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Abstract—This work aims at optimizing the converter design N number of SMs in branch "x”
of the double-T MMC DC-DC converter in terms of transmitted ~ Nz number of half-bridge SMs
power per submodule and also in terms of transmitted power per g number of full-bridge SMs

S

silicon area, while, at the same time, providing the capability to . transformation ratio Wuci/Vico)

block dc faults. Firstly, the converter operation is described and k voltage safety margin

the optimal values of the inner ac and dc voltages that minimize s .

device power rating are derived. Next, the submodule topology ch capacitor voltage

is analyzed and a thorough study on the converter capability for V- sum of the capacitor voltages of the branch "x”

blocking fault currents is carried out, showing that the converter ~ p_ average exchanged power by branch "x”

is able to isolate dc faults both at the input and at the output of W average energy in branch "x”

the converter. Finally, the previous analytical study is verified * . . o

by means of detailed PSCAD simulations. P., installed power in branch "x .
Pr nominal dc power transmitted by each T-section

Index Terms—dc-dc power conversion, fault blocking

capability, Hvdc grids, modular multilevel converter. Paco  Output dc power

Py input dc power

_ I. NOMENCLATURE Uppercase variables (voltages/currents) represent dc
Subscripts: components or peak values of the ac variables and lowercase
k(k=1---kr)  number of T-section variables represent ac variables.
D, positive and negative pole
x = ise,0se,de  branch names (input branch, Il. INTRODUCTION
output branch, derivation branch) IGH voltage direct current (HVdc) links based on
. voltage source converters (VSCs) are the prevailing
Variables: ) solution for the connection of distant offshore wind power
Vaei input dc voltage plants. These links, which currently are point-to-pointe a
Vco putput dc voltage paving the way for future multiterminal HVdc (MT-HVdc)
Viem Inner dc voltage grids. However, interconnection of HVdc grids with diffate
Laei input dc current voltage levels will require dc-dc converters [1], [2].
Laco output dc current o Several topologies of dc-dc converters, including isalate
Iy dc current through the branch "x and non-isolated dc-dc converters, have been proposed for
Yu brangh ac voltage HVdc grids. Isolated dc-dc converters make use of a
Vu amplitude ofv, transformer and two front-to-front connected dc-ac cotever
Viu Input ac cwgulatm_g current to build a dc-ac-dc converter. Topologies such as the modula
tou outpqt ac C|rculat_|ng curren_t ) multilevel converter (MMC) [3], the alternate arm converte
I; amplitude of the input ac circulating current — \acy [4], or diode rectifiers if bidirectional power flow
Lou amplitude of the output ac circulating current s not required [5] can be used for the ac-dc converters.
lz current through the branch " Alternatively, the voltage transformation can be achietgd
f w frequency of the cwcglatmg cur_rents means of a series or parallel connection of several dualeact
lq ac CL_"rent for balancing capacitor voltages bridges (DABs) [6]. However, for low and medium voltage
Iy amplitude ofi, _ transformation ratios, these topologies result in a low
kr number of parallel T-sections

utilization of the installed power semiconductor devices a
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Fig. 2: Equivalent circuit of the converter.

