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Summary

Subsynchronous torque interaction (SSTI) is a well known phenomenon in high
voltage AC networks. It can be sustained and amplified in power systems with
series compensated lines or active devices for power flow or voltage control. These
devices introduce negative damping for the turbine-generator system critical
frequencies. It is known that also a high voltage direct current (HVDC) link may
have a similar effect particularly when connected near a turbine generator as the
only load.

In order to identify the risk of interaction in an HVDC project, an SSTI screening
study is always performed. If the screening study indicates a potential risk for SSTI
oscillations, a more detailed SSTI study is performed, and, if necessary, an SSTI
damping controller has to be adapted and integrated in the HVDC control system.

The new technology HVDC Light, HVDC transmission system that includes
voltage source converters, does not yet have any established method to assess and
perform SSTI studies. This report describes an investigation for determining the
physical nature of potential interaction and for determining the first steps to take in
order to develop a method for assessing and studying SSTI on HVDC Light.

For the future verification of the methodology and other study purposes, it was
decided to develop a Real Time Analogue Simulator (RTAS) for HVDC Light_B.
An HVDC Light_B transmission includes three level voltage source converters.
The main reason to develop the RTAS was its ability to attain the results of
simulation in real time, since digital simulations require integration time steps in
the range of some microseconds and thus extensive computer capacity.

The intention of this Master Thesis project was to initiate the investigation of SSTI
for HVDC Light_B, and to develop and test out the RTAS for establishing in the
future a reliable methodology.

The report describes the work done by Povilas Zizliauskas. Performing this
extensive work was his Master thesis project. The work was done at ABB Power
Systems AB in Ludvika, at the Department for System Simulation, LST. Supervisor
for the examination work was Hugo Duch n.



Table of Contents

7.1
7.2

10

11
111

Background ...........coeveeeiiiiiniiinn s 3
Subsynchronous torsional interaction (SSTI)..............uuvveunees 4
HVDC ... et e et e e e e e eeaees 4
HVDC ClaSSIC .uuuuiiieeiiiiiiiiiieie et e e e eaaeeeaees 5
[ LY O T | o | P URRPPRRRIN 6
Problem description and investigation approach............. 8
Problem description..........c.oi i 8
Sl = (0T | 8
Details of HVDC Light_B .....coooiiiiiiiicii e 8
SSTIiN HVDC Light_B.....cooeiiieeeee e, 8
RTAS SEI-UP. it aeeeeaees 8
SSTI related to HVDC CIassic ..........cccccvmmmmmnnnnnnnninnnnnnannnns 9
Interaction mechanisSms...........coooiii i 9
Screening StUAY........uueeueiiiiiiiiiiiiiii 12
Detailed Study .......coooiiiiiiii e 13
SO e 13
HVDC Light _B fundamentals ...........c..cccereeemenccinnnnnenneenes 14
The three level converter bridge..........c..ueiiiiiiiiiiiiiiiiiine, 16
The control system of VSC ..., 20
SSTIin HVDC Light .....ccooeiieeeeeeeeeeerrrereee e 22
Converter control impact on SSTI in HVDC Light........... 24
SUMMANY...cueiiiiiiiiiii e 26
Conclusions/suggestions for verification................cccccevvveee. 26
Recommended continuation ..............ccoovviiiiiiiiiiiiees 27
References........cvveeeeeeciini e 28
Abbreviations ... 29
Acknowledgements.........cccccceiiiiiiimiieini 30
ENCIOSUIES.......e e e e 31
Enclosure 1: Preliminary studies of SSTI in HVDC

Light [5] e eeeeeeiiee e 31
Enclosure 2: RTAS SEt-UP ..coooiiiiiiiiiicie e 34



1

Background

HVDC is an efficient method to transfer large amounts of electrical power and is
used at many places all around the world. The method is very flexible and can be
used to transfer electrical power over very long distances both with overhead lines
and with cables in water or underground. HVDC is also used to link asynchronous
AC networks. Until recently thyristors were used for conversion from AC to DC
and vice versa.

Today a new type of HVDC is gaining ground. It makes use of the latest developed
semiconductor technology for power conversion between AC and DC. The
semiconductors used are IGBTs (Insulated Gate Bipolar Transistors), the
converters are VSC (Voltage Source Converters) and they operate with very high
frequency (1- 2 kHz) utilising PWM (Pulse Width Modulation). It also utilises a
new developed cable for DC power transmission. This technology is known today
within ABB under the name of HVDC Light.

HVDC Light_B technology is a new converter scheme configuration, which allows
having three states of converter connection: plus, minus and zero (ground
potential). This configuration is also called Three Level Converter or Neutral Point
Clamped (NPC) Converter.

The phenomenon of subsynchronous torque interaction, arising from an HVDC
Light system being connected close to generation units needs to be throughout
investigated. Risk for SSTI is investigated today using methods developed for
classic HVDC, but the mechanism of interaction for HVDC Light has not been
studied in detail. At the initial stage of investigation there were some ideas,
pointing out that the nature of such interaction would be different from the same
processes in conventional HVDC. The first investigation steps were made using
digital models, but a theoretical approach was not done.

The RTAS is an analogue simulator where physical plant control systems operate
against a scaled analogue network representation. The network representation
includes the most important parts of the transmission system, everything from
generators and converters to the DC cables and transformers. The study is made in
real time. Analogue real time simulation takes long time to prepare, but on the
other hand there is a great amount of time to gain in the actual simulation. This was
the method used to accomplish SSTI studies for the HVDC Classic technology
before digital simulation in EMTDC was introduced. To perform studies in
EMTDC for HVDC Light takes very long time, therefore it would be useful to
develop a similar study methodology for HVDC Light_ B. RTAS can be
implemented using experience from previous projects, and later can be used for
verification of new digital models and for specific studies.



