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Abstract

HVDC transmission systems are becoming increasingly popular wheparech to conventional
AC transmission methods. HVDC voltage source converters (VSC) flanaalvantages over traditional
HVDC current source converter topologies; as such, it is expectedH¥iRC-VSCs will be further
exploited with the growth of HVDC transmission. This paper presents the &@ fide through
capability and new STATCOM modes of operation for the recently publigtiezinate Arm Converter
(AAC), intended for the HVDC market. Operation and fault ride throufthe converter during a local
terminal to terminal short circuit of the DC-Link is demonstrated; durirgfttult STATCOM operation

is also demonstrated.

1. INTRODUCTION

IGBT based voltage source converters are being activelgldped for HVDC applications. These
systems offer advantages over, the now mature, line cometutanversion methods used in classical
HVDC; these advantages include improved AC side power tyupérformance without the need for
large harmonic filters, ability to exchange both leading &gding reactive power with the connected
AC network, a non-reversing DC cable voltage, ability todféeto a dead load and smaller physical

footprint [1] [2].
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Successive generations of HVDC-VSC schemes have beenogedklthese include hard switched
series strings of IGBTs operated in PWM mode [3] [4]. In addifimodular multilevel convertev/2C
topologies are being commercially developed and findintigirdpplication [5] [6] [7] [8]. Furthermore
hybrid M?2C topologies are being actively developed and promise anfditivenefits, such as increased
efficiency, decreased number of sub-modules and lower sadvita capacitor rating [9][10][11][12][13].
This paper describes DC fault ride through capability and/ mencepts of STATCOM mode of
operation, that exploit the hybrid topology of a recenthyblished VSC topology [14] intended for
HVDC power transmission.

Traditional VSC topologies suffer from poor DC fault perfance that can result in the complete
disconnection of the converter by opening the AC side direteéaker [15] [9]. The topology presented
offers a significant improvement, enabling the converteremain connected to both the DC and
AC networks even in the presence of a zero impedance DC fRuiting the fault the converter
is additionally able to exchange reactive power with the A&@work. These factors not only help to
stabilise the AC network, but significantly reduce the tineeded to restore normal power transmission

capability after the DC fault has been cleared.
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Fig. 1: Hybrid VSC with fault blocking capability

2. DCFAULT RIDE THROUGH AND STATCOM OPERATION

Fig. 1 shows the AAC published in [14]; the converter is fodrfeom six limbs each comprising

a director switch, a limb inductor and a cascaded string @rldge sub-modules. The sub-module
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Fig. 2: Cascaded string of H-Bridge sub-modules formingveaer limb

arrangement is shown in more detail in Fig. 2. The directatches, shown as single IGBTs, would
likely be formed from a series string of zero current softtstnéd devices; this would provide the
necessary voltage rating required for HVDC applicationsliké the standard/2C each limb of the
AAC must be able to produce a negative voltage; hence theresment for H-Bridge sub-modules.
The H-Bridge sub-modules also provide this converter withiGafault current blocking capability; this
is achieved in the same way that th&*C' Converter with H-Bridge sub-modules is able to extinguish
DC faults [16][17]. This fault blocking capability is trueven in the event of a complete short circuit
across the DC-Link, which would typically result in large A€hd DC fault currents and normally
requires disconnection of the converter by the opening efAG side circuit breaker. If a major DC
voltage depression occurs on the DC bus or there is a conmp{@teetwork short circuit, the converter
is able to continue to operate as a STATCOM providing voltagpport to the AC network whilst
AC/DC real power transmission is disabled, real power trdassion can be restarted after the fault has
been cleared or isolated from a multi-terminal DC grid.

A unique feature of this topology is that it offers multipl& A COM modes during fault ride through.
These STATCOM modes allow the converter to operate withapplying current into the fault site

and therefore avoid the need for any physical disconnection

A. Normal operation

Under normal operating conditions the converter is colgdalising a method presented in [14]. Using
this method the six director switches, shown in Fig. 1, opgh @dose synchronised with respect to the

line voltages; such that the upper and lower limbs in anyrgiphase alternately conduct. Arbitrary



voltage waveforms may be produced at the point of common lo@upy appropriate modulation of
the cascaded H-Bridge sub-modules in a conducting limb.tidwkl modulation schemes are well
documented and any of a humber of strategies can either loedirgetly or adapted for use with this
converter [18] [19]. During normal operation the non-coctihg limbs also act to produce the target
waveforms, in this manner it is ensured that the directotches do not become reverse biased and
the voltage stress on the director switches is minimised.