and ac current needed to exchange energy amongst branches
and to maintain the energy balance. These auxiliary ac
components reduce the available voltage and current for the
to compensate for the energy drift on the MMC branches [{c components, thus decreasing the power transfer capabili
The doubletl topology creates a constant pole-to-pole voltag&loreover, inadequate selection of the amplitude of the
however, the pole-to-ground voltages present a noticeablgxiliary ac voltage and the inner dc voltage, which are two
ripple [11]. This ripple is eliminated by means of coupledegrees of freedom in non-isolated dc-dc MMC design, may
inductors and capacitors in [12], [13]. However, couplegesult in such a poor utilization of the power semiconductor
inductors of such power and voltage rating are not currenfi¢vices that the converter becomes impractical. The infien
available, introduce a single point of failure in the comeer of the value of the inner ac voltage and the capacitor
and, if not accurately matched, could lead to ac residuaitages is analyzed in [27] with the aim of minimizing the
currents circulating through the dc poles. ac circulating current. However, minimizing the circutegi
The inner ac circulating currents can also be prevented frafirrent does not ensure that the transmitted power per SM is
flowing through the dc poles by using several capacitorgiratgptimized since it requires adding additional SMs. Morepve
for hundreds of kilovolts and connected between the midpoimo recommendations regarding the optimal values are pedvid
of the converter branches [14]. However, as in the previoys[27]. The design criterion in [28] is to use only HB-SMs in
case, avoiding such large passive components is advisableli branches. However, this criterion does not ensure tiat t
terms of reliability and risk of ac currents flowing to the deransmitted power per SM is maximized either. In [18] thelSe
poles. and DeB are constrained to the use of only HB-SMs regardless
In [15] a T-converter, which consists of two series-conedct of the voltage ratio, which severely limits the transmitted
doubleil converters, uses two shunt branches to keep tpewer when operating at a high and close to unit step ratios.
ac voltages and currents inside the converter. Conversgly, |n this paper, the double T-converter, whose topology and
paralleling two or more legs in the T-converter, the innefontrols were presented in [16], [28], is analysed with the
circulating currents can be made to flow from one leg #llowing objectives: i) optimal sizing in terms of instat
the other one. Thus, this configuration eliminates the needpacity, that is, maximize the power transfer capabiligy p
for shunt branches or dc link capacitors and increases BRI, and ii) study of the converter fault blocking capability
power device utilization and dc current handing [16]-[18}0 isolate dc faults. Hence, the main goal is to carry out a
On the other hand, the hybrid-cascaded converter uses fh6rough study of the double T-converter to obtain the ogkim
submodule (SM) capacitors as energy buffers to cyclicaljonverter sizing and, at the same time, maximize converter
transmit power from the input to the output [19]. Howevefunctionality. Both these two issues are of particularvatee
the current flow through each branch is discontinuous anid higbr the evaluation of this converter for actual projects.
switching frequencies are required.
DC faults in HVdc grids are of major concern [20]-[25]. Il. CONVERTER DESCRIPTION
Isolated dc-dc transformers have dc fault blocking cafigibil  The structure of the dc-dc T-converter is shown in Fig. 1,
[24]. Conversely, the HVdc-AT and the non-isolated top@sg where the variables of the upper and lower halves are denoted
cannot block dc faults unless a large number of additionaith subscripts “p” and “n”, respectively. Each half consis
full-bridge SMs, which are not required during the normadf kr T-sections connected in parallel (the T-sections are
operation of the converter, are added at the expense ofhighientified with subscripts “1”, “2”, etc.) and each T-sectio
converter losses and lower power device utilization [9P][1 has three branches named input series (ISeB), derivation
[25]. In this context, a dc-dc converter with fault blockingDeB), and output series (OSeB), respectively (hereindfie
capability can reduce the overall cost of dc-dc convertdrdin variables related to each branch are denoted with subscript
breaker and hence contribute to develop future multiteainirtise”, “de” and “ose”, respectively). The branches consibt
Hvdc grids [26]. an arrangement of N cascaded SMs, where N can be different
The power rating of non-isolated converters rapidlfor each branch. Although only two T-sectionsy(= 2) are
increases with the voltage transformation ratio. The highshown in Fig. 1, a higher number can be connected to increase
the transformation ratio, the higher the auxiliary ac vgdta the converter power handling.

Fig. 1: Structure of the T-converter topology.
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Fig. 3: Control of the converter (arrays of signals are repntéed with a crossed line).

IV. CONVERTER CONTROL whereV,, andf,, are the amplitude and frequency, respectively.
Fig. 2 shows an equivalent circuit of the top half of the From Fig. 2, the average power exchanged by each branch
converter. Given that both halves operate in a similar manni$ as given in (2a)-(2c). Note thaf is a circulating ac current
only the upper part will be analyzed. Moreover, the contfol ¢ntended to balance the SM capacitor voltages within each
all T-sections is the same, thus, for the sake of generalizat Pranch. For this reasou, is controlled to be in quadrature to
subscripts “17, “2”, “p” and “n” will be omitted hereinafter v« and does not exchange active power amongst branches.
At the beginning, each branch should only generate a t€nce, this current component helps in redistributing the
voltage and force the dc current to flow through it to transfé&nergy amongst SMs without affecting the branch energy. [16]

power between the input and the output. However, this would AW e Vil

cause branch energy drifts, that is, sustained chargbétige Pise, = — = = (Vi — Viem) Lise, — T" (2a)
of the SM capacitors. Given that when the 1SeB/OSeB dc —

current is positive the dc current through the DeB is negatv ~ p,, = Wy, _ ViaemTde, + Vo iy + Tous) (2b)
the energy drifts in the 1SeB/OSeB and DeB are opposite. _dt 2