1.1 Subsynchronous torsional interaction (SSTI)

1.2 HVDC

Torsional interaction occurs when the induced subsynchronous torque in the
generator is close to one of the torsional natural modes of the turbine-generator
shaft. When this happens, generator rotor oscillations will build up and this motion
will induce armature voltage components at subsynchronous frequencies.
Moreover, the phase of this induced subsynchronous frequency voltage is such that
it sustains the subsynchronous torque. If this torque equals or exceeds the inherent
mechanical damping of the rotating system, the system will become self-excited.
This phenomenon is called torsional interaction and occurs in the frequency range
of 10-40 Hz.

The most common example of the natural mode subsynchronous oscillation is
found in networks that include series capacitor compensated transmission lines or
at the rectifier side of an HVDC transmission. When connecting the rectifier side of
an HVDC transmission link to an AC network with a turbo generator, the rectifier
contributes with negative damping in the subsynchronous frequency range.
Depending on the AC network configuration, this may increase the risk of SSTI in
the generator system.

Hydro generator systems are not SSTI sensitive when connected to an HVDC
transmission link. This is due to the fact that the mechanical damping for possible
subsynchronous torsional frequencies is considerably high, and also because the
natural torsion frequencies are at higher frequencies compared with thermal
generators.

HVDC stands for High Voltage Direct Current and is today a well proven
technology employed for power transmission all over the world. The method is
very flexible and can be used to transfer electrical power over long distances. Both
with power lines on land or with cable in water.

One of the typical HVDC applications is its utilization to transmit electrical power
over long distances. Therefore, the two converter stations are to be used: one
rectifier and one inverter. Electrical power is taken from one point in an AC
network and converted to DC with the help of the rectifier station. The DC power
is transmitted by overhead lines or by submarine cables, converted back to AC
power at the inverter station and finally injected into the receiving AC network.
Other important apparatuses in an HVDC station are the power transformers,
smoothing reactor and filters on both AC and DC side. Figure 1.1 shows a basic set
up for a classic HVDC application.

The final decision to choose HVDC instead of conventional AC transmissions
depends on a number of factors and the main reason often changes between
different projects. Some advantages with HVDC compared to HVAC are the
following:

- The controllability of the power flow will increase. Both the power direction and
the power level can be controlled very accurate and rapidly.

- 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.

- For long submarine cable links HVDC is the only possible technical solution.
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- When connecting two asynchronous AC networks together, an HVDC link has to
be implemented.
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Figure 1.1 A 12 pulse converter bridge

1.2.1 HVDC Classic

The conventional HVDC transmission is called HVDC Classic and is based on a
current source converter (CSC), which is a line-commutating converter. The valves
in the converter are made out of several thyristors connected in series. The valves
are then connected in so called Graetz bridge modules, as shown in figure 1.2.
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Figure 1.2 The Graetz bridge

A 12 pulse converter bridge can then be built by connecting two Graetz bridges in
series. The bridges are then connected separately to the AC system by means of
converter transformers, one of Y-Y winding structure and another Y-A winding
structure, as shown previously in Figure 1.1.

Regarding operation and control of an HVDC link, two basic methods of the gate
pulse generation for the valves in the converter are discussed below.

* Individual phase control (IPC).



It was used in early HVDC projects. The main feature of this scheme is that the
firing pulse generation for each phase (or valve) is independent of each other
and the firing pulses are rigidly synchronised with the commutation voltages.
The major drawback of IPC scheme is the aggravation of harmonic stability
problem, characterised by magnification of noncharacteristic harmonics in
steady state.

Equidistant pulse control (EPC).

In this scheme, the firing pulses are generated in steady state at equal intervals
of 1/pf’, where p is number of pulses and f'is the fundamental frequency. There
are three variations of the EPC scheme

Pulse frequency control (PFC)
Pulse period control
Pulse phase control (PPC)

All those three schemes are described in detail in [3]. Although EPC scheme
has replaced IPC scheme in modern HVDC projects, it has certain limitations.
The first drawback is that under unbalanced voltage conditions, EPC results in
less DC voltage compared to IPC. EPC scheme also results in higher negative
damping contribution to torsional oscillations as shown in Figure 1.3 [3], and it
gives more impact when HVDC is the major transmission link from a thermal
station.
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Figure 1.3  Electrical damping for IPC/IEPC (with and without synchronising

circuit)

1.2.2 HVDC Light

HVDC Light is the latest technology to transfer power by means of HVDC. The
first project using Light technology with insulated gate bipolar transistors (IGBT)
was a 10 km long test transmission link between Hellsj n and Gr ngesberg, located

in the central part of Sweden. The project transmitted 3 MW and was
commissioned in March 1997. HVDC Light is based on a voltage source converter
(VSC), which is a self-commutating converter. The valves are made out of turn-off
devices using modules of IGBTs with antiparallel-connected diodes. The method
uses pulse width modulation (PWM) with a very high switching frequency. The
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development of HVDC Light technology within ABB is being made in different
stages, which are called generations. The first generation using forced commutation
was called generation A . The schematic of it is shown in Figure 1.4.
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Figure 1.4 The two level converter bridge

Forced commutation gives Light technology the following advantages [7]:

1) 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,

2) The reactive power to/from the converter can be controlled continuously and
independently of the active power flow,

3) The converter can be connected to a weak or dead AC network,

4) The reverse of power flow is done without reversing the DC voltage. This is an
advantage in multiterminal schemes and in cable transmissions.

With the new Light technology projects with a lower level of megawatts can still
be profitable. In addition, several other new advantages will open a wide field for
new applications. Some of the new applications that now are possible for HVDC
are listed below (detailed presentation is available on the Internet [9]):

- Wind power;

- Feed small local loads, e.g. islands;
- Oil platforms;

- Small scale generation;

- Multiterminal DC grid;

- City center infeed;

The new generation B is presented in chapter 4.