In this work during normal operation, each phase of the caerés operated such that the commence-
ment of the conduction period of one limb is advanced witlpees to the ending of the conduction
period of the opposing limb, thus there are two periods efilendamental cycle when both the upper
and lower limbs conduct. This period, where both limbs in agghconduct, is referred to here as the
overlap period; its introduction allows the introductiohaocirculating current/..;.., which conducts
through the DC-Link and the conducting pair of limbs duriig toverlap period. The introduction
of a circulating current permits a variable ratio betwees #C converter voltagey,., and the mean
DC-Link voltagevpc [14].

It is assumed that the aim of the converter is to synthesisessidal target waveforms on the AC

network side of the transformer as in (1).

vd = Dgsin(wt)

0% = Dy sin(wt — 27 /3) (1)

vé = Desin(wt — 47 /3)
If the voltage drop across the limb inductdr;, is ignored then the voltage the upper cascaded sub-
modules must produce, in order to synthesise the targetfarangis given by (2); similarly the lower
cascaded limbs must produce the voltage is given by (3).dulshbe noted that these are the required

voltages for both conducting and non-conducting periodigs Ensures the director switch diodes are

reverse biased during the non-conduction period, as statdee introduction.

Vi o
i = % — Vesin(wt)
Vi o
W = % — Uesin(wt — 2m/3) 2

\% ~
V5T = % — Vosin(wt — 4m/3)



Vbe

vy, = - + Desin(wt)
Vi

vhy = %C + Vesin(wt — 27/3) 3
Vbe

Vi, = % + Uosin(wt — 47/3)

The AC side line currents are assumed to be sinusoidal witarhitrary phase shiftv as given in

equation (4).

i =igsin(wt — @)
i, =igsin(wt — 27/3 — a) 4)

i¢ = igsin(wt — 47/3 — @)
During the overlap period an additional voltage is addeddth lthe upper and lower limbs, such that
a net voltage appears across the limb inductors which doedistarb the target AC voltage. This net
voltage can be added or subtracted as required such thaiQhar@ulating current/..;..., is controlled.
The steady state value required for this circulating curoam be calculated by considering the change
of energy stored in the converter over a fundamental petfazhe considers phase of the converter
the change in the converter stored eneigy;, over a fundamental period can be expressed as in (5). In
steady state this must be forced to equal zero; assumingrérap periods are centred around the zero
crossing of the converter voltage, the required circugatinrrent can be expressed as in equation (6).
This equation demonstrates that the introduction of a Etimg current permits the additional degree
of freedom that allows a variable ratio between the convertdtage magnitude and the DC-Link
voltage. As a result the converter is able to operate arouRfd)aenvelope with independent control

of both real and reactive power.

T
AWE = / VAT oty ity dt (5)
0
TOC dor ?C cos (o)
Loive = — Cos 6
<2VDC ( 2 >) oL ©)

where,¢o, is the overlap angle



B. STATCOM operation

A special feature of this converter is that it can be operatedultiple STATCOM modes. The first
of these modes shall be labelled STATCOM “A’, in this mode tloaverter operates using the normal
operation mode described in the previous section; howéwerdal power demand is set to zero. A
drawback of this mode of operation is current must flow in th@ link capacitor and therefore may
spill into the parallel fault site. This can be explained fifeoconsiders the converter conduction path
during normal operation or STATCOM “A” mode when there is a-Di@k fault. If the conduction path
when both the upper limbs from phageand C and the lower limb from phas® is conducting is
considered, then the conduction path between phasds andC is given that shown in Fig. 3. From
inspection of this figure, it is clear to see that the if thevester operates in STATCOM “A” mode,
then current required for reactive power compensation rooistiuct through the parallel combination
of the DC-Link filter and the fault impedance.

To overcome this problem, two alternative modes of STATCOpération are proposed here; these
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Fig. 3: Typical conduction path during DC-Link fault whenespting in STATCOM “A’” mode. Non-
conducting director switches are shown in grey and condngtaths are shown in red.

can be labelled STATCOM “B1” and “B2" and are shown in Fig. 4ldfg. 5, respectively. In “B1” all

three upper director switches are closed while the bottawcthr switches are open, whereas in “B2”



the upper switches are open while lower switches are cloAmilst operating in this mode, the upper
and lower converter limbs can be operated as separatestaected STATCOM's with current flow
constrained to flow only within the converter limbs. Thusréhis no risk of current being supplied to
the fault site.

When operating in these STATCOM modes, although only eitherupper or lower set of limbs is
conducting at one time, the non-conducting set of limbs nibgstppropriately modulated to ensure
that the diodes in the director switches remain reverseetliaEhis ensures no conduction path from
the top to bottom limbs.