Hence, the SM capacitors of the ISeB/OSeB are chargedp ~—_ AW ose,, _ (Ve — Vieo) Toser Vidou, 2¢)
whereas the SM capacitors of the DeB are discharged or dt 2

vice versa, depending on the power transfer direction. Toaccording to (2a) and (2c), the energy of the I1SeB and
avoid this situation, ac voltages and currents are useddh eyseB can be controlled by setting the amplitude of the ac
branch so that the power exchanged by the dc componentgjjgating currentsi;,, and i,,,, that is, I,, and I,.,,
balanced with the power exchanged by the ac Compone”tsré%}oectively. The dc componerits,, and/,.., are considered

this way the net exchanged energy is zero and the averaged gisturbances since they directly depend on the output
SM capacitor voltages remains constant. Moreover, t0 avQifrrent, Adding (2a), (2b) and (2c) yields to:

circulating ac currents flowing through the dc poles, the . _

T-sections operate in an interleaved manner, i.e., thdianyi  2Visew | Waep | AWose, ((1 - V‘“‘“) Losey + luc ) @
. : dt dt dt Vi k k

ac voltages and currents are shifted/kr rad. A diagram of

the control of the T-sections is shown in Fig. 3 [16]. The total converter energy is controlled by meansd£f .
In all cases PI controllers that set the valuedQf, 1,., and

A. Branch energy control ) o 14, are used to regulate the branch energies.
To keep the branch energies constant, auxiliary internal ac

branch voltagesu,) and circulating ac currents;{, andi,,) B. Capacitor balancing control
are required to exchange energy amongst the branches,.Fig.
This enables to transfer energy from the branches havingt
excess of energy to those having a deficit of energy. Provide
that the amplitude of the ac voltage, is kept constant, the iq, = Iy sin (gﬁfut ) k=1---kr (4)
amplitude of the currents;, and i,,, which depending on ' kr 2

the direction of the power exchange are set to be in-phdsach SM also creates an ac voltage (j = 1--- N), which

or anti-phase ta,, determine the energy transfer betweeis in phase or shifted80° from the circulating current,, , to
branches. The ac voltage of each T-section is defined as: extract/inject power from/to each particular SM capacikar

this purpose, each capacitor voltage deviation with resjpec
) k=1-kr () the branch average capacitor voltage is fed into a Pl that set

%’he circulating curreni, redistributes the energy amongst
capacitors within a branch. The value of this current is:

AT

2
Uy, = Vi sin <2Trfut - ké



i o] | mimin o cover| A Optimal SM power rating
Vi (Vi Vaem) I (Vy Vaem) The total SM power rating required to handle the rated
| I output dc power (i.e. the installed power in terms of SMs),
Computation of the converter power rating expressed as a ratio of the rated output dc power, is a useful
Po= Y VI (Vi Viaew) I (Vi Videm) measure of the utilization SMs. Optimization of this ratio
w=ise,0se,de results in a converter having the least requirements in S an
! capacitor counting, that is, maximizes the transmitted grow

Computation of optimal values df,, and V., that minimize P,

per SM. Considering steady-state operation, the installed
power fnaximum branch voltage x maximum branch curyent
is computed according to the flow chart shown in Fig 4:

= Vit "3 = (Vaes — Vaem| + Vi) ({Lise| + [ Tiu|)  (72)

Fig. 4: Optimal SM power rating.

the amplitude ofv,; [16]. As shown in Fig. 3, synthesis of
the branch voltage is based on the PWM technique. However, "s¢

other modulation techniques, like the Nearest Voltage Leve Pr,, = Vie™ 15" = (Vaem + Vi) (Hae| + [Liw| + [Tou])  (70)
together with the Sort and Select method to maintain balancg ~— _ jmax max _ (Viem — Viseo| + Vi) (Lose| + | Tou]) (7€)
of the capacitor voltages can be used [29]. o e e -