2 Problem description and investigation approach

2.1 Problem description

The purpose and major portion of this diploma work was to study the nature of
possible HVDC Light subsynchronous torque interaction with nearby generators,
and to develop a thorough understanding of the phenomenon. After that the
development of RTAS for the Light_B concept had to be done for SSTI
investigation and other studies, such as verification of control action and computer
based simulations.

The extension of the present work scope means that the operation of VSC

converter has to be investigated and possible ways of SSTI have to be studied. This
is needed because of SSTI that can result in severe damage of the generator shaft.
Shaft damage can also occur due to fatigue when the peak torque exceeds a limit
over a certain time period. Risk for SSTI is investigated today using methods
developed for classic HVDC, but the mechanism of interaction for HVDC Light
has not yet been studied. Following are the approaches of investigation.

2.2 SSTI study

A power system and a generator may interact with subsynchronous effects in
several ways. Subsynchronous torque interaction phenomenon is one of them.
Therefore, in the first stage of the development work the way of performing SSTI
studies for conventional HVDC is reviewed, to find out pointers of how it should
be done for Light technology and which are the main points of consideration. It
pursues the nature of such problem for suggesting the ways to investigate SSTI in
HVDC Light systems.

2.3 Details of HVDC Light_B

The second stage of the development work was to bring up as much as possible
information about HVDC Light_B. Since this is quite new technology, the entire
material for detailed studies is not available and therefore a large extent of time
was used for the literature and information gathering. Attention was paid to the
main principles of operation and control strategy.

2.4 SSTIin HVDC Light_B

In this main part of work the nature of possible subsynchronous torque interaction
in connection with HVDC Light_B is studied. The attention is concentrated on the
behavior of converter related to generator natural swinging. That means the
electrical damping of the subsynchronous frequencies is investigated and the
interaction mechanism is explained.

2.5 RTAS set-up

The final part of the work was to structure and prepare the set-up of an analogue
simulator for future verification of the conclusions of this work and other types of
studies. A challenging item was to define the interface between the new valve
model and the control system.



3 SSTl related to HVDC Classic

The first experience of HVDC interaction with turbine-generator torsional
vibration occurred at Square Butte Electric Coop Project in North Dacota in 1977,
where tests had been planned to determine the impact of a special power
modulation control applied to the HVDC terminal on turbine-generator torsional
vibrations at the adjacent unit. The test showed that the relatively high gain power
modulation control did indeed destabilise the first torsional mode of vibration at
11,5 Hz. Field modifications were made initially, which allowed operation under
limited conditions. These were immediately followed by an analysis of the
interaction, which led to control system modifications [1] that allowed stable
operation under all but extreme system contingencies. Thus, there are some
applications for which supplementary damping controls for HVDC converters are
essential to insure a net positive damping contribution to torsional modes of
vibration for all turbine-generator units in the vicinity of the HVDC system.

3.1 Interaction mechanisms

The interaction between turbine-generator shaft vibrations and HVDC systems
consists of four basic transfer functions:

1) From generator shaft speed to DC current independent of HVDC control action

2) From the dc current regulator output to generator shaft torque independent of
shaft speed

3) The DC current regulator and HVDC system
4) From generator shaft speed to torque independent of HVDC control action

There are three primary mechanisms involved in the first and last transfer
functions, i.e., from generator shaft speed to HVDC current and generator electrical
torque. The first one involves the change in AC voltage magnitude due to a change
in generator shaft speed. This arises from the speed voltage effect of an electrical
machine with constant flux linkages. As shown in [1], this effect has primary
influence over the interaction at frequencies above 15 to 20 Hz for typical systems
with equidistant firing.

The second mechanism involves the change in AC voltage magnitude at the
rectifier bus due to a change in generator angle based upon the conventional
steady-state AC phasor network solution. This effect is only important at low
frequencies and with a moderate parallel AC transmission system. For the case of
radial operation, this mechanism has virtually no impact on the torsional
interaction.



The third mechanism arises with equidistant firing control and is caused by a
change in firing angle due to a shift in the voltage phase of the AC network
following a change in generator angle, as illustrated in Figure 3.1. This mechanism
has primary influence over the interaction below 15 to 20 Hz.

V,. after a phase shift @
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o - actual firing angle following shift in V;
o - pre-shift steady state firing angle;
a=a+_;

Figure 3.1 Effect of AC voltage phase shift on firing angle with equidistant firing
scheme

The following simplified analysis provides a basis for understanding the influence
of these major interaction mechanisms. Consider the case of a turbine-generator
having an HVDC system as its only load. The commutating voltage magnitude and
phase closely follow generator internal voltage and angle, i.e.,

Uu,=U,,+AU, OU,,1+AY¥Y, +Aw,) (3.1)
0, =0,+A0d, 06 ,+Ad, (3.2)
where U = commutating bus voltage magnitude;

O, = commutating bus voltage phase angle;

Ws = per unit internal generator flux;

Ui = per unit generator shaft speed;

O = generator angle.

Subscript 0 implies initial value. A implies change.

Neglecting the changes in flux linkages and noting that generator angle is the
integral of generator speed,

AU, DU, A, (3.3)
05, 0% £y (3.4)
S

where @y is angular speed of AC system.

To relate these changes to DC quantities,

10



U, =K\U, cosa (3.5)
AU, =K, (AU, cosa, —U,,sina Aa) (3.6)
where U, = voltage behind commutating impedance;

K, = constant including bridge characteristics and transformer turns-ratio;

a = actual firing angle.

With equidistant firing system, firing angle is directly related to the AC phase
angle, and a separate synchroniser and/or the DC regulator is required to maintain
synchronism. This can be expressed mathematically as

Aa =Aa, +K (s)Ad, (3.7)

where = firing angle command of DC regulator;
Kp(s) = 0 for equivalent firing;
=1 for equidistant firing;

=[1 — SYNC(s)] for equidistant with a synchronising circuit whose
transfer function is SYNC(s).