As the converter can be operated as two separate STATCOMs uséful to transition from one
STATCOM state to the other, i.e. from STATCOM “B1” mode to ST8OM B2 mode. This enables
the distribution of the conduction time and associateddess be shared equally in the converter, while
also enabling the capacitor voltages in both STATCOMs toduilated. Operation in this combined
mode shall be referred to here as STATCOM “B” mode.
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Fig. 4: STATCOM mode B1, non-conducting director switchkseven in grey, conduction paths shown
in red

3. CONTROL STRATEGY

In normal operation and when operating in the STATCOM modesipusly described, the converter
is able to produce arbitrary voltage waveforms on the AC .sidds allows the line current to be

controlled using traditional VSC methodologies. For thirkva dual sequence control scheme has been
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implemented. This scheme provides independent controbibf the positive and negative sequence line
currents in separatedq reference frames [20] [21]. The implementation of the cordcheme is shown
in Fig. 6; the superscript? is used to denote positive sequenkecomponents and the superscript
dan negative sequence components.

During normal operation to ensure net AC/DC power transiemaintained the DC-Link current,
ipc in Fig. 1, is regulated by the addition of a circulating catras discussed in section 2.1. Any
transient imbalances in AC/DC power transmission will giige to a change in the net energy stored
in the sub-module capacitors. To ensure this energy is atgailcorrectly, the instantaneous AC power

demand is trimmed to regulate the net limb capacitor energy.

4. SMULATION RESULTS

Simulation results have been obtained using MatLab Sirkuwlith the PLECS blockset; simulations
are based on ratings for a 20 MW 11 kV low-power demonstratbe model of the converter has
been implemented using ten H-Bridge sub-modules per limtyrally for systems rated at transmission
level powers many more sub-modules would be used, resutihggh quality waveforms. The VSC is
operated as to maintain a charge on each H-Bridge sub-modpéeitor of 1750 V; this is representative
of the voltage limitations of presently available IGBT mdetu A carrier based modulation strategy,

adapted for the HVDC-VSC, has been used to modulate the #gBrsub-modules [19]. In order that



Fig. 6: Dual sequence line current control scheme

the capacitor voltages remain balanced, a simple algotitasnbeen used to determine the firing order
of the sub-modules in each limb. This is not discussed futtieee, since techniques that can be used
directly or adapted have been previously published [1Q][11

Results are presented demonstrating fault ride throughearevent of a local DC terminal to terminal
short circuit fault. To assist in modelling of the fault, #stupply is used to represent the fault voltage.
Prior to the fault real power is being exported to the AC nekwioom the converter, while reactive
power is exchanged with the network. During the fault reabgotransfer is disabled and the converter
operates as a STATCOM. Results are presented for STATCOMafd “B” modes discussed in

section 2. Table | lists the main parameters used for thelatioo.
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P 20 MW Active power

Q 8.2 MVAr Reactive power

Vean 20 kV DC grid voltage

Vs 11 kV AC grid voltage (L-L RMS)

F 50 Hz AC grid frequency

C 4 mF S.M. capacitance
Veap 1750 V Mean S.M. capacitor voltage
L, 2.3 mH AC Line inductance

R, 10.37 m2 AC Line resistance
NHB 10 Number of H-Bridge sub-modules

TABLE I: HVDC-VSC main simulation parameters

A. Local DC terminal to terminal short circuit

Results are presented showing operation when a short tciscapplied locally across the terminals
of the DC-Link of the converter. This type of DC-Link faultprf a traditional VSC, would typically
result in large AC fault currents; consequently demandimg dpening of the AC side breaker. It will
be shown in the simulation results, that there is no largkespi the AC currents and after a short
transient sinusoidal line currents are restored. Addiiigrthe reactive power demand is increased to
provide further support to the AC network.

Fig. 7 shows the DC side voltages and currents during thsitiam from normal operation to a terminal
to terminal short circuit fault. The top plot shows the vgkaacross the DC-Link capacitors and the
voltage at the fault location;p andw.., respectively, as labelled in Fig. 1. The fault voltage agpli
is a step at time 0O, from the rated DC-Link voltage of 20 kV doiwn0 kV. The voltage response
across the DC-Link capacitors is dominated by the filter comemts and not by the response of the
converter, therefore only one set of voltage results isepresl, shown here is the case of transitioning
from normal operation to STATCOM A fault ride through. Theddale plot and bottom plot show the
DC converter current and the DC cable currénly andi.., respectively. The middle plot shows the
response when transitioning from normal operation to STBMC“A” mode, while the bottom plot
shows the transition from normal operation to STATCOM “B” deofor fault ride through.