Using (6), the dc component of the DeB current is:

C. Branch current control v I
According to Fig. 2, the branch currents are: Iz, = (Vdc" - 1) ]:“’
dci T

Similarly, considering power balance between dc and ac

8

. . 2 . 2w ow
iise, = lise;, + Liu,, sin (Qqut—kE) + I4 sin (27rfut—kE — 5)

, , 27 (58)  pranch power exchange, the ac current amplitude of the ISeB
ey, = aey, + (i + Low, ) sin (27rfut - "?g) T e and OSeB currents is:
) 2r Viei — Vi Vieo 1
21, sin (27rfut —k— — 7> I =9 dei dem Vdceo Ldco 9a
kT2 2 9 “ Vu Vdci kT ( )
. . ™ . ™ ™
toser, = losey, — Loy, sin (Qqut—kE) —Igsin (27"fut—kE - 5) I, —2 Viem — Vieo Ldco (9b)
(5¢) Va kr

Pl'and PR controllers that set the branch voltages (. vi.,.  unlike the dc current, the amplitude of circulating current
Usse,,) @re used to control the dc and ac components of th@nends on the auxiliary ac voltage amplitude and the dc
branch currents, respectively, as shown in Fig. 3. voltage at the T-section midpoint. Substituting the ac aad d
D. Output current and power sharing control branch currents given in (6), (8) and (9) into the power g&in
To prevent ac current from flowing through the dc poled (7), the total power ratingX;) of the converter, in per-unit
the dc current flowing through each T-section has to be tR&the output power Ruco = Vacolaco), i as given in (10).
same. In this way the amplitude of the ac current through

. . o Vco > V,cm : 10a
each T-section is also the samg,( = I;, = -+ = IWT ¢ ; (102)
and Iy, = lpy, = -+ = oukT) and the ac components of P. = W(mevdw + VaeiVieo + 5Viaei Viaeo Va
the branch currents cancel out. dei Fdeo Fu )
Id - 2Vdci Vdcovdcm + VdeiVu - 2VdcincmVu - 3VdconcmVu)
CcOo
Iose;C =I5 = ke (63) 0 Viaei 2 Vaem = Viaeo : (10b)
Lici Vico Laco P. = 2 V2.V VoV AV, .
I-g = I-g = = _ 6b r ; ( dciVdco + Vdczvdcm Vdczvdcovdcm
15€ 15€e kT Vdci kT ( ) VdcszcoVu ) 5
For this purpose, a current balancing control balances the + 3VaeiVaem Va + VaeiVico + Vaei Vi = 3VacoVaemVu)
dc current through each OSeB. This control adjusts the dc Viem > Viei (10c)
component of the DeB voltage of each T-sectiddl/[’¢ ) so _ 2 2 5
the overall current is equally shared amongst thesections. Pr = g, (VaesVaco + 2VaciViem = 6VaesVacoVaem
Moreover, the overall output current is controlled by thevpp + 3Viei Vaem Vi + Ve Voo — 5Vaei Vaco Vi + Viaes Vi2
flow control that adjust the output dc voltaga (/). 1 2WaeoViim + 2ViaeoViaem Vi)
V. CONVERTER ANALYSIS The values ofV,, and V., that minimize the power rating

According to Fig. 2, the inner ac voltag&,() and the dc &€
voltage {/4.) do not affect the voltage conversion. Therefore

the values of these two variables can be freely chosen to Viei
optimize the SM utilization. In this section, a study is @2ar Vu = Vico Vieo 1= VacovVhr =1 (11b)

out with the aim of maximizing the power that can beNote that minimization of the power rating requir€s.,,, =

transmitted per SM. Although it is done for the T-topolodye t L :
study could be extended to any dc-dc topology that has Soﬁffr@o. This is explained by the fact that for the same dc voltage

. X . in the seri he¥t; — Vaem = Viaem — Ve
degree of freedom with regard to the inner converter vagible. 2F .- ' SEMES branches i — Viem = Vaem = Vico),
the 1SeB requires an ac circulating current thakjs(k, =
(voltages and/or currents) used for the branch energy @ontr

