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Abstract:  This paper presents a comprehensive model of tlgommutated thyristor converters such as (a) reongn
Back-to-Back HVDC system based on the three-levetréfleu of reactive power supply and harmonic filters attea
Point Diode Clamped (NPC) converter. The ac-side adiefls  terminal, (b) the problem of commutation failure at
are achieved in a synchronous rotating referenamt (d-0) nverters and (c) the problems due to adverse myste
controls direct and quadrature currents to obtaimdépendent interactions with weak AC system (correspondindoto

control of real and reactive powers. This is achikby means of S .
PI controllers. The voltage-balancing control of twplit DC Short Circuit Ratio (SCR) at the converter bus).CVS

capacitors of the three-level Back-to-Back HVDC aystis Pased HVDC systems are self commutated with
achieved using three-level space vector modulat@vM) with ~Semiconductor switches like string of IGBTs in seriThe
balancing strategy based on the effective use efréidundant emerging technology of self-commutated Voltage Seur
switching states of the inverter voltage vectors. Converter has the advantages of overcoming these
The reported study results demonstrate a satisfactsponse of problems [5-6]. The VSC based HVDC technology made
the VSC-HVDC station operating based on the prop@eM  mgdest beginning in 1997 [6-7]. The VSC has the
strategy, under various conditions of studied défé normal advantages of independent control of active powet a
and fault cases. reactive power within the feasible region in PQgdsm

8]. In addition they are capable of operating &hkr
requencies, currently implemented for switching
frequency of around 1800 Hz. Also there is no nequent

of fast communication between the rectifier andeiter
station for control purposes. The only constranposed

Key words: VSC-HVDC, Back-to-Back, multilevel space vecto%
modulation, capacitors voltages balancing, faulhditions.

1. introduction by the limitations on the IGBT and GCT devices twit
High Voltage Direct Current (HVDC) technology hasturn-off capability), which are used in VSC [6-9].
characteristics which makes it especially attractior The requirement to meet high voltage levels, bdth a

certain transmission applications[1]. HVDC transsita AC and DC sides, of an HVDC converter station istbe
is widely recognized as being advantageous for -longccommodated by multilevel VSC configurations [5].
distance,  bulk  power delivery, asynchronoushey were investigated with the requirement of iyal
interconnections and long submarine cable crosjBhs and efficiency in high power systems. They offerngna
Two basic classes of converters are consideredMBG1  advantages such as increased power rating, mirtintie
technologies. There are line commutated Currentrc®u harmonic effects and reduced electromagnetic ietterice
Converters (CSC) and self-commutated Voltage Sour¢gmI) emission [6-7].

Converters (VSC). The first group is known as tlessic Recently, HVDC converter systems using full Back-
or conventional HVDC system. This family of the HZD to-Back multilevel NPC converters are being ingestied
systems is a mature technology which is mainlyishgr  owing to their high-voltage, high-current and stase-like
based. It is even the technology of the choiceséoy high waveform capabilities [6-7-8]. Pulse width modudati
power applications~§ 1 GW) and has been successfullyPWM) techniques are showing popularity to control
applied for different HVDC systems [3-4]. Howevdtere multilevel inverters for multi-megawatt industrial
are some disadvantages associated with the lia@plications [8].



Space vector modulation (SVM) is one of the most The AC-side terminal of each converter is connetted
popular PWM techniques gained interest recently8§ the corresponding AC system through a series coeddt
The salient features of the SVM strategy are devi@. i) and L and a three-phase transformer. For simpliaitygl
It minimizes total harmonic distortion of the adei without the loss of generality, we assume the foihg: i)
voltages, through utilization of all available \ae levels the voltage magnitudes of both grids are the same;
of the VSC. ii) It minimizes the switching losseace, however, the phases can assume any values. &) Th
over each sampling period of the SVM modulatoysés power switches, diodes and passive component®dfit
the three adjacent switching states with minimum-ONVSCs are correspondingly identical [9-10].

OFF state transitions of the switching devices) |t To avoid repetitions in the formulation, the qutes of
enables development of a method for dc-capacittage VSC-1 and AC system-1 are indexed 3y, while those
balancing without the need for auxiliary power gits of VSC-2 and AC system-2 are indexed lbs2. In this
and/or offline calculations [14]. paper, station 1 is designated and chosen asieectiftion

The objective of this paper is to analyze the dyisamwhile station 2 is designated as inverter station.
performance of three levels VSC-HVDC System Iinl§A Svstem mathematical model in abc Erame
using space vector pulse width modulation for curtine e o ) o
both VSCs units, with balancing strategy based fmn t Based on the simplified equivalent circuit of Fig.the
effective use of the redundant switching statestref Mathematical equations which govern dynamic betanfio
converters voltage vectors. This paper also preseat the AC-side voltages are [15]
dynamic model of a three levels VSC-based HVD"

