is an example of CAN Bus implementation. Components in the
system are connected via single or dual-wired scheme and components in the network
are taking turns in sending and receiving messages using CAN protocol [12]. Messages
are sent and received with the certain rate and the speed of communication measures up
to 1Mbit/s enabling fast connection between the modules. In addition, messages sent
over the CAN Bus have ID numbers, whereas lower ID number refers to higher priority
in the protocol.

The FPGA board used in this project [2] is controllable via the CAN bus. This micro-
controller and FPGA device is programmed to receive and send messages to the CAN
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bus interface. Each reference has its own message id code which has to be sent to the
CAN bus together with the desired value. National Instruments USB-8473 device was
used to interconnect PC and VSCs.

ID1

Msg1l ID1 msgidl signalindex valuel
Converter 8 € €

Msg1l ID1 msgidl signalindex valuel reTTTT FPGA Msg3 ID1 msgidl signalindex value 3

Msg2 ID2 msgid2 signalindex value2
Msg3 ID1 msgidl signalindex value3
Msg4 D2 msgid2 signalindex value4

MsgN D2 msgid2 signalindex valueN

User interface D2

Msg2 D2 msgid2 signalindex value 2
Converter Msg4 ID2 msgid2 signalindex value4
FPGA

MsgN ID2 msgid2 signalindex value N

=l
Figure 3.10: Principle of sending CAN messages to the converter

Figure 3.10 illustrates how messages from the user interface are sent to the CAN interface.
Each converter only recognizes messages that have the same ID code and message 1D as
the FPGA board is programmed to receive. Signal index determines which reference in
the FPGA board becomes overwritten with the correspondent new value.

3.2.3 LabVIEW code

National Instruments LabVIEW program was used to create an interface for sending and
receiving messages to the FPGA boards. As described above, this interface had to bundle
messages into 8-byte data before sending them into the CAN bus. In receiving process the
program had to do vice versa, namely unbundle 8-byte messages into 8 8-bit messages.
Moreover, the program had to be developed so that it would be easily adjustable for
the future applications. In order to avoid long and complex codes, similar tasks were
gathered into common subordinate codes (subVI-s) so that any future development of
the code would be easy to new users. This section gives an overview of the developed
software, whereas some proposes for future developments are brought out if further work
chapter.

The starting point of developing the program was FPGA board’s message protocol. In
order to send correct references to the FPGA board as well as receive true values from
it, it was needed to reconcile their protocol. In other words, the program had to be
designed to understand messages from the board as well as send messages to the board
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in an intelligible way. References to the converter are sent one by one and main part

of the process is located in a WHILE loop. Figure 3.11 shows the main structure of
developed code.

DOO0O000000000000O000000000000000000000

000000000000 00000000000000000000000000000000000000000000000000000000000000000000000

Mainloop processes the
writing and reading node sending

Close the Network Interface
and present an error
message, if an
error occurred

N Logaing
F

Input_loop L=EH,
r=

Gutputs
=

10 ms delay to S|
D] | B

Break loop on
error and the
STOP button

Boolean

Boolean

Boolean

..... Boolean

Driver 8 | & Boolean

Record Button |& B

=1

=
OOO0O0O0000000N00 0000000000000 000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Figure 3.11: Main structure of the LabVIEW program

In addition to the WHILE loop, there is one sequence structure and two FOR loops.
Sequence structure is used for enabling the right state of controls in the start-up of the
program. Thus it is a part of safety functions in the program. FOR loops ensure that
all the messages to the CAN bus are sent during one cycle in the WHILE loop. As
stated before, there can only be one message on the CAN bus at the time. Therefore
the number of iterations in the FOR loop is determined by how many references need to
be sent to converter units. For complex control and bulky test systems, this part of the
program could potentially become a bottleneck as some references need to be adjusted
more often than possible with the current set-up. However, if there are only few time-
critical references, then sending the critical-reference multiple times during one WHILE
loop would decrease the severity of the problem.
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At Msg1l ID1 msgidl signalindex value1l At Msg1l ID1 msgidl signalindex valuel At Msg1l ID1 msgidl signalindex valuel

Atg‘Msg 2 ID2 msgid2 signalindex value2 Atg‘Msg 2 ID2 msgid2 signalindex value 2 Atg‘Msg 2 ID2 msgid2 signalindex value 2

AthSg 3 ID1 msgidl signalindex value3 Athsg 3 ID1 msgidl signalindex value3 Athsg 3 ID1 msgidl signalindex value3

g‘Msg 4 1D2 msgid2 signalindex value4 C g\Msg 4 ID2 msgid2 signalindex value 4 C - ngg 4 ID2 msgid2 signalindex value 4

MsgN ID2 msgid2 signalindex value N MsgN ID2 msgid2 signalindex value N MsgN ID2 msgid2 signalindex value N
Cycle nr. 1 in WHILE loop Cycle nr. 2 in WHILE loop Cycle nr. X in WHILE loop

Figure 3.12: Message sending order and time delay in the program

Figure 3.12 illustrates the sequence of the messages sent to the CAN bus. When the
number of messages (N) gets too high, then there is a possibility that N x At becomes
greater than the critical time for some of the parameters in the system. In a complex
system, where some references are critical for controlling the operation, these cumulative
delays could result in system loosing its stability.

User interface for the LabVIEW program is illustrated in Figure C.1. The program
was designed to control the active reference (in this case DC voltage reference) of three
different VSCs via the CAN bus. On the upper-left corner of Figure C.1 general controls
were designed. Determining CAN interface and message sending rate (baudrate) are first
steps of defining the operation of the software. Message sending rate, for example, has to
be synchronized between the program and the FPGA board by simply assigning similar
values to the two.