Vdcm = Vdco (11a)
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Fig. 5: Converter power rating as a function 1gf. Fig. 6: Converter power rating as a function \df,.,,,.
. . . 20
Viaei/Vico With Ve, > Vi) imes smaller than that needed in = 15| |
. . ]
the OSeB as given in (9). Thus, the dc voltage drop between =3
the input and output sides must be inserted in the ISeB. S —gc—dc .
Fig. 5 shows the converter power rating.f as a function of “3 de-ac—dd]
V., for four voltage ratios X,) and five values of the inner dc 0 P P P 0 12 14
voltage (withV;., = 1 pu). The power rating for low values k

r

of V, increases sharply due to the high circulating currents Fig. 7: Minimum power rating as a function &f..
needed to transfer energy amongst the branches. Thus, fnost o
the IGBTSs current capability is used to handle the ac custenéic-ac-dc [3] that uses to front-to-front ac-dc converterd a
which limits the dc power transfer. However, the power mtintransformer. The balance between the dc and ac sides of one
curves are relatively constant around the optimal valu&,of converter is: VoI

actac

2

that minimizes the power rating. Hence, it is feasible tgtsly 3

modify V,, around this optimal point to take into account other

design requirements that will be discussed later, for insta Where Vo, and I, are the peak values of the ac voltages

the fault current blocking capability or the type of SMs. and currents, respectively. Taking into account that thekpe
Fig. 6 shows the power rating of the converter as a functidl¢ Voltage equals the dc voltage when HB-SMs are used, the

of Vi for four voltages ratios and five values of th’révious equation can be simplified to:

amplitude of the ac voltage. The slope of the power rating 4

curves is quite pronounced around the optimal point. Hence, Tac = §Idc" (14)

it is not advisable to select values of the inner dc voltage thrpe peak value of the current through each branch of the
do not correspond to the optimal voltage. converter is:

= 2VdcoIdco (13)

The previous results highlight the importance of a proper I o= Lico i Lac -7 (15)
selection of the auxiliary ac voltage and midpoint dc vaitag br 3 2 deo

to avoid extremely high power ratings that lead to a loWhe maximum branch voltage equals the dc pole-to-pole
utilization of the installed power. Substituting (11) in0d), voltage. Hence, the installed powengximum branch voltage

the optimal power rating is: x maximum branch currepin per-unit in the six branches of
( ) 3 ) both converters is:
61/ (ky — 1)° — 4k, + 4k2 I ooy
Propi (k) = — (12) p, = 98deo?Vico _ (16)
k"' kT -1 2VdcoIdco

Fig. 7 shows the minimum power rating in terms of SMs asRegardless of the voltage ratio, the dc-ac-dc convertedsee
function ofk,. (with Vy.,14.0 = 1 pu) when the optimal values an installed power in the power converters that is twelve
of V,, and V.., given by (11) are used. High voltages ratiotimes the power that can transfer. Thus, the dc-dc converter
require large circulating currents, thus, most of the aurreis able to transfer more energy with the same amount of SMs
capability of the IGBTs is used to handle the ac current®r voltages ratios lower than 4.4, see Fig. 7. However, in
which limits the dc power transfer. contrast to the dc-dc converter, the dc-ac-dc convertey als
A similar study has been carried out for the conventionakeds a transformer. If the power rating of the transformer,
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taken as the sum of the VA rating of the transformer winding& SM tvoe
is considered in the analysis, for the same total installed yp

power, the dc-dc converter will be able to transfer more Depending on the maximum and minimum values of each
power between the dc grids for voltages ratios lower thatanch voltage, the corresponding branch requires haifier
10.85, see Fig. 7. Hence, the converter is specially seitpl SMs (HB-SMs) or full-bridge SMs (FB-SMs). Considering the
applications that require low or medium voltage transfaioma Optimal values forV;., andV,, the branch voltages are:

ratios, for instance, for the interconnection of HVdc liras )
comparable voltage rating to form HVdc grids, and the cdntro  Vise = Vdei — (Vd“’ + Vaco v lr =1 Sm(%f“t)) (21a)

of power in such dc networks. Vae = Vico + Vaco\/ by — 1sin(2m f,t) (21b)
Vose = Vdco V kr -1 Sin(27rfut) (210)

B. Rated power ) .
If the voltagesv; ., vqe, andv, . are either always positive or

Neglectingi,, the peak value of the currents through thgegative (i.e. a unipolar voltage), the corresponding tiraran
ISeB and DeB is: simply use HB-SMs. Otherwise, FB-SMs are needed. From

. . o 1 2 Viei — Vieo (21), the 1SeB requires FB-SMs whén < 2, the DeB needs

tise: = [lise”| + [T | = kf]d“" + ETI‘“O (173)  FB-SMs whenk, > 2 and the OSeB always needs FB-SMs.