Combining equations 3.3 to 3.7 to eliminate commutating bus quantities gives the
relationship from generator speed and regulator output to DC voltage:

0 H. 0 :
AU, =K,U,,[g0sQ, —KP(S)E%ESIHGO Ao, - K,U,,sina,Ad,
N 0 s 0 U

(3.8)

Quantities of particular interest are DC current and generator electrical torque. DC
current is directly related to DC voltage difference. Assuming the inverter to be
relatively stiff, only rectifier voltage need be considered; hence,

Al =Y (AU, (3.9)
where Ypc(s) is the admittance of the DC system.
DC power is
AI)DC = A(UVIDC) = A[]vIDCO + UVOAIDC = [[DCO + UvOYDC (S)]AUV
(3.10)

Generator torque is

P
ATe = A% =Qlpe— PDCOAwG = [IDCO + UonDc (S)]AUV - PDCOAwG
G

(3.11)

Changes in generator torque and DC current are directly related to changes in DC
voltage, as shown by Equations 3.9 to 3.11. Hence, the relationships to generator
speed and DC firing angle defined by Equation 3.8 also apply directly to DC
current and generator torque.

For purely equidistant systems, it can be seen from Equation 3.8 that the

mechanism of a firing angle change due to a phase shift in the AC voltage

introduces an integral characteristic in the transfer functions from shaft speed to

DC quantities, proportional to the sine of the firing angle. The frequency at which

the integral term equals the proportional term (which is due to the speed voltage

effect) is equal to the product of the system base frequency and the tangent of the
11



firing angle. In [1] is noticed, that the synchronising circuit does not wash out the
interaction to zero at low shaft modulation frequencies, but only prevents the gain
from increasing further at lower frequencies.

In other words if the generator speed increases at the rectifiers side due to inherent
subsynchronous shaft oscillations, and firing pulse time stays the same, then the
firing angle a becomes bigger, as shown in Figure 3.1. It leads to lower DC voltage
value resulting in decreased transmitted DC power. So the response has negative
characteristic and does not damp the oscillations. The same mechanism but in
opposite direction is involved when the generator speed decreases, therefore the
HVDC link in both cases contributes with negative subsynchronous oscillations
damping.

Using the same approach as for the rectifier, it can be shown that the inverter has
positive subsynchronous oscillations damping.

The second part of the interaction discussed at the beginning of this subsection
involves the impact of the controller output, ax, on generator torque. The essential
part of this transfer function appears in the second part of Equation 3.8, indicating
that the gain is proportional to the sine of the steady-state firing angle. This is a
well-known relationship, and in some HVDC controllers a special network is
included to linearize the gain over a nominal firing-angle operating range.

3.2 Screening study

The interaction between an HVDC converter and a machine can be assessed by
means of the unit interaction factor (UIF). If it is higher than 0,1, then there will be
a risk of SSTI [1]. These assessment calculations are always made within an
HVDC project in a so called screening study . If this study shows that there is no
risk of adverse interaction, no further SSTI detailed study will be made.

The UIF is calculated as follows

IF, = MW gy E - 56 é (3.12)
MV4, SC,,
UIF; : Unit interaction factor of the i:th unit
MWyvpc : MW rating of the HVDC system
MVA; : MVA rating of the i:th machine
SC; : Short circuit capacity at the commutating bus
excluding the i:th unit
SChot : Short circuit capacity at the commutating bus

including the i:th unit
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3.3 Detailed study

3.4 SSDC

In the detailed SSTI study the investigation is concentrated on determining the
electrical damping for the actual generator unit. This study is usually performed in
EMTDC and is called one mass model study . For determining the damping, a
disturbance signal is injected into the system. The signal is scanned from 2 to 40
Hz and is added to the speed order of the machine while the electrical damping of
the injected signal is continuously calculated.

The electrical damping is calculated using the formula below.

D, =Re AT, E (3.13)
we

where

D. is the electrical damping

Re means the real part of value

AT, is the change in electrical torque

Aw, s the change in electrical speed

If there is a negative or very low damping of any critical frequency, a
subsyncronous damping controller (SSDC) is required. A damping controller is
developed and integrated in the converter control system. It increases the damping
at the critical frequencies by adding a small signal to the rectifiers signal, which
determines the firing instant. For classical applications, the magnitude of this signal
is typically a fraction of a degree. The SSDC has to be adapted to each new project.

13



HVDC Light _B fundamentals

The two level bridge shown previously in Figure 1.3 is the most simple circuit
configuration, that can be used for building up a three phase forced commutated
VSC bridge. The three level or Neutral Point Clamped (NPC) converter bridge is a
very interesting alternative in high power applications due to the fact that the phase
potentials can be modulated between three levels instead of two. The advantage of
such configuration is reduced harmonic content in the bridge voltage for a given
switching [2]. It also allows using simple transformer connection and the amplitude
of the fundamental (50 or 60 Hz) AC output voltage can be varied from the
controller directly without changing the DC voltage or transformer ratio. The
principals of operation for the three level bridge are also relatively simple. Each
phase can be connected to the positive DC terminal, the midpoint or the negative
DC terminal. Compared to the two level bridge, the three level bridge requires six
extra diodes connected to the midpoint on the DC side.