Input information on the user interface was divided into clusters for better organization
of reference signals in the program code. This avoided having multiple parallel lines
between the segments (SubVI-s) of the main structure illustrated in Figure C.2.

CAN BEGIN

CAN Begin SubVI is designed to open and configure CAN interface before any trans-
mission of data is initialised. Figure C.3 illustrates the blocks used in this SubVI. CAN
interface is named and primary settings are assigned. Blue blocks in this (CConfig and
COpen) and following SubVI-s are predefined in National Instruments LabVIEW CAN

package.
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CAN SINGLE WRITE

Figure C.4 illustrates the CAN Single Write SubVI. This is the most fundamental part of
the program as values for the references and identification codes for the desired measure-
ments are sent to the FPGA board via the CAN bus. Identification code of the converter,
message id, signal index and two status id-s of each CAN message are inserted in the
blue array on the left. Last column of the array is left empty and becomes overwritten
with the values from the input cluster as FOR loop iterations renew each of the value
once in the outer WHILE loop. 24 Different rows in the array ensure that all the relevant
values for this particular application become sent to the FPGA boards. Thus FOR loop
needs to have 24 iterations as one iteration uses one row from the table at the time.

The number of needed sending messages for each converter is 6 resulting in 18 messages
in total (three converters). The total number of desired measurements from the converter
is 9. Two status messages can be acquired in one CAN message whereas one of them is
always used receiving the status bitfield state.

Table 3.6: Messages sent and measurements received

Message
Direction In Message/Measurement
CAN
00 - command bit field, 01 - active reference, 04 - positive active
TO limit, 05 - negative active limit, 06 - positive reactive limit, 07 -
CONVERTER ’ & (T OB DOST ’
negative reactive limit
FROM 0 - Converter Status, 1 - status bitfield, 9 - Reactive current, 10 -
CONVERTER Active current, 11 - RMS current, 13 - U DC-link, 15 - U AC

RMS, 17 - PLL Frequency, 18 - PLL arctan angle

Other 8 measurements from the converter have to share the second slot (4th column in
the array). Thus the length of one WHILE loop is 24 FOR loop iterations. Table 3.6
illustrates the messages and measurements used in the program. Signal indexes for each
message/measurement are included in the table.

All the data from each row is combined into single message according to the FPGA
protocol. Checksum is performed ensuring that any irrelevant data will not get sent to

the CAN bus (CWrite).
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CAN READ

This SubVT is designed to receive the values from the converter (CRead). The program
has to read the message from the CAN bus and identify which value is sent using the
FPGA board protocol. Outer case structure is used to distinguish between converters
while inner case structure identifies and routes each value for the converter. ” Unbundle by
Name” and ”Bundle by Name” elements together with feedback nodes are used ensuring
that all the values from other cases are being preserved while new messages enter the
user interface.

CAN END

After stop message from the user, the program exits the main WHILE loop and CAN
bus has to be closed (CClose). Messages from the program are no longer recognized and
sent to the CAN bus.

OTHER

Rest of the SubVI-s in the program are designed to protect the converters from undesired
sequences as well as make using the program more convenient. Needed information is
logged into an external file for further processing. All the SubVI-s are illustrated in
Appendix C.
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3.3 Laboratory test results

3.3.1 General

In order to have comparable test results, a specified sequence of sending messages was
created. Active reference (DC voltage reference) for converter B was changed after every
5 seconds, while references in converter A and C were kept constant. Table 3.7 illustrates
the steps used in majority of tests. Having sequences, however, does not attempt to
show dynamic behaviour of the system, but instead illustrates the difference between
cases when parameters are adjusted.

Table 3.7: Active reference sequence in testing: Sequence S1
y | 0s [ 5s [10s[15s[20s[25s [30s[35s[40s | 45s[50s [ 55s | 60s |
Converter B | 600 | 610 | 620 | 630 | 640 | 620 | 600 | 590 | 580 | 570 | 560 | 580 | 600
Converter A | 600 | 600 | 600 | 600 | 600 | 600 | 600 | 600 | 600 | 600 | 600 | 600 | 600
Converter C | 600 | 600 | 600 | 600 | 600 | 600 | 600 | 600 | 600 | 600 | 600 | 600 | 600

3.3.2 Results and comparison

Comparable lower resistance and droop constant of 6%

DC network with comparable resistance in the lines was tested. Comparable resistance
implies that values on the resistor banks is set to equal. As discussed before, there
is asymmetry in paths between converters and star point of the DC network. Values
illustrated from Table 3.3 are used to compute expected power flow in the DC network.

All the following tables and figures include measured resistances, DC droop constants
and references for each of the converter in the three-terminal star-connected DC network.
In addition, tables show results from laboratory tests at the time instance t=12.5s, that
is when Uy ,.r = 620V.

DC droop constants were set to 6 % for all three VSCs. Resistances are indicated in the
tables and figures below. Results at time instance ¢ = 12.5s are illustrated in Table 3.8.
Full test is shown in Figure 3.13.
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Table 3.8: Comparable lower resistance test
D= 6% R, = 284mQ
Py = 6% Ry = 260mS) RESULTS at t=12.5s
pe = 6% R, = 196mQ Laboratory Power flow
P, ey = 0kW | Power 6.13 kW 6.04 kW
Usres = 600V | Voltage — 602.8V  603.6 V
Py ey = 0kW | Power -15.5 kW -13.2 kW
Uprep = 620V | Voltage  608.7 V 612.1 V
P,y = 0kW | Power 8.96 kW 6.99 kW
Uere = 600V | Voltage 604.8 V 604.2 V

Converter A

Converter B

Converter C

There is 10-20 % difference between calculated and tested power contributions. DC-link
voltages are very similar to the expected ones, expect converter B DC-link voltage, which
differs from the expected value by 3.4 volts.
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Figure 3.13: Comparable lower resistance and equal DC droop constant of 6%
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It is clearly observed that the relation between DC voltage and power flow is linear over
the different points in the test, converter A and C share the consumption unequally.
This is due to unequal resistances in converter A path and converter C path.