) . _ di,
converter station to design the dc-link voltageutatpr Vi = Rela* Ly dk+V
and power exchange controllers. The analysis i dpn di,, (1)
the dynamic response under different normal andt fai Viok = Rele ¥ L— < d Vosk
cases.

tck Rk Ick +L dde + V

2. threelevels VSC-HVDC system structure and

mathematical model The VSCs terminal voltages defining by:
Currently, the Back-to-Back HVDC system is
considered and seen as a single device, hencethsides sin@,)
support the DC link [9]. Fig.1 shows a schemati Vi . 2)
representation of a three-level VSC-based HVDCesyst Vick \/—"‘«Vdc sin@-=37)
The system comprises two Back-to-Back connecteskthr Vi sin@ +27rr)
level NPC converters units. The DC-link is composéd 3

two nominally-identical capacitors. The two VSC tani
share the same DC-capacitors and intermediate rogdes
are common between VSC-1 and VSC-2. An estimate Bfodulation index and phase-angle of the modulating
the total switching losses of the system is modeby waveforms of VSC-kwy is the angular frequency of AC
resistorR, [10]. system-k [9] .

Where: § =qt+a,. m and g, are, respectively,

(@
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Fig. 1. (a) Three phase Back-to-Back three level NBse2t VSC-HVDC system.
(b) Simplified equivalent circuit of three levAlISC-HVDC system.
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For the DC-link circuit, the DC-bus voltage dynamizan
be described by

dv,, 1 S
T ==V (g +ige)

“dt R,

3)

WhereCyq = C/2 and is the equivalent capacitor seen by

Substituting fofige from (11) in (3) yields

dv,, V.
Cg d: = o3 m (i, sina, + i, cosr, )

R, 2

3 .
—Emz(lqzsmazﬂdzcoscrz)

(12)

each VSC. Based on the power balance equationadf ea&quations (8) and (12) represenigamodel of the HYDC

VSC, we deduce :

. 1 . . .
fgok = (Viad TV 10 otV ik & 4)
dc

Substituting forvia, Wik and v by their fundamental-
frequency components from (2) in (4), we deduce

. 1 S S 2
gk = —=Mi(iysin@ ) +iysin@ . ——-)

V3 ° )
i sin(@, +27)
Equations (1) and (3) in conjunction with equati¢®sand
(5) represent a fundamental-frequency model oHW®C
system of Fig. 5.1 in thabcframe [9-10].

B. System model in dg Frame
The AC System-k variables are transferred tloframe by

9]

quk = kaabck (6)
Transformation matriX, is
cosf, cosg, —%T ) cod, +2—:
2| . P S (7)
K, =5 sing, sm@—?) sm6k+—3)
1 1 1
2 2 2

Where g,(t) = [ w,(t)dt -

Transforming variables of AC System-k, as given(hy
and (2), based on (6), we deduce

di .
tdk Rk Idk + L ddk ng)kl qk+ v sdk

di, (8)
tqk Rk qu + L d + Lka)kl qk+ V

In (8), igk andig are thed andq current components of AC

System-k, andig andviy are given by :

1
Viak = E mV,.cos@,) ©)
1 .
Vo = 75 m\V,.sin(@,)
Wherem, and g, are
NEN Y
a, =tan™ (V‘qu m = —V e WK (10)
vtdk VdC
Substituting foti ;e from (6) in (5), we deduce
. 3 L .
ek :T@mk('qk5|nak+' 4COST | ) (11)

system that is used for design of the DC- and Ale-si
controllers [9-10].

3. Controllersstructurefor VSC-HVDC

The controls of a VSC-HVDC system is basically the
control of the transfer of energy with independeantrol
of active and reactive power and also keep the DK |
voltage at the desired level to support the requaetive
and reactive power commands [10-11-12].

C. AC-side current control

Modulation index and phase angle of the modhdat
waveform are the control parameters of each VS@ wofi
Fig. 5.1.d and g components of the terminal voltage of
VSCs units, based on (5.22), are decoupled thrabgh
following change of variables [10]

Vigk = Uge = L@yl g 7V o
Vige =Ug =

tak

. (13)
Lkwkl awtV sk

Ug andug are new control signals that are generated by
two independent Pl-controllers .