An equivalent circuit of the VSC connected to a three phase AC network is shown
in Figure 4.1. The converter bridge can be connected to the AC network via a
transformer, but it is also possible to do that connection via phase inductors [2].
The converter can be represented as a variable AC voltage source where the
amplitude, the phase and the frequency can be controlled independently of each
other. It means that the VSC bridge can be seen as a very fast synchronous
generator with the instantaneous phase voltage u,,,, as shown in expression 4.1. The
coupling function k, describes how the bridge phase voltage u,, depends on the DC
voltage u,. The instantaneous value of £, is determined by the control of the valves.

u, () =k (Hu, (1) (4.1)

where x =a, b orc.
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Figure 4.1 Voltage source converter connected to an AC network

In steady state, the fundamental frequency components of the phase voltages and
the phase currents can be represented by phasors according to Fig. 4.2.
Symmetrical three phase voltages and currents are assumed, i.e. only positive
sequence quantities exist. Phasor representation is useful when the active and
reactive power flows on the AC side are analysed. The voltage and currents on the
DC side determine the power flow on the DC side. Subscript (;) implies positive
sequence.
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Figure 4.2 a) VSC connected to an AC network (phasor representation),
b) Phasor diagram (fundamental) and direction of power flows. The
location of the U,; phasor determines the operation mode (rectifier
or inverter)

With phasor representation, the fundamental AC bridge voltage is given by the
fundamental frequency component of the coupling function and the DC voltage,
according to Eq. 4.2.

Uy =KnU, (4.2)

The fundamental apparent power in the connection point of the converter is defined
as

S=pP+ JjO =3 [l[?L(l); v(l) (4.3)

In high power applications the resistance r (transformer or inductor resistance) is
small and can be neglected. The active power and the reactive power drawn from
the AC network by the converter then become

U, W
P =300 Gin s (4.4)
wlL
0=3 DUL(I) E@Lm — U, cos 5) (4.5)
wL
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The angle 0 is the phase shift between the line side AC network voltage U, ;) and
the fundamental bridge side voltage U, according to figure 4.2. A positive phase
shift means that the line voltage is leading the bridge voltage and that active power
flows into the converter. The phasor diagram in Fig. 4.2b indicates how the signs
of the active and reactive powers depend on the phase and the amplitude of the
converter bridge voltage if the line voltage phasor is assumed constant.

Equation 4.4 gives that the active power consumed or generated by the VSC
mainly depends on the phase shift angle 8. From Equation 4.2 it can be realised
that the phase of the fundamental bridge voltage is determined by the phase of the
fundamental frequency coupling function. It is then possible to express the phase
shift according to Equation 4.6.

o= arg(l7L(1>) - arg(avu)) = arg(l7L(1)) - arg(l?(l)) (4.6)

Thus the active power can be controlled relatively fast by changing the phase of the
fundamental coupling function.

The active power transmitted from the DC side in steady state is
Pd = Ud Ijd,load (47)

The direction of the power is given by the sign of the direct current /; ;.4 Since the
polarity of the DC side voltage U, remains unchanged for a VSC.

The active power flow on the AC side must equal the active power transmitted
from the DC side in steady state (losses disregarded). This can be fulfilled in an
HVDC connection if one of the two converters controls the active power
transmitted at the same time as the other converter controls the DC voltage. With a
single VSC connected as an SVC (I; ;. = 0) and no losses assumed, there can not
be any active power flow in steady state. In this case, the active power control is
only used to control the DC voltage.

The reactive power consumed or generated by the VSC is mainly determined from
the difference in amplitude between the line voltage and the bridge voltage
according to Eq. 4.5. The amplitude of the fundamental bridge voltage is given by
the amplitudes of the DC voltage and the fundamental coupling function, i.e.

Uv(l) = K(l) [Ud (4.8)

The reactive power can be controlled in two ways, either by changing the DC
voltage or the amplitude of the fundamental coupling function. If the reactive
power is controlled with the DC voltage, the speed of response is determined by
the size of the DC side capacitor. This type of control becomes rather slow.
However, by introducing Pulse Width Modulation (PWM), the coupling function
can be changed and a relatively fast control of the reactive power can be obtained.
Also in order to control the reactive power independently of the active power in an
HVDC, at least one of the converters has to be able to vary the amplitude of the
coupling function.

With a pulse width modulated bridge voltage it is also possible to implement an
inner current loop control and thereby further increase the speed of the response in
the active and reactive power loops.

4.1 The three level converter bridge
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The three level bridge shown in fig. 4.3 is a very interesting alternative to the two
level bridge in high power applications because the phase potentials can be
modulated between three levels instead of two.
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Figure 4.3  Three level Voltage Source Converter configuration

The principles of operation for the three level bridge are also quite simple. Each
phase can be connected to the positive DC terminal (G1x/G2x on, G3x/G4x off),
the midpoint on the DC side (G2x/G3x on, G1x/G4x off) or the negative DC
terminal (G3x/G4x on, G1x/G2x off). There is only one switching required when
the connection point changes from the positive, or negative, DC terminal to the
midpoint on the DC side.

Compared to the two level bridge, the three level bridge requires six extra diodes
connected to the midpoint on the DC side, as indicated in fig. 4.3. The total number
of switching devices used in valves will, however, not increase on condition that
series connection of switching devices is required in order to build up each valve.
This is because the blocking voltage of each valve is u,/2, which is half the
blocking voltage of each valve in a six pulse bridge. Therefore, the number of
switching devices required to build up each valve is half as many for the three level
bridge than for the two level bridge.

It can also be shown that the total switching losses within the two level and three
level converter bridges, for operation with the same switching frequency per valve,
are comparable if it is assumed that the switching losses are proportional to the
blocking voltage of each valve. The total losses (switching and conduction losses)
for the two level and three level bridges respectively has, however, to be further
analysed before any final conclusions can be drawn.

The three level bridge configuration implies that the DC side capacitor is split up in
two parts, which can cause DC voltage unbalance. It is possible to keep the DC
side voltages balanced (i.e. u,;=u4) if a DC voltage balance control is added to the
converter control as shown in [2]. The balanced control proposed is based on that
carrier based PWM is used, i.e. a relatively high switching frequency. In order to
keep the DC side balanced at fundamental switching frequency operation, a
temporary increase of the switching frequency is required at DC side unbalance.
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A simplified switch representation for the analysis can be applied for the three
level bridge. The three level bridge shown in fig. 4.3 can be simplified according to
fig. 4.4, where each leg is represented by a three level switch.