Comparable higher resistance and droop constant of 6%

Another test with equal 6 % DC voltage droop was conducted. This time, DC line
resistances were set to higher values than these of the previous test. Again, it was
attempted to have as equal line resistance in the DC lines as possible. Still some disparity
in the resistances remained. Table 3.9 and Figure 3.14 illustrate the results.

Table 3.9: Comparable higher resistance test
Pa = 6% R, = 562mf2
oy = 6% Ry, = 530m) RESULTS at t=12.5s
pe = 6% R, = 474mf) Laboratory Power flow
P, e = 0kW | Power 4.25 kW 4.28 kW
Usrer = 600V | Voltage  601.2 V 602.6 V
Pyyey = 0EW | Power  -10.7 kW -9.19 kW
Upref = 620V | Voltage  612.3 V 614.5V
P.,c.; = 0kW | Power 4.72 kW 4.73 kW
Uere = 600V | Voltage 601.8 V 602.8 V

Converter A

Converter B

Converter C

This time the difference between analytical and laboratory values was somewhat less,
resulting in less discrepancy in active powers. Furthermore, the difference in DC-link
voltages were not as high as during the test before. As expected, Converter A consumed
less power than Converter C.

When comparing the second test with the one above, it can be observed that power flow
is somewhat smaller. This was also expected since additional resistance in the DC line
affects the admittance matrix (and thus active power flow equations) in negative way:

P, 1= U(UiYi | +UsY5 | +U3Y5 ) (3.1)
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Figure 3.14: Comparable higher resistance and equal DC droop constant of 6%

Comparable higher resistance and droop constant of 10%

Table 3.10 and Figure 3.15 illustrate analogous test to the one above with higher values
of DC voltage droop constants. Higher values of p,, p, and p. were expected to decrease
the power flow even further compared to the previous test. DC voltage droop constant,
which stands for the voltage change in percentage resulting active power change of 1 pu,
was increased from 6 % to 10 %. Resistances were kept the same exact values to the
ones above.

1
pi T

AP |= —— (U~ U™,)) (3.2)

i,ref
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Table 3.10: Comparable higher resistance test (higher droop constant)
Pa = 10% R, = 562mf2

pp = 10% Ry, = 530mf) RESULTS at t=12.5s
pe = 10% R, = 474m) Laboratory Power flow
Py ref = 0kW | Power 2.92 kW 3.41 kW

Converter A 17" " — 600V | Voltage 602 V 603.4 V

Pores = OKW | Power  8.04 kW 7.2 kW
Uprer = 620V | Voltage  610.2 V 612.8 V
P.,ef = 0kW | Power 3.51 kW 3.68 kW
Uerey =600V | Voltage  602.8 V 603.7 V

Converter B

Converter C

Results at the time instance t=12.5s confirm the theory showing significant decrease in
active power measurements. For instance, power injection by converter B decreased from

10.7 kW to 8.04 kW.
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Figure 3.15: Comparable higher resistance and equal DC droop constant of 10%
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Again, active power measurements were relatively close to expected values. Power con-
sumption via converter A was slightly less than via converter C. This was expected,
because less resistance in converter C DC line, results in higher power measurement in
that point. Small values are more prone to any measurement offset errors. A possible
measurement offset or an offset in sending active reference could be the cause of the
erTor.

Variable resistance and droop constant of 6%

In the following test, illustrated in Table 3.11 and Figure 3.16, DC line resistances were
set to unequal values. Again, values from the admittance matrix help to understand
which of the consuming converters is expected to take larger share in the power flow.

Table 3.11: Variable resistance test
Pa = 6% R, = 376mf2

oo =6% Ry =530mQ RESULTS at t=12.5
pe = 6% R, = 660m Laboratory Power flow
P, ey = 0kW | Power 5.76 kW 5.28 kW
Ugrer = 600V | Voltage  601.2 V 603.2 V
Py ey = 0KW Power -10.6 kW -9.26 kW
Uprer = 620V | Voltage  611.7V 614.4 V
P ey = 0EW Power 4.18 kW 3.81 kW
Uerer = 600V | Voltage  601.2 V 602.3 V

Converter A

Converter B

Converter C

Table above shows that according to the analytical model, the power consumption in
converter A should be slightly larger than that of converter C. Test results confirm that
active power consumption in converter C is indeed larger. DC voltages are also close to
the expected values.

Reasoning for why the difference in the measured and analytical values exists, can be
found by investigating multiple errors in the system. First, even taking into account that
resistor banks were measured in Section 3.1.3, there is still some uncertainty on the real
values of the DC resistance due to internal resistance of Converter. Each connection can
have slightly different condition, resulting in variance in the resistance. Moreover, cables
shorting the three resistor units in one resistor bank are not equal in length, resulting
in small offset. Further discussion on the inaccuracy in the resistance is given in the
conclusion.
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Figure 3.16: Unequal resistance
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and equal DC droop constant of 6%

Comparable resistance, droop constants of 6%, 10% and 14%

Unequal but comparable resistance test with different DC droop constants is illustrated
in Figure 3.17. Similarly to the tests above, Table 3.12 shows the values of voltages
and active powers at time instance t=12.5s. Again, relying on the Equation 3.2, it was
expected that power consumption via converter C would be less than that of converter
A. Laboratory test meets the expectations as can be observed in the table below.

Laboratory test results are again relatively close to analytical power flow. As mentioned
earlier, results with relatively low values are more prone to measurement errors. This
configuration of test set-up results in relatively low power flow, thus the error in the
measurement has greater share in the total value. Nevertheless the test can be considered
as a success in proving the theory.