Note that the IseB and the DeB create a voltage that contains

kr — lldw+ 2 Vaei — Viaeo Lues (17b) 3C and dc components. Therefore, the branch voltages are

K ky Vu « shifted into the region of positive voltage values. Thugsth
r%nches can use a combination of HB-SMs and FB-SMs,
ﬁmting the use of FB-SMs to the minimum required to create
the negative voltage, if needed. Fig. 9 shows the propodfon

ige = a4 ™| =

. . . b
From the previous expressions it can be seen that the braﬂ
that carries a higher current is:

Lign > dga k. <2 (18a) FB-SMs in these two branches, which are given in (22).
e e Vkr—1—k.+1
max. o grmax k. >2 18b Nrp. (%) = 22a
Yise Lde ( ) FB”@( 0) kr 14+ \/m ( )
Considering that the maximum IGBT current i8**, the % Vk.—1-1 29b
maximum dc currents can be obtained from (6) and (17): Nrp,. (%) = 1+ vVE 1 (22b)
1 Additionally, when the branch uses HB SMs alone, or in

max [mar

I - -
ST 1 2vE -1

combination with FB SMs, the branch current should always
(19) alternate between positive and negative values within golec

[rer — Y e —1 max of the branch voltage. Otherwise, it is not possible to began

© Vk.—1+2 the HB-SMs and the FB-SMs since, depending on the direction
of the current, the HB-SMs would only charge or discharge.

The nominal dc power of each T-section is: Thus, the conditiond;s. < I;, and I, < I;;, should be met
to use a combination of FH-SMs and FB-SMs in the 1SeB and
Pr = Vg Ime® k. <2 DeB, respectively. Otherwise, only FB-SMs can be employed.

1 max (20) Vdco Idco Vdci - Vdcm Vdco Idco
Pr = Vaeip —lae fr 2 Viei br 27 Va Ve ey Vet Vaem) > Vo (232)

— 2Viem > Vi (23Db)

. . h_ Vdcm [dco 2Vdci - Vdco Vdco [dco
Fig. 8 (black trace) shows the nominal dc power of e Vier ) kr TV Vi kr

T-section (i.e. the transmitted dc power) fof.; = 300 kV o i . i
and Ie* = 1 kA when the optimal values o, and V.. Consndermg thg optimal values of,.,, andV,, given in (11),
given by (11) are used. As the voltage rafip increases, the conditions in (23) are met wheip. > 1.25 and k, < 5,
the ac circulating currents also increase and the nominal '§SPectively. Taking into account the previous considemat
power decreases. Hence, the T-topology is more converient Fi9- 9 shows the proportion of FB-SMs in these two branches.

relatively small voltage ratios in terms of power transedtt AS Seen in Fig. 5, the converter power rating is relatively
per SM. For large voltage ratios, the size of the consideré@nstant around the optimal value 6f. This suggests that it

converter will be too large and other topologies offer rett&@y be possible to replace FB-SMs with HB-SMs by reducing
power transmitted per SM (see Fig. 7). V., without worsen significantly the power rating.
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““““ HB-SMs Vu = Vdcg W fOI’ 3581 S kr S 9690 (259)
Z 10[= = =FB-SMs HB-SMs / HB-SMs and FB-SMs / FB-SMs
%
3 sl Vi = 2Viteo for 9.690 < k, < 22.620 (25h)
‘ HB-SMs / HB-SMs and FB-SMs / FB-SMs
0 2 — 2k2 .
u = co T r > .
Vo = Vieo\| 7= 41 for k, > 22.620 (25i)