Thed-axis Pl-controller is defined by
t
Uge = K€+ KiikJO € i (14)

Where Gk = idrefk - idk

The g-axis current controller is designed in a similar
manner.
D. DC-Bus Voltage Control

To controlvy, we use (12). Multiplying both sides of
(12) by Cegvud) yields: [10]

e dc) Ve 3 (igsina, + iy, cosr,
-2 -—=V i, Si i
dt F% 2\/5 acM d1 (15)
Z\f —=VaeMy (i, SiNQ, + iy, O, |
Substituting forvtdk andvyy from (9), into (15), we obtain
d( eq dc) _ Vdi 3
dt - _ﬁ - 2 (thl dl tql ql) (16)
3
- Z(dez d2 tq2 q2)
The left side of (16) is the rate of energy vada$ in
Vi /R, is the power dissipation inR, Terms

312Vl g1t Vigilq) and 3/vgiigitViqilqr) in (16) represent
the instantaneous outgoing powers at the AC-sidrit@ls
of VSC-1 and VSC-2, respectively.

vsdll di

3 3
2 (thlldl + thll ql) - 2 (17)



If the total instantaneous power of the interfaegctors are irars = i per Fi
neglected, then 3(@gigt+Viqiq)=3/2vsia. Real and
reactive power components delivered to each ACegyst

are given by Where ipyer is the current command corresponding to the
P, :_pl:§vsd e 1 Q :—EVsdiqrefk (18) desired power exchange between AC System-1 and AC
2 2 System-2. A positiveipyer Means a positive power flow
Thus, (16) is reduced to a Single-Input Single-Qutp command from AC System-1 to AC System-Rgps
(SISO) system described by (19) commands the small real current drawn from the Bdth

Veref (2 1)

Vceref

larer2 =1 pxret +

d(l C\7) , systems to compensate for the losses representeds}, by
2 = Mee 3, _3, (19) and, thus, to regulate the DC-bus voltagge; must be
dt R, 2% 27® determined by a Pl-controller for zero steady-sexer.
ASSUMINGVsg = Vsq1= Vsgz We have Thus, a DC-bus voltage controller is suggested @slp]
1
d(f Ce V(Zic) 2 . K S+ f(v
2 ’ = —ﬁ —§ sd(idl —i dz) (20) Ivcref (S) =t a/( 9 (23)
dt R, 2 s
We define the d-axis current referencgs, andiges, as Where: g, = vjcref - \éc
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Fig. 2.Control structure of the three levels VSC-HVDC system

4. Three-Level Space Vector Modulation vectorsnearestto the voltage vector (Fig. 3The nearest

A three-level converter differs from a conventiohab-  three vectors are chosen by determining the tréanghin the
level converter in that it is capable of producitigee Vector space in which the desired voltage vectodess _
different levels of output phase voltage, With thpossible The required on duration of each of the vectors is
output states for each of the three phases, threra #otal determined .by Equations (.24)' These specify thaidemand
of 27 (3) possible switch combinations. The result of/€Ctor Viet, IS the geometric sum of the chosen three vectors
plotting each of the output voltages im@reference frame (Vl'.vz' V) mult!plled by th.e'r on-durationgl{ d, d) and that
is shown in Fig. 3. their on- durations must fill the complete cycle

Fig. 4 shows that the 27 switch combinations reisust
total of 19 unique voltage vectors since some of th vid v, dy+ vdi= oy, T
combinations produce the same voltage vector. These d+d,+d, =T (24)
different combinations relate to different ways of ”
connecting the VSCs to the DC bus that result e@xdame &%,6=0v,
voltage being applied to AC systems. Projectionttod
vectors on aof coordinates forms a two-layer hexagornThe next step is to identify the appropriate recumd
centered at the origiaf the o8 plane. Zero voltage vectors switching states and generate the switching pattern
are located athe origin of the plane. The switching statesontrol voltages of the capacitors. This requiresvidedge
are illustrated by 0, 1 and 2 which denote corredpy of phase currents and impacts of different switglstates
switching states. Any sampling instant the tiphaf voltage on dc-side intermediate branch currents and comselyu
vector is located in a triangle formed by threetshing capacitor voltages [14-15-16].

Vv =

ref

Vref




102
Fig. 3. Space vector diagrams of three-level carver

5. DC-capacitor voltages balancing strategy

In a three-phase three-level VSC converter, thal totstep corresponding to a power change

energy E of DC-link capacitors is:

E =208+ ) 25)

When all capacitor voltages are balanced, the tot

energy E reaches its minimum dg :C\éc/4, [7-8].

This condition is called the minimum energy propert

which can be used as the basic principle for daciapr
voltage balancing and control. The adopted comethod
should minimize the quadratic cost functidrassociated
with voltage deviation of the DC-capacitors [17héeTcost
function is defined as follows:

C
J :E(Avél +DV,) (26)
Where:  Avg, = v - V;‘: , =12

Based on proper selection of redundant switchiatgst
of both VSC units,J can be minimized, if capacitor
voltages are maintained at voltage reference valtigg/2.
The mathematical condition to minimidés:

AV, (i (k) +15(K) 2 0 (27)
WhereAv,, is the voltage drift at sampling peridd
Currents components = 1,2,3are computed for different
combinations of adjacent redundant switching states a
sampling period and the best combination which mize

(27) is selected [17-18].