33



3.3. LABORATORY TEST RESULTS CHAPTER 3. STEADY STATE TESTING

| 40 |
640 ! 30 !
X 8 | |
E©SF 620 i g |
6L 2 ! < 10 !
BESBD e g j
BEE S npor E o
co 8= s | |
Sk 892 550 } 2 -10 }Power_ at
x g 85 \Voltage A at 2 20 112.5 8= 5.2kW :
a | _ |
560 112.5'5 = 602V 30 |
I 40 I
0 10 20 30 40 50 60 400 10 20 30 40 50 60
| |
640 } 30 }
X o | et |
o H Power B at
E2S5 620 ot g 2 112.5's = -9.96kW
QLTS A < 10 |
5 g0 | e 5 |
SEs PO | H !
oY ®= o 600 I s 0 I
2y coO | 8 !
§ (IVIJ 8 Z % L e ﬂ>) _10
oa L e Naedd = !
®gas 580 Voltage B at : : 3 20 !
560 }12.5 s =607V 230 ! .
| ; ; ; ; ; 40 I ;
0] 10 20 30 40 50 60 400 10 20 30 40 50 60
| |
i 640 ! 30 |
- ‘ 20 ‘
< | |
ESSE 620 | g !
o le) IL>~0 | T 10 |
52z0% w % w
tES e et N H
o0 w= o 600 T s 0 I
£R53% | R « |
I5] 3 go§ 580 | jzj -10 }Powerg at
€8as |Voltage C at 2 20 112.5 8= 3.34kW.
a 0 | - |
560 |12.5'5=603V 30 |
| ; ; ; ; ; 40 i ; ; ; ; ;
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (s) Time (s)

Figure 3.17: Unequal resistance and unequal DC droop constant of 6%, 10% and 14%

Table 3.12: Unequal resistance and different DC droop constants
Pa = 6% R, = 376mf)
pp = 10% Ry = 344mf) RESULTS at t=12.5s
pe = 14% R. = 290mS) Laboratory Power flow

P, ey = 0kW | Power 5.2 kW 5.21 kW

Uqrep = 600V | Voltage 602 V 603.1 V

Pyrey = 0EW | Power  -9.96 kW  -8.72 kW

Uprer = 620V | Voltage 607 V 611.3 V

P, e = 0EW | Power 3.34 kW 3.39 kW

Ucrer =600V | Voltage  603.2 V 604.8 V

Converter A

Converter B

Converter C
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3.3.3 Summary

All the 5 cases discussed above were relatively close to the expected values. Analytical
and tested results differ from each other due to several reasons. First, resistances in the
DC line models, that is along the path between the VSC terminals, were not determined
accurately. DC resistor banks consist of three resistor units, which are shorted via DPST
switches. Cables used to connect resistor units with switches are not equal in length.

There is a great deal of measurement error involved, whereas noise in the measurement
is not proportional to measured value. By studying the raw data from the log file, it was
observed that regardless of the magnitude of active power measurement, the fluctuations
are up to 1 kW. This means that tests with smaller power flow are more prone to these
errors.

Active power was obtained on the AC side of the converters using I, and Uxc gars. This
means that converter losses are included in the laboratory test results. Losses in the
laboratory VSCs are in the range of 2-5 % meaning that actual DC power flow was
actually closer to the expected values.
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4 DC breakers

In the second part of the report, work towards dynamic testing is begun. DC breakers for
laboratory use were studied and attempt of creating one for testing purposes is reported.

Breaking DC circuits presents multiple challenges to the design of high voltage DC circuit
breakers (DCCB). Mature and cost-effective technology of DCCB is not available due to
too little interest from the industry over the last decade [13]. In the last few decades,
the subject has been investigated to some degree, but with the lack of wide market for
the product, it has simply not been profitable enough for manufacturers to make large-
scale investments for developing the product. Recently, however, the interest in DCCBs
has increased and several improvements concerning technological challenges have been
made. Existing high voltage solutions are considered too expensive with regards to high
building costs as well as relatively large operational costs caused by the losses.

This chapter will give an overview of the challenges in the current technology and presents
an attempt to create a robust DC breaker for the laboratory setup. Conclusions on the
work and ideas for further improvement will be addressed at the end of the chapter.

4.1 State of technology and challenges in HVDC break-
ers

AC breaker principle uses natural zero-crossing of the current waveform to interrupt
circuit. An insulating medium is designed to guarantee that electric arc between contacts
does not reignite after the zero-crossing. Since there is no natural zero-crossing in DC
current, a need for bringing down the current to zero is achieved by other means which
will be described below.

Requirements for a DC switch vary greatly depending on which of the HVDC technologies
is used. CSC technology presents fewer challenges to interrupting DC current due to less
capacitance on the DC side of the converter. VSC technology, on the other hand, relies
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hugely on high capacitance on the DC side meaning that in a case of a fault a lot of the
energy stored in the capacitance has to be dissipated in the circuit breaker. This leads
to higher currents and smaller time constants making speed and efficiency of the breaker
even more vital.

Resonant DC breakers

Resonant circuit breakers are using series R and L in parallel with normal AC circuit
breaker for creating an oscillation for an artificial zero crossing. These two components
in series will cause natural oscillation resulting in arc extinguishing when the amplitude
of oscillation becomes large enough. Depending on whether the capacitor is precharged
or not, these breakers can be classified into two types, namely passive and active reso-
nant DC breakers. In the case of active mode, another switch has to be added to the
commutation path of the DC breaker preventing discharging of the capacitor.