'u —t
< va v k3 atl 2C == | uq
| NS v,a " 0
1 -1 k3 b 1
Vy0pr ™~ - - aodi] ' ug
! -\‘ -1 k3,C.u 1 =
Veseses_ 2 - 0
.-
2C —:l Ud2
A\

Figure 4.4  The three level bridge, switch representation

The relationship between the coupling function k3 , and the states of the valves in
phase x is shown in Table 4.1.

Table 4.1

Glx G2x G3x G4x
ks x=1 (ksu, <=1, ka1, x=0) on on off off
ks x=0 (ksyu,x=0, k31, x=0) off on on off
k3 =1 (k3 x=0, k31, x=1) off off on on
Forbidden state on off off on

It is possible to express the phase potentials referred to the midpoint on the DC side
according to eq. 4.9.

Vix = k3u,x L, = k3l,x L 4.9)
Assuming that the bridge is connected to a transformer without any connection to
earth, the phase voltage u, , becomes equal to the zero-sequence-free part of the

phase potential v, ,, i.e.

uv,x = Vv,x _Vv,O (410)
v, ¢ 1s the potential of the transformer virtual neutral point referred to the midpoint
on the DC side and can be calculated according to eq. 4.11.
v a + vv b + vv c

14

A% =

v,0 3
The output voltages in phase a of a three level converter bridge operating with
fundamental switching frequency is shown in fig. 4.5. Here, balanced operation is
assumed which means that u,,=u,,= u,/2. It is also assumed that the phase voltages
(and the phase potentials) are symmetrical, i.e. equal in waveform but phase
displaced 2173 rad from each other.

(4.11)

The peak values of the fundamental and harmonics in the phase voltage are found
by applying Fourier analysis on the phase voltage shown in fig. 4.5b [2].
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Figure 4.5 Output voltages of a three level bridge operating with fundamental
frequency (Ug1=Ugp=Uq4l2, a;=0.31 rad (18°)).
a) Phase potential reffered to a virtual midpoint on the DC side.
b) Phase voltage on the valve side of a transformer.

From eq. 4.12 it can directly be seen that it is possible to vary the amplitude of the
fundamental bridge voltage with the switching angle o; and thereby also the ratio
between the fundamental bridge voltage and the DC voltage. With the three level
bridge, unlike the two level bridge, a pulse width modulated bridge voltage is
obtained even for fundamental frequency switching and the reactive power can be
controlled rapidly.

The output voltage of the three level bridge can also be described with space
vectors [2]. The possible bridge AC voltage vectors are shown in fig. 4.6. There are
27 combinations of k; ,, k;, and k;. and the bridge voltage vector can reach 19
different points in the ap-plane. The zero voltage vector can be reached by three
combinations. The active states correspond to voltage vectors with three different
amplitudes and twelve different directions in the complex plane. The length of the
voltage vectors are 2/3uy (full voltage vectors), 1/3uy (half voltage vectors) and

1/ ﬁ ug (intermediate voltage vectors). It should be observed that the six half
voltage vectors could be obtained in two ways.
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Figure 4.6  Voltage vectors, the three level bridge

4.2 The control system of VSC

In an integrated power transmission system, the control of active power in the
converter station should be coordinated. The coordination of active power control
between the stations is realised by designating one converter controlling the DC
side voltage whereas the other converter controls the active power. A constant DC
voltage control will result in an automatic balance of active power flow between
the stations. That is why the control system is usually designed under the condition,
that there is no communication between the two stations, as shown in Figure 4.7.
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Figure 4.7  General control scheme for HVDC Light

The control of the reactive power in the converter stations will be completely
independent for the two stations. The desired reactive power order can be
generated by the AC voltage that is requested or set manually.
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Due to the limited power rating of the converters, the independent control of the
active and reactive power within a station may be limited to a certain operation
range.

The complete control system of a VSC consists of the Master Control and the
Basic control [2]. The Master control consists of DC voltage reference regulation,
Active power reference regulation, DC voltage control, DC overvoltage &
undervoltage control, AC voltage control, Current order calculation and Current
order limiter. In addition to the current references, the control signals for the tap-
changer are also generated in the Master control. In order to secure all the different
control functions, a Sequence control is also included in the Master Control. The
Basic control is composed of Phase locked loop, AC current control and PWM.
The output of the Basic Control will be sent to the converter valve control.
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5

SSTIl in HVDC Light

The mechanism of subsynchronous torque interaction in HVDC Light will be
shown using the same approach as for Conventional HVDC for easier
understanding. The response of the HVDC Light converter to the variation of
frequency due to inherent subsynchronous generator shaft oscillations will be
investigated. The configuration shown in Figure 5.1, a voltage source converter
connected to the AC bus via reactance wL, will be used for this purpose.

—
C
AC bus 1
wL ﬁ T

S Ei

P

Figure 5.1 VSC connected to AC bus

Remembering, that damping is defined as a real part of the ratio between change of
electrical torque and change in electrical speed as shown in the formula below

D, = Re%% (5.1)
w@

and change in electrical torque is defined as
P DC

AT, =A
wG

(5.2)

From the formulas written above it is obvious that the item, which defines the sign
of the damping is the active power. Therefore, the character of converter power
response to the frequency deviation will be investigated.

Again, the main equation describing the active power flow in VSC is (5.3).

U, W
P=3 E)Aiafiﬂind (5.3)

We assume that converter side voltage stays constant during the frequency change
and no control action is taken, then the frequency change will affect the angle
between converter side voltage and AC bus voltage.