Fig. 11: Number of SMs required per MW of dc power. HB-SMs / FB-SMs / FB-SMs

Black/blue: Optimal value o/, obtained for the minimum Fig. 10 shows the optimal values 6f, obtained for the
SM/IGBT power rating is used. minimum SM power rating and for the minimum IGBT power
rating. The IGBT power rating optimization takes into aaabu
D. Minimum power rating of the semiconductor power deviceke type of SM, thus, the number of IGBTSs. As can be seen, the
The parameterP, (P,= maximum branch voltage x optimalV, for minimum IGBT power rating is smaller than
maximum branch currepbnly considers the maximum branchthat for minimum SM power rating. In this way, fewer FB-SMs
voltage regardless of the type of SMs that the branch agtuafire required. For instance, fdr. = 3, the optimal values
needs to create that voltage. Therefore, it is a measureobfained for the minimum SM power rating av@..,, = Vico
overall voltage and current capacity of SMs that maximizéd V,, = 1.41V,.,. Hence, given that/, > Vi, the
the power transmitted per SMs. derivation branch requires FB-SMs. On the other hand, the
To find out the minimum (optimal) installed power in term@ptimal values obtained for the minimum IGBT power rating
of IGBTS, a similar analysis to that described in section V-&€ Vicm = Vico @andV,, = Vi, In this case, only HB-SMs
for P,, but taking into account the type of SM, is carried ou@re required in the derivation branch, so a fewer number of
The optimal values fo/,.,, and V, are given in (24) and semiconductor power devices are required. However, asrshow
(25), respectively. The objective function (installed govin in Fig. 8, which plots the feasible nominal power of a 300

terms of IGBTs) and design constraints are in Appendix A.KV converter using 1.0 kA SMs, minimization of installed
IGBT power leads to a smaller converter nominal power than

Viaem = Vico (24)  minimization of installed SM power rating.
The optimal value ofl, and the type of SMs used in the Fig. 11 shows the number of SMs required per MW of
ISeB/DeB/OSeB is as follows: transmitted dc power for a 300 kV converter based on 2.5
2 Okt 4k2 kV, 1.0 kA SMs. As discussed on the previous paragraph, a
Vi = Vicoy | # for k. <1.046 (25a) converter designed on the basis of minimal SM power rating
FBTSMS / HB-SMs / FB-SMs tends to use more FB-SMs than the one designed on the basis

of minimal IGBT power rating. Nevertheless, the total numbe
Vi = 2(kr — 1)Vaeo for 1.046 <k, < 1.115 (25b) of SMs of both design approaches is very similar.

HB-SMs and FB-SMs / HB-SMs / FB-SMs Fig. 12 shows the IGBT power rating in per unit of the
output dc power Wyeolsco = 1 pu) as a function ofk,
Vi = Vieo ?17;; for 1.115 < k, <1.387  (25c) using the values oV, obtained from both optimizations. The

installed IGBT power is similar regardless of the optimdluea
of V,,, specially for low and medium voltages ratios. As shown
Vi = (kr — 1)Viteo for 1.387 < k, < 1.667 (25d) inFig. 9, fork, > 2, the DeB requires increasing the number

HB-SMs and FB-SMs / HB-SMs / FB-SMs

HB-SMs / HB-SMs / FB-SMs of FB—SMS and becqmes a hybrid branch. Ip contrast, if the
optimal V,, for the minimum IGBT power rating were used,
2k, — 2 for example, betweer.5 < k. < 3.581, V,, is limited to
Vi = Vico for 1.667 <k, <2.5 25e . . " Y .
¢ 3 - T (25¢) V. = Vaeo. This avoids the use of FB-SMs since they increase
HB-SMs / HB-SMs / FB-SMs the installed power in terms of IGBTs. The sharp increase in
Vi = Vi for 2.5< k. < 3.581 (250 IGBT per MW in kr = 5 for the case of minimum SM power

rating is due to the constraint of balance of capacitor gelta
in hybrid branches (23). Fdtr > 5, only FB-SMs are used
in the DeB.