Varistor

Energy absorbtion

path
Inductor Capacitor
m\—‘ ‘7 Commutation path
Breaker
o o/c o)

Figure 4.1: Resonant DC breaker

There can be a significant amount of energy stored in the system and for successful
interruption this energy has to be absorbed. Another parallel path is included into the
design of DCCB with non-linear resistive element purposed become much more con-
ductive when higher voltages are applied, much like diodes. These elements are called
varistors or voltage dependent resistors (VDR) and their task is to protect the equipment
they are in parallel with.

When the arc in the main switch is being extinguished, the current starts to flow into
the capacitor resulting in high voltage over the element. Varistor therefore senses the
voltage and at specified point becomes more conductive. Voltage rise is stopped by the
varistor bank taking most of the current in the circuit and after absorbing the energy
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in the system, the voltage lowers once again resulting in the rise of the resistance in the
varistor [13]. Figure 4.1 illustrates a passive resonant DC breaker with absorbtion and
commutation paths.

Available ratings of the technology reach up to 4kA in current at 500kVA with the
interruption time of 40 to 80 ms [14]. Thus the current and interruption time ratings
are not practically suitable for multi-terminal HVDC systems where fault currents have
higher ratings over the shorter periods of time. The limitation in the design is set by arc
chamber properties of AC breakers.

Solid-state DC breakers

Solid-state DC breakers consist essentially of two components, a semiconductor device
and a varistor bank. Semiconductor switches include a number of power electronic
switches, such as IGBTs or silicon controlled rectifiers (SCRs). Semiconductor devices
are easily controllable and perform well in interrupting DC circuits. Varistor in the
solid-state DC breaker acts much the same as that of the previously discussed reso-
nant DC breaker. It protects the semiconductor device by limiting the voltage over the
semiconductor device and dissipates the excessive energy.

High on-state conduction losses are the main drawback of the technology. Losses in
the semiconductors are considerably larger than in a conventional AC breaker. The
development of silicon carbide (SiC) could diminish this problem resulting in smaller
losses in power electronic switch. Smaller losses are result of silicon carbides higher
electric field tolerance leading to thinner layers and smaller resistance [15]. Another
disadvantage of the technology is the price of semiconductor devices resulting in high
installation costs in addition to the costly operation.

Varistors
Energy absorbtion
path

Semiconductor switch

: N N N o

T T T

Figure 4.2: Solid-state DC braker
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Hybrid DC breakers

Recent developments in DC breaker designing have led to hybrid solution of mechanical
and solid-state breakers [16]. Hybrid DC breaker consists of solid-state DC breaker
as described in the previous section. In addition to the normal solid-state path, low-
conduction path is included. Low-conduction path consists of fast disconnector and
small solid-state switch [17].

When a fault occurs, the solid-state switch on the low-conduction path turns off and
fault current is rerouted to the main path. Fast switch on the low-conduction path
then opens and fault clearance on the main path can begin. Varistor banks make sure
that voltage over each segment of the main path does not exceed the breakdown value
of the power electronic switches. Inductive energy is dissipated and current will be
interrupted. After that, another mechanical switch opens to protect varistor banks from
thermal overload [17]. Figure 4.3 illustrates the DC breaker discussed above.

Mechanical

switch
— e O

T
Energy absorbtion
Mechanical Semiconductor switch
switch
— N N N :
T T T

Figure 4.3: Concept of ABB’s DC breaker

4.2 Developing a DC breaker

A description of an attempt to develop a DC breaker for laboratory use is described
in this chapter. Test breakers are set up and tested whereas conclusions and areas of
improvement are stated at the end of each testing. Future developments are discussed
at the end of the section.
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First series of tests

The first test breaker was built up as a resonant DC breaker. Aim for the DC breaker
was set to being able to interrupt 100 A at 800 V. Testing circuit for the DC breaker is
illustrated in Figure 4.4. It consists of power supply, DC-DC converter, series inductor
and oscilloscope. The power of the testing was intended to increase gradually, thus
having power supply at 30 V was considered to be sufficient.

|
A+ B+ |
0 /YA DCCB
A- # B- {
I \}

Figure 4.4: First test setup

0000

Power Supply
0-30V _—

0-100A

The purpose of the DC-DC converter in the test setup was to ensure interruption in case
test subject failed. In this setup the converter acts much like solid-state DC breaker.
Series inductance is added to act as a DC line inductance during the fault. A relay with
the time delay is added to the test setup so that after 70ms the IGBTs would become
blocked regardless whether the test DC breaker has interrupted or not.

The values for the tests are indicative. The purpose of the three tests is to realize the
severity of challenges in the design of DC breaker. As mentioned above, the first set of
tests is conducted with the use of low voltage power supply. This power supply is able
to provide 100 A at 30 V as seen on Figure 4.4.

First setup for the test DC breaker is shown in Figure 4.5. A regular 3-phase ACCB
is used as a main switch, whereas only one of the chambers is being used. Connections
between chambers are make further testing setups in mind. It is possible to connect all
the three chambers in series and analyse if it benefits the performance of the DC breaker.
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R et supply
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converter
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Figure 4.5: First test DC breaker

Figure 4.5 (a) shows the physical layout for the first test DCCB. It consists of ACCB,
two capacitors, parallel resistors and a varistor. The two capacitors were equipped
with parallel high ohmic resistors so that the person reconfiguring the breaker would
be protected against any charge stored in the capacitors.

For higher voltage ratings and thus higher potential overvoltage, circuit breakers need to
be equipped with varistors to clamp the voltage by dissipating the inductive energy as
discussed in the previous chapters. As seen in Figure 4.5 (a) and (b) varistor is placed in
parallel with other components. Since the testing voltage was only 30, then the effect of
varistor was not registered in the first series of testing. Connections were manufactured
using copper cables with cross sectional area of 35mm? and respective cable shoes. The
ACCB was connected with a remote push button enabling safer switching operation. An
image of the test setup is illustrated in Figure A.5.