When the fault occurs there is a large reversal in the cableryi ;. This response is a function of
the filter and determined by the filter parameters. The filtépoat is short circuited during the fault;
thus, the rated DC-Link voltage of 20 kV is applied acrossftler inductor causing the reversal in

the current. The current freewheels through the fault sitél all the energy stored is dissipated in
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the damping resistor. It should be noted that in neither rmaafeoperation is this current seen by
the semiconductor devices. This can be attributed to thesseombination of director switches and
cascaded H-Bridge sub-modules. When the DC-Link capacittiage, vpco, becomes negative the
capacitors in the H-Bridge sub-modules naturally opposenigative DC-Link capacitor voltage and
prevent the diodes, labelle§ andds in Fig. 8, from conducting. Ensuring that control of the certer

is maintained during fault ride through. This further itiiies the benefits of this arrangement.
When operating in STATCOM “A” mode it is seen that the DC cotwecurrent;pc, has a large ripple
approximately 800 A Pk to Pk, most of which is absorbed by therfihowever the current which is
not absorbed by the filter capacitors,;, spills into the fault site. This is seen to be approximately
300 A Pk to Pk. By inspection of the bottom plot in Fig. 7 it isselved that after a short transient of
half a fundamental period the transition to STATCOM “B” modemade. It is further observed that
there is zero DC-Link converter current and consequentlguroent spills into the fault site.

Fig. 9 shows the AC side response to the local DC fault, theesime scale as Fig. 7 has been
used. The top plot shows the AC supply voltage, this is mededls a stiff source and so is unaffected
by the DC fault. The middle plot shows the line current whemsitioning from normal operation to
STATCOM “A’ mode, while the bottom plot shows the line curtamder the same fault conditions
when transitioning from normal operation to STATCOM “B” nmdinspection of the results reveals
that in the event of a DC-Link short circuit there is no spikethe line current. Thus using either
method of fault ride through there is no need to open the A€ bi@aker. Furthermore it is shown that
after a short transient of approximately one fundamentebgesinusoidal line currents are restored.
After a second fundamental period the line current is ireeddo rated current to demonstrate delivery
of maximum reactive power; although any reactive power afigg point can be chosen, provided rated
conditions are not exceeded. Thus, not only is there no neepdn the AC side breaker, but further
to this the AC network can be supported by operating as a SOMCThis is a clear advantage of
this topology over traditional HYDC-VSC converters.

Fig. 10 shows the average capacitor voltages in pbasgen transitioning from normal operation to
STATCOM “A’ and “B” modes. The figure shows the average cajmaacioltage for the upper and lower
limbs, in the interests of clarity only phagkis shown. It should be noted that this plot uses a different

time axis to the previous plots to highlight the longer resmotime associated with controlling the
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Fig. 8: H-Bridge Sub-module - in the event of a reversal of @& Link voltage the capacitor voltage
is able to prevent diode$, andd; from turning on

capacitor voltage. The longer time is also required in ottat the switching from STATCOM modes

“B1” to “B2” be shown.

When the converter first enters STATCOM “B” mode immediatdtgrathe fault, only the upper limbs
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Fig. 9: AC side response during normal operation and fad# through

conduct thus the stored energy in the bottom limbs remamsame. Twelve fundamental periods after
the fault, the converter transitions from STATCOM “B1” to AIICOM “B2” mode, the lower limbs

begin to conduct and the upper limbs stop conducting. Thes#pacitor energy remains the same in
the upper limbs and the bottom limbs exchange reactive pavitbrthe network. It can be seen that

there is little disturbance in the capacitor voltages inttla@sition between STATCOM modes.

5. CONCLUSIONS

New modes of STATCOM operation have been identified for ambggublished and practical VSC
topology for HVDC power transmission. These new modes allog converter to remain connected
to the AC network and additionally operate as a STATCOM in #vent of a DC network fault.
Thus enabling DC fault-ride through without the need to offenAC side circuit breakers, a problem
traditionally associated with HVYDC-VSCs. This results hetelimination of post fault down time,

reduction in AC and DC side fault currents and AC networkagét stabilisation during the disturbance.
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Simulation results have shown the fault ride through cdjpgbdf the converter based on 20MW

demonstration equipment. Additionally, simulation réstilave verified the new concepts in STATCOM
mode of operation presented here. Successful transitiomeka STATCOM modes has been further
demonstrated; this has been done while still maintainidg@endent control of the bulk energy stored

in each of the capacitor limbs.
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APPENDIX

Symbol definition

Instantaneous value of a generic variable
RMS value ofz

Peak value ofc

Average value of:

Bl 8) b B
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