For rectifier this process is illustrated in vector diagram in Figure 5.2
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Figure 5.2 shows the case when the
frequency increases, the angle & also increases
and becomes 0. The active power flow to the
converter will become higher, since it is a
sinusoidal function of the angle 8, as shown in
Equation 5.3. That means that the sign of the
damping would be positive and the
subsynchronous oscillations will be damped.

Following the same sequence it can be shown,
that during the frequency decrease the angle 0

would decrease, which will result in an active
power flow reduction.

Figure 5.2  Rectifier voltage vector diagram

Figure 5.3

For the inverter operation active power flow has

direction out of converter and vector diagram for
voltages will look like in Figure 5.3

Now the mechanism of interaction is still the
same, but the active power flow has direction
from the VSC. If the frequency at the AC bus
increases, the angle between voltages decreases
and so does the active power. It would look like
inverter has negative damping, but it should be
noted that in this case the active power flow is
negative from generator point of view.
Conclusion is that converter operating as an

inverter also contributes with subsynchronous
oscillation damping.

The same conclusion can be made for negative
frequency deviation, when the angle & increases
and so does the active power.

Inverter voltage vector diagram
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6

Converter control impact on SSTI in HVDC Light

Effects of converter control on electrical damping are quite difficult to investigate
using theoretical approach. That s because the control system for HVDC Light is
very complex and sophisticated.

First steps in the development of a SSTI study methodology for HVDC Light with
the controls included were made by ABB using the electromagnetic transient
simulation software tool EMTDC. The targets and results are presented in [4] and
show that HVDC Light converters contribute with higher subsynchronous
oscillation damping than Conventional HVDC. The same conclusion is drawn in
[5]- The results indicate that in a network configuration characterised by UIF (Unit
Interaction Factor) of 0.2 there could be negligibly small interaction between the
HVDC Light transmission link and a nearby generator. Figures 6.1 and
respectively 6.2 point out that the interaction is much less for the Light concept
than for a conventional HVDC transmission. The figures of plots showing different
damping characteristics for machine feeding a passive load, active load
(conventional HVDC) and active load (HVDC Light) in parallel with infinite bus
are presented in Enclosure 1.

In this context, it must also be mentioned that a Japanese investigation of steady-
state stability for shaft torsional oscillation in HVDC systems, using self-
commutated converters, presents observations and conclusions that design of
converter control systems has impact on the SSTI [8]. It is claimed that with some
control setting parameters (gains and time constants) the converter will contribute
with negative damping and result in unstable shaft torsional oscillations. However,
with proper control settings no subsynchronous damping control is needed, what
the ABB work seems to be pointing at.

But it is likely to believe, that properly designed control system will not change the
characteristic of subsynchronous oscillation damping so significant, that it would
become extremely negative. The results of investigation made in ABB confirm that
suggestion.

Then, it can be concluded that properly designed controls will have major impact
on SSTI.
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Figure 6.2  Electrical damping curve for the HVDC Light
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7 Summary

7.1 Conclusions/suggestions for verification

This report describes the study of subsynchronous torque interaction in HVDC in
general and in HVDC Light transmission in particular. Further, the set-up of an
RTAS for Light_B verification is described. The conclusions of this diploma work
are the following:

* HVDC Light converters connected to the AC network with synchronous
generators in vicinity will contribute with positive damping of subsynchronous
generator shaft oscillations. This is theoretical conclusion, based on the
assumption that no controls take action. It has to be verified with simulation
results.

* Effects of control: ABB studies show, that an SSDC is not required if proper
settings of control design are made, what is also shown in [8].

* Verification should be made preferably in a real time analogue simulator
(RTAS) since in EMTDC the same simulations would take very long time. The
reliability of the results obtained in digital simulations will be also verified.
General details on RTAS set-up are given in Enclosure 2.
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7.2 Recommended continuation

After the work and studies that were done following steps should be taken in
further study of SSTI related to HVDC Light and the set-up of the RTAS.

The set up of the RTAS should be finished connecting the main circuit part to
the real controls. The proper operation should be verified for the simulator
ability to transmit and control the power.

The study of SSTI in HVDC Light without and with control action in RTAS
should be made to verify the theoretical interaction interpretation.

Other studies should be performed, such as validation of EMTDC damping,
low frequency oscillations, monitoring of flickers generated by HVDC Light,
DC ground current, developing of stability measurement tools, etc.

Further steps in developing SSTI study tools for HVDC Light in EMTDC
should be taken and those tools should be verified in RTAS.
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9 Abbreviations

AC Alternating Current

CIGR Confrence Internationale des Grands R seaux Electriques
CSC Current Source Converter

DC Direct Current

EPC Equidistant Pulse Control

EMTDC Electro Magnetic Transients for Direct Current
FST Factory System Test

HVAC High Voltage Alternating Current
HVDC High Voltage Direct Current

IGBT Insulated Gate Bipolar Transistor

IPC Individual Phase Control

PLL Phase-Locked Loop

PSCAD Power System Computer Aided Design
PSS Power System Stabiliser

PWM Pulse Width Modulation

Ssc Short Circuit Capacity

SSDC SubSyncronous Damping Control

SSR SubSyncronous Resonance

SSTI SubSyncronous Torque Interaction
SvC Static Var Compensator

UIF Unit Interaction Factor

VSC Voltage Source Converter
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11 Enclosures

11.1 Enclosure 1: Preliminary studies of SSTI in HVDC Light [5]

The configuration consists of a machine feeding a passive load of 65 MVA and an
infinite bus. This case is a reference case for the comparison.

Load

Machine Ssc(m) l

O—CO0—— *

A frequency study was performed on the network configuration above. The
disturbance signal injected into the system swept from 40 to 5 Hz. The electrical
damping of the network configuration can be seen below.
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This configuration consists of a machine feeding an active load of 65 MVA and an
infinite bus. The active load is a conventional HVDC transmission. The network
configuration can be seen below.