Figure 4.6 illustrates the curves of current and voltage over the contacts of the test DC
breaker, that is over the contacts of ACCB in the setup. Reference case has only ACCB
to see whether the naked breaker is able to interrupt the current. ACCB contacts are
opened at 0 and voltage takes two steps. The two steps are caused by the design of the
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ACCB contacts consisting of more than contactor inside the chamber.

100 100
80
< 60 S
3 40 2
20
0 o
0 05 1 15 2 2.5 3 35
T|me (S) X 10'3

Figure 4.6: First series of tests: interrupting 90 amperes at 35 volts (no capacitor)

After the physical disconnection, the arc is formed and voltage over the contacts rises
until the arc is being extinguished and current becomes zero. Subsequently the voltage
across the contacts becomes equal to the source voltage (35 V). It takes about 2.5 ms for
current to decline to zero, thus interruption of relatively high current at low voltages is
manageable with ACCB. Same test results with lower currents are illustrated in Figure
B.1 and Figure B.2.

It can be observed that voltage peak of the 90 A testing was lower and interruption
time longer than for the other two tests. This is most likely caused by the design of the
ACCB. In case of higher currents, the arc is pushed away from the contacts, resulting in
better extinguishing conditions.

More severe oscillations were registered when capacitors were added to the configuration.
The energy stored in the capacitors prior the interruption became to flow between ca-
pacitor and inductance until all of it was dissipated in the resistance. Rogowski coil was
included for measuring the current entering the ACCB contacts. Rogowski coil measures
the current flowing from capacitor into the arc. Line current, on the other hand, does not
include the fast oscillations between the arc and parallel part of the breaker. Position of
the coil is marked with red in Figure 4.7.
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‘ VI SdKCI ‘

Figure 4.7: Position of Rogowski coil

Figure 4.8 illustrates current and voltage waveforms when capacitors were connected to
the setup. Current being ahead of voltage waveform 90 degrees, indicates the capacitive
nature of interruption. Oscillation is being damped out when energy in the capacitor
becomes dissipated in the resistance in the current path.
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Figure 4.8: First series of tests: interrupting 41 amperes at 35 volts (capacitor included)

Additional coil illustrated in Figure 4.7 allows to decide whether current in the breaker
has been interrupted or not. Figure 4.9 and Figure B.3 illustrate the current into the
ACCB and shows that the arc in the main path does not reignite after being interrupted.
Current spike, however, illustrates why it is desired to have an inductor in series with
the capacitance. Inductance in the would limit the inrush current from the capacitor.
Large inrush current can potentially become fatal to the capacitor.
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Figure 4.9: First series of tests: interrupting 41 amperes at 35 volts (capacitor included)
additional probe

Although this test DC breaker was able to interrupt current at low voltage, it was early
to conclude it as suitable device. In order to use the breaker as a part of test setup, it
had to be tested in higher voltages. A suitable DC breaker should be able to interrupt
ip to 150 amperes at 800 voltages. Thus higher voltage source had to be used.

Second series of tests

Modifications in the design of second DC breaker are illustrated in Figure 4.10 and Figure
A.6. The aim of these tests was to perform similar set of experiments with modified values
in the parallel circuit. Instead of two 10 F capacitors resulting in total capacitance of
5 F, a twin set of 50 F capacitors were used. This resulted in the total capacitance of
25 F in parallel with the ACCB. Cable connections between ACCB and capacitors were
replaced by small copper bars resulting smaller inductance in the path.
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Figure 4.10: Second test DC breaker

Again, bare ACCB was tested before connecting parallel circuit of the test DC breaker.
Current and voltage was increased gradually and each test was repeated several times.
Additional probe was not used in this series of tests due to the absence of parallel circuit.
Results of these tests are illustrated in Figure 4.11.
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Figure 4.11: Test results from ACCB testing
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In tests below 100 volts, the ACCB managed interrupting the DC circuit. However,
even with relatively low currents, the ACCB could not break the circuit at 200V. Tests
were repeated multiple times and 8 times out of 10, the breaker failed. Current did not
decrease to zero and voltage readings over the arc are unstable and noisy (see Figure
4.11).

Parallel circuit was added to the test breaker. With the parallel circuit the breaker was
able to interrupt higher currents. Each test was again repeated multiple times and the
performance of the test DC breaker varied greatly from test to test. Test results at higher
current and voltage ratings were inconsistent; test DC breaker was not able to interrupt
the current within 70 ms 6 or 7 times out of 10 tests. When the test DC breaker was,
however, able to interrupt the current, then the amount of time it took, was inconsistent.
Some of the successful tests of second resonant DC breaker are illustrated in Figure 4.12.
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90 Aand 200V

Figure 4.12: Test results from ACCB testing

Critical value of voltage rating occurs was 200 V. 6-7 tests out of 10 were not successful
and the ones that did succeeded to interrupt, had a lot of current and voltage spikes on
the waveform. 90 A and 200 V DC breaker test, for example, resulted in visible sparks in
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the AC contacts. A modest example of unstable behaviour in the AC breaker chamber
is illustrated in the bottom figure showing one of the successful tests of resonant DC
breaker interrupting 90 A at 200 V.

4.3 Conclusion and further work on circuit breakers

Due to unsatisfying results of the DC breaker tests, it was decided that solid-state DC
breakers will be developed and used for the laboratory purpose. These breakers could be
equipped with parallel circuits consisting of normal AC breakers and smaller solid state
interrupter, should one desire to create a hybrid DC breaker for laboratory use.

Work on developing a laboratory DC breaker, intended to create interruptions in the
DC grid, was ended with drawings on the solid state DC breaker. Four IGBTs would be
connected in series and gates of these semiconductor devices will be controlled by gate
driver described in [18].
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Figure 4.13: Test results from ACCB testing

Four IGBTSs need to be mounted on heat sink so that losses from switching operations
could be extracted from the devices.
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5 Further work

There are several possibilities to improve test setup for further work. This chapter
focuses on the most obvious future developments regarding physical system, software
and methodology.