6. simulation analysis and results

To evaluate the performance of the overall HVD

system of Fig. 1 with the parameters presentedlitetl

[10], including power and control subsystems, undg
various dynamic operating scenarios, and the pexpo

. 300A.
VOItage_balanClngorresponding active power at inverter side is cedu

SVM technique with DC-capacitor
strategy, a numeric simulations were carried oingishe

presented models implemented in MATLAB™/SIMULINK

software. The system was simulated during 2.0 s.

Simulation Parameters

Parameter s of the Study System Value
Each DCC nominal power 110 MW
Each AC system nominal voltage 138 kV
Nominal Frequenciesf, 60 Hz
Nominal Frequenciesf, 50 Hz
Each transformer voltage ratio 138 /30 kV|
R, andR, 40 m
L, andL, 6 mH
Nominal net DC voltage 30 kv
Resistancd, 1.8 KQ
VSC-1 sampling frequency 2520 Hz
VSC-2 sampling frequency 2520 Hz
DC-link CapacitorC, ,C, 2000 uF

A. Real and reactive power control

Initially, the system is in a standby mode of opiera
and vyerer is set to 30 kV. Both VSCs units operate at unity
power factor. Att = 0.07 s up to 0.7R, is changed as a
from IDtMw,
from AC system-1 to AC System-2. Att = 0.7P IS
ramped from 10 Mw to -10 Mw; this change correspsotad
a power flow reversal from 10 Mw to -10 Mw, from AC
system-2 to AC system-1.

att= 0.5 s, reactive power demands of AC system®
g’hanged from 0 to -Bvar and from 0 to -Mvar for AC
System-2.

Fig. 2.a shows the DC voltage response, we camabse
that the DC-bus voltage is maintained close todference
with good approximation, stability and without oskoot, it
is important also to note that the applicationhaf proposed
redundant vectors based three-level SVM controhtaais
capacitors voltages (shows in fig 2.b) balancedthmir
references 0¥y4/2.

Figs. 2.d and 2.g shows dynamic response of thersys
under various steps changes in real and reactiweempo
demands of the HVDC system. We can show that medl a
reactive power of AC system 1 and AC system 2 adter
short overshooting are regulated at the correspgndi
references, and are well decoupled from each other.

B. Control system performance during faults

Short-circuit faults in the grid are likely the niagvere
disturbance for the VSC- HVDC link. The resultingitage
dips at the converter terminals will severely hamge
ability of the link to transfer power. This may eviead to
tripping of the link [3].

At 1.2 s, a single-phase-to-ground fault (Unbalance
Fault) is made in phaseat the rectifier side, which drops
the AC bus voltage on the faulted phase to growrihg
the time interval 1.2 s to 1.3 s. As shown in Fig, 4he
voltages at inverter side (shown in Fig 4.f) ar¢ affected
by the unbalanced voltage at the rectifier sidee Vbltage
in the faulted phasa at rectifier side is dropped to 100 V.
uring the fault and the other two phases have maxi
ﬁlue is about 18 kV during the fault. At inver&de the

ase currents in the faulted phaseés increased about
from 500 A to 800 A. in this case. The
during the fault, but the reactive power at inveside does
not change. The DC side voltage is well controkbadept
for the transient caused by the fault.



A three-phase-to-ground fault (balanced Fault) isoltage during the fault has some oscillations la¢ t
applied at rectifier side at 1.6 s and is cleare8 aycles beginning of the fault and at clearing the fauld ats
after the fault. The AC voltage at inverter side ignaximum transient value is about 3.03 kV. So the
maintained to 15 kV except small oscillations dgritie operation of the VSC-HVDC is as expected. On theot
fault. The AC voltage at rectifier side is decrehse 1kV  hand, the phase currents at inverter side decrieakawv
during the fault and recovers fast and successtollfhe values to reduce the power flow. The phase currahts
reference voltage after clearing the fault. Thd pawer rectifier side increase from 200 A to 350 A, andvéha
flow is reduced to very low value during the fadlhe DC overcurrent transient at the beginning of the fault
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under faults condition
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Fig 5.a and 5.b demonstrate that the distortion in supply

(4]

(5]

(6]

(7]

(8]
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[10]

current with lower THD level is obtained using proposed

space vector modulation method.

7. Conclusion

[11]

In this paper we have presented the analysis am]

simulation of three

levels Back-to-Back VSC-HVDC

system using space vector modulation not only under

normal operating conditions but also under balarmed
unbalanced faults conditioffhe capability of the voltage-
balancing SVM strategy, performance of the designed
controllers, and also the overall performance of the HVDC
system are investigated based on time-domain simulation
studies, in the MATLAB™/SIMULINK environment. The
studies conclude that the DC voltage balancing strategy
prevents the voltage drift phenomenon of the DC-link
capacitors of the HVDC system, even for the worst case
scenario.
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