S
sc(is)
AC

A~
i”\j

CSC }
Machine SSC(m) =
i—( —(C)

A frequency study was performed. The disturbance signal injected into the system
swept from 40 to 5 Hz. The electrical damping of the configuration can be seen in
the plot below.
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This is the main configuration. It consists of a machine feeding an active load of 65
MVA and an infinite bus. The active load was in this case an HVDC Light
transmission link.

Ssc(is)

I
(s

VSC T
Machine SSC(m) —
M

A frequency study was performed on the network configuration. The disturbance
signal injected into the system swept from 40 to 5 Hz. The resulting plot of the
electrical damping curve for this network configuration can be seen below.

15

0.5

r0.5

r1.5

Electrical damping (De)

10 15 20 25 30 35 40
Hz

33




11.2 Enclosure 2: RTAS set-up

The set-up of the Real Time Analogues Simulator is a part of the whole simulator
development. For the main circuit, shown in section 11.2.6, component models
were used from previous HVDC Light_A analogue simulator. The task was to set
up the new configuration by modifying existing models and introduce some new
components. The whole scope of the work can be seen from the work time
schedule in section 11.2.7. The block layout is also available in section 11.2.8.

The first step of set-up work was to become familiar with documentation of
previous project in order to define the changes that should be made. Mainly, the
modification comprehended introduction of extra reactance in power transformer
model, moving of AC filters and PLC filters into another rack because of totally
different model configuration and tuning, and connecting of new valve model and
new DC cable model to the whole simulator. Power supply question and some
other minor changes (additional reactance in infinite bus rack, reactances to
represent step up transformers etc.) were also solved.

11.2.1 Digital machine set-up

This task was one of the most complex and time consuming.

The synchronous machines are represented with real-time digital model, developed
at ABB Power Systems AB, Ludvika. The basic idea of the digital machine model
is to generate a three-phase voltage, depending on its internal parameters and also
on the current flowing into the network where the machine is connected.

The setting up for a specific machine is done by means of a PC, in which the pre-
processing software as well as the real-time programs is stored in different
subdirectories. The PC will only be necessary for setting up the model and loading
the program into the machine hardware. After setting up and loading the machine
the PC can be removed. However, it can still be used as a terminal for reading or
changing variables during normal operation of synchronous machine.

The basic menu for the synchronous machine model is shown in Figure 11.1. It
presents the options the user has to set up and load the program for real time
simulation.

Activities 1 to 3 allow the user to enter parameters for the model. Activity 4
executes HIDRAW graphical programming language environment, in which the
models of exciter, PSS, governor and turbine can be set up. Activity 5 generates the
complete code that will be loaded by activity 6 to the model hardware. Activity 7
can be used during simulation, if the user wants to monitor or change variables.

The set-up values for one of the AC generators are presented in section 11.2.9.

In order to find out adjustment faults, standard tests of the AC generator follow the
set-up. Another reason for making the tests is to be able to prove that the AC
generator is working in a correct way.

Open circuit test is made in order to check the d-axis transient open circuit time
constant T 4,. Short circuit test is made in order to check the reactances and time
constants of the model. The routines are described in [6].



ABB POWER SYSTEMS - CEFEL

Fesal-Time Model v Synchronous tachines.

LERLLEES 1 R T T P ey

LELLEEE L L] - EELECTIGN DF ﬂGTNITEES LAEER LT

LEELEEE R T R L T PR LR Al LI T ]

ACTITY

BASIC SETUP

MACHINE PARAMETERS

SHAFT

EXCITER, P55, GOVERNER, TUREIME
CREATE LOADABLE CODE

LOw D MACGHINE TO HARDWARE
MERERMIT

ExIT

L= B o B FURE R T

Chersie Acthvity

Figure 11.1 Basic menu for the synchronous machine model

After tests, the values of time constants and reactances are compared with set-up
values and with simulation results obtained in EMTDC. Then the proper AC
generator set-up is verified.

11.2.2 AC filters and PLC filters

The set-up of AC filters and PLC filters was verified after performing tests using
frequency scanning. Each filter (the 25™ and 41 harmonic filters (floating neutral
point) and the 21* harmonic filter (grounded neutral point))was tested separately
sweeping the voltage in frequency range from 0 up to 10000 Hz into each separate
phase. The proper tuning of the filters was verified.

11.2.3 DC cables, DC filters

The models of DC cables and DC filters were tested also using frequency scanning.
The proper set-up of DC filters was verified by their tuning.. The DC cables
representation was checked measuring impedance under four different
circumstances: 1) short circuit pole mode, 2) open circuit pole mode, 3) short
circuit ground mode, 4) open circuit ground mode. These frequency scanning
results were compared with the simulation results obtained with EMTDC for
verification of proper set-up.

11.2.4 Measurements

All measurements are documented and their correct action has to be verified.

11.2.5 Valves

Valve model was mounted and documented, and it was tested in blocked condition.
In blocked condition the model acts as a diode rectifier and rectifies AC input
voltage into DC output voltage.
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11.2.6 Simulator Model
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11.2.7 Time schedule
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11.2.9 Digital machine set-up values

Sy 99 MVA
U, 13.8kV
Sh sim (99/346)%6 = 1.72 VA
Us sim 10V3V
fy 60 Hz

R, 0.004 pu
X, 0.148 pu
X, 2.082 pu
Xq 1.97 pu
Xq 0.263 pu
X, 0.43 pu
Xq 0.178 pu
Xq 0.16 pu
Tao 5.24 sec
Teo 0.45 sec
Tgo 0.023 sec
Too 0.054 sec
R, 0 pu

Xo 0 pu

X1 0.124 pu
Rr 0 pu

H 6.2 MWs/MVA
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