5.1 DC line models

Inductance

Inductances in the DC network have significant effect on the behaviour of the system
in dynamic mode. Precise modelling of inductance in DC lines is essential when short
circuit sequences in the DC network become of interest. Accurate line parameters from
cable manufacturers help setting up correct down-scaled model of the HVDC grid. Effort
should be made on finding these values.

Inductive element in the DC line model should be adjustable for different lengths of
the represented down-scaled network. Care should be taken in calculating the accurate
values for the laboratory inductors. In addition, inductance in the system ought to be
adjustable with the same steps as existing resistor banks. This ensures the constant
relation between resistance and inductance in the DC line models. It could be desirable
to conduct sensitivity analysis on the DC lines with respect to different cable types,
changing the relation between resistance and inductance in the cable models. Thus,
changing the inductance of the DC line model in small steps should be made possible.
Implementation of variable inductors would meet all the aforementioned criteria.

Capacitance

Much like modelling inductance in the DC line, capacitance needs to be added for ac-
curate dynamic behaviour of the HVDC model. Variable capacitance should be added
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into m-equivalent representation of the DC line as shown in Figure 5.1.

LYYy~

Figure 5.1: m-equivalent of line model

Resistor banks and connector cables

Adjustments in the design of the resistor banks could be considered for improved accuracy
of resistances. In order to avoid replacing the bypassing switches, each resistor bank could
be measured under the load for mode accurate values.

Resistance in the connection cables and internal connections of VSCs could be measured
and if possible adjusted so that the values between each converter would correspond. By
any feasible measure, this resistances should be minimized so that the range of usable
resistance could be maximized.

5.2 Software improvements

Outer current controller

Existing LabVIEW code sends active references into the FPGA boards without imple-
menting any current controllers. It could be of interest to bypass the internal FPGA
board outer current controller and implement it in the LabVIEW program instead. Fig-
ure 5.2 illustrates the aforementioned idea.

49



5.2. SOFTWARE IMPROVEMENTS CHAPTER 5. FURTHER WORK

DV2 (vd)

DV1 (id) 1d_ref

DV1 (iq) 7 Frrer (pr ] Iq_ref \
+ L] \
\
Iq_ref \
\
DV2 (vq) P
e | Read value \
\
\
\
f
R, Qref J \
T — \
—-——— \
T — \

Send one reference and two indexes e —_- AN
for desired feedback T |

|
Reference (act or react ref) | 1d_ref|
B — DV1 (id or ig or |
Desired value index 1 (id or iq) CAN . Outer Current Controller |lq_ref |

— Via CAN from PC to Converter Via CAN from Converter to PC DV2 {vd or va] Block = Via CAN from PC to Converter

Desired value index 2 (vd or vq) T |
> |
I |

|
L |

Figure 5.2: Advanced control of converters

Precise power control

Having outer current controller outside the FPGA boards would enable implementing
more sophisticated control strategies. Conventional DC droop control, being very similar
to frequency droop control in AC systems, does not however take into account the losses
in the DC network resulting in inaccurate power flow [19]. Access to active power
references of the converters allows implementing precise power control as discussed in [1].
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6 Conclusion

Minimal requirements for setting up laboratory test system for studying DC voltage
droop in multi-terminal DC grid were fulfilled. It was assumed that DC line models
consisting of only resistances is sufficient for steady state analysis. Three VSCs were
added to star-connected DC network and DC voltage references were used to implement
DC droop control. User interface for controlling and monitoring the operation of three
VSCs was developed.

DC droop control was tested and reported in 5 different configurations. These 5 con-
figurations differed from one another with respect to DC grid arrangement and values
of DC droop constants. Laboratory test results were compared to analytical solution.
Comparison showed that there is a strong relation between laboratory and expected test
results. In all of the reported cases, active power measurements had the same relation
between the converters. In other words, converter that was expected to have largest
impact to the DC power flow, always met those expectations and vice versa.

DC voltage measurements were very close to the expected ones having mostly no more
than 1-2 V difference between laboratory test results and analytical solution. Measure-
ments were relatively prone to fluctuation errors so from time to time there was more
deviation, between laboratory test result and analytical solution, than expected. DC
voltage measurements based on average value over longer period could have eliminated
this problem.

More accuracy in measuring the resistance of the DC line model would have resulted
in better match between expected and tested results. Resistances were measured from
the terminals of VSCs’ cabinet, thus the resistances inside the cabinets were not de-
termined. This additional resistance would in turn have affected analytical results and
would possibly have resulted in better match between expected and tested results. Using
measurements from the DC side of the converter would have excluded losses in the VSCs
making results closer to the expected ones.

Study and development towards laboratory DC breaker led to a conclusion that simplest
and most effective laboratory DC breaker should consist of solid state switches. Although
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CHAPTER 6. CONCLUSION

the work towards laboratory DC breaker could not be finished due to limited time frame,
it can be concluded that laboratory DC breaker based on solid state switches is more
feasible and further work should be put into developing one.

For dynamic studies more advances model of DC lines should be used. DC line equivalent
based on only resistances is not sufficient. Accurate information from subsea DC cable
manufacturers would help to set up as true-to-life model as possible.
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Figure A.1: DC resistor cabinet and voltage source converters
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Figure A.3: DC resistors in the cabinet
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Figure A.4: Busbars and cooling fan in the cabinet

Figure A.5: First test DC breaker
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Figure A.6: Second test DC breaker
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Figure B.1: Reference DC breaker tests: interrupting 10 amperes at 35 volts (no capac-
itor)
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Figure B.2: Reference DC breaker tests: interrupting 50 amperes at 40 volts (no capac-
itor)
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LabVIEW program
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— Writes the values of DC voltage,
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Figure C.7: SubVI for charts in the front panel
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This sub VI creates the sequence for UDC ref B ‘
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Figure C.9: SubVI for defined testing sequence
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Figure C.10: CAN End SubVI
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Figure C.11: CAN Single End SubVI
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%% General
u=1; $linewidth
clc

Sx****Choose case nr!**xx*x*

n=input ('Please select the case number (between 1-36):');
%*************************

f = figure;

outputString = sprintf ('Number3d', n);

DATA=xlsread ('Test020513.xlsx',outputString);

TIME=DATA (:,1)/514*65; %Time for all cases

DC_ref B=DATA(:,3); %Converter B reference voltage data
UDC_B=DATA(:,6); %$Converter B DC voltage data
PDC_B=DATA(:,9); %$Converter B power data

DC_ref A=DATA(:,2); $Converter A reference voltage data
UDC_A=DATA(:,5); %$Converter A DC voltage data
PDC_A=DATA(:,8); %$Converter A power data

DC_ref C=DATA(:,4); %Converter C reference voltage data
UDC_C=DATA(:,7); %$Converter C DC voltage data
PDC_C=DATA(:,10); %$Converter C power data

%% Computation

% reference powers are zero

clc

Pref = [0 0 0]"';

% droops are read from the file

delta=[DATA(1,14)/100 DATA(1,15)/100 DATA(1l,16)/100]";

Ra bank = 2*DATA(2,17); $mOhm
Rb_bank = 2*DATA(2,18); $mOhm
Rc_bank = 2*DATA(2,19); $mOhm

Ra=(Ra_bank)/(1000%6); Sresistance on converter A branch in pu
Rb=(Rb_bank) /(1000*6) ; Sresistance on converter B branch in pu
Rc=(Rc_bank) /(1000%6) ; Sresistance on converter C branch in pu

Rpro=Ra*Rb+Rb*Rc+Ra*Rc;

Y (1,1)=(Rb+Rc) /Rpro; Y (1,2)=-Rc/Rpro; Y (1,3)=-Rb/Rpro;
Y (2,1)=-Rc/Rpro; Y (2,2)=(Ra+Rc) /Rpro; Y (2,3)=-Ra/Rpro;
Y (3,1)=-Rb/Rpro; Y (3,2)=-Ra/Rpro; Y (3,3)=(Ra+Rb) /Rpro;

% U reference

S
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Uref=[interpl (TIME, DC_ref A, 12.5)/600 interpl(TIME, DC _ref B, 12.5)/600 interpl(TIME, ¥

DC ref C, 12.5)/600]";
$ U
U=[1111";
funk=[0 0 0]"';
for iteration=1:6
for 1=1:3

temp=0.0;
for c=1:3

temp=temp+U(c)*Y (1l,c);

end

funk (1)=U (1) *temp+1l/delta (1) * (U(l)-Uref(l))-Pref(1l);

end
for 1=1:3
for c=1:3
if l==c
temp=0.0;
for i=1:3

temp=temp+Y (1,1i) *U(1);

end

Jac(l,1l)=temp+Y (1,1)*U(1l)+1/delta(l);

else

Jac(l,c)=Y(l,c)*U(1);

end
end
end

for i=1:3

P(i)=Pref(i)-1/delta(i)* (U(i)-Uref(i));

end

U=U-inv (Jac) *funk;
funk;
end

p_a = interpl(TIME, PDC A, 12.5);

u_a = interpl(TIME, UDC A, 12.5);

p_ b = interpl (TIME, PDC_B, 12.5);

u b = interpl(TIME, UDC B, 12.5);

p_c = interpl (TIME, PDC C, 12.5);

u_c = interpl(TIME, UDC_C, 12.5);

POW = [' ',num2str(p_a,3)," kW ', num2str(p_b,3),"' kW "4
num2str(p_c,3)," kW "1

VoL = [' ',num2str(u_a,4),' V ', num2str(u b,4),' V 4
num2str(u_c,4),"' V "1;

POWl = [' ',num2str ((-1)*P(1)*60,3)," kW ', num2str ((-1)*P(2)*60,3),'¢
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kW ',num2str ((-1)*P(3)*60,3)," kW '1;

VoLl = [' ',num2str (U(1) *600,4)," V ', num2str (U(2)*600,4),' V¢
',num2str (U(3)*600,4)," V '1;

DELl1= ['delta a=',num2str(delta(l)),’' Ra="',num2str (Ra* (1000*6)),"' mohm¢’
Uref a=',num2str (interpl (TIME, DC ref A, 12.5)),"' V'];

DEL2= ['delta b=',num2str(delta(2)),"' Rb="',num2str (Rb* (1000*6)), ' mOohmy
Uref b=',num2str (interpl (TIME, DC ref B, 12.5)),"' V'];

DEL3= ['delta c=',num2str(delta(3)),"' Rec=',num2str (Rc* (1000*6) ), ' mOhm¥
Uref c=',num2str (interpl (TIME, DC ref C, 12.5)),"' V'];

disp ' )

disp (DEL1)

disp (DEL2)

disp (DEL3)

disp (' ")

disp ("xFExKARF A AR KT gboratory test results (t=12.5s) ¥AxFkAkkdkakkxT)

disp (' ")

disp (' Pa Pb Pc ")

disp (POW)

disp (' ")

disp (" Ua Ub Uc ")

disp (VOL)

disp (' ")

disp (' ")

dlSp (V****************Power flow results (t:12.5s)***************')

disp (' )

disp (' Pa Pb Pc "

disp (POW1)

disp (' ")

disp (" Ua Ub Uc ")

disp (VOL1)

disp (" )
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