HB-SMs / HB-SMs / FB-SMs



TABLE I: Inner ac voltage for different dc-dc topologies. " IK + V%

Topology r = 1.25 r =2 r=2>5 — . :
Vu I’Lse Vu I’Lse Vu Iise NS
[M2] |02 0333 05 0333] 0.2 0083 + K s - h—K)j +
[3] 05 0667 05 0667 05 0.667 = ede T >
T-converter | 0.4 05 | 05 0.333| 04 0.125 Viei Viise +VE Veose Vico
cde
TABLE II: Device losses — —
Topology kr =1.25 Kk, =2 Fk, =5 Fig. 13: Converter equivalent circuit in the event of a ddtfau
(12] 104%  0.99%  3.30% at the input and output sides.
3] 1.82% 1.82%  1.82%

T-converter 0.92% 1.50% 3.72%

After blocking the converter, the voltage inserted by each
o . _ branch is the sum of all SM capacitor voltages in that branch
In general, results in Fig. 8, Fig. 11 and Fig. 12 show thadind this is proportional to the maximum branch voltage dyrin

for low to medium voltage ratios, the total number of SMs, theormal operation, i.e. the voltage rating of the branch,iesng
maximum transmitted power and the IGBT power rating d& (26).

not change significantl_y_with the design appr(_)ach (minimumeZSe = NiwViieo = ke (Vdm' _ (de _ VdCDM)) (26a)
SM power rating or minimum IGBT power rating). To some

extent this is justified by the fact both optimization apmtoes Vore = NueVeae = ks (de + ViacoVkr — 1) (26b)

yields the same inner dc voI'tage’dém = Vico) .and that, as Vie = NooViose = kaVaso VB =1 (260)

shown in Fig. 5, around optimdl,,, power rating does not

vary significantly withV,,. For dc faults at the output side, the converter response does
not depend on the SM type used in the 1SeB and DeB (see

E. Losses the current path depicted in red in Fig. 13). Consideringd tha

The studied T-converter is compared with the topologi%ggcokuttﬁ;tf;ﬁ::i%?rgﬁﬁ: to zero, the converter will be able t

proposed in [3] and [12] in terms of losses of the

semiconductor power devices. The SMs are rated at 2.5 kV vcie + Vc%se > Vies (27)
and 1 kA, hence, an IGBT of 4.5 kV and 1.2 kA is use% bstituting (26) in (27):

(Infineon IGBT device FZ1200R45KL®5). The frequency >uPStituting (26) in (27):

of the circulating current is 100 Hz and a voltage margindact 2ks\/kr — 1> k. — ks(k, — 1) (28)
(ks) of 1.2 considered to account for SMs voltage reduction .

due to ripple in the capacitor voltages required to adegyat&©" @ value ofk, = 1.2, the converter is able to block the
force the branch current. The average switching frequeiicy [gult current ifk, > 1.16.

the IGBTs is 500 Hz and 250 Hz for the HB-SMs and FB-SMs Unlike the case of short-circuit at the output side, the
respectively. converter response to a short-circuit at the input side mtépe

For a nominal branch current of 1 kA, the input dc currerft’ the SM type used in the ISeB. As shown in Section V-C,
and the value of the voltag®, in per unit of the input for k. > 2 the I_SeB does not use FB-SMS, therefore, only
voltage are shown in Table | for three voltage ratios. I[f€ OS€B can insert a voltage which opposes to the fault

all cases, an input voltage of 41.6 kV has been consider&PnSidering that the input voltage drops to zero, the caaver
which corresponds to the nominal voltage of the front-tmfr will be able to block the fault current i

topology with 20 SMs per branch witlif:xS = 1.2. Table 1l Vozs:e > Vieo (29)
shows the losses of the three topologies. Note that only the ) _

losses of the semiconductor power devices are considerefPstituting (26) into (29):

However,_the topology in [3] uses a transfor_mer_ and the koVkr —1>1 (30)
topology in [12] uses a coupled inductor, which introduce _ o
additional losses. Given that the previous condition is always met, the comvert

can always block the fault currents whép > 2.
For lower voltage ratiosk{. < 2) the 1ISeB requires FB-SMs,
therefore, it can also contribute to block the fault. Coasitly

_The converter capability to block dc faults, either at ifsut  that the input voltage drops to zero, the converter will bie ab
side or output side, depends on the counter voltage it cantingg plock the fault current if:

into the fault current path once the converter is blocked.[19 - -

Fig. 13 shows the equivalent circuit of the converter, assgm NEB,, (%) - Veise + Vegse > Vico (31)

all power devices are blocked, for a dc fault at the inplgubstituting (22a) and (26) in (31):

and output sides of the converter, respectively. In Fig.th8,

capacitors in green apply to case of FB-SMs. For HB-SMs Mk (kr —14+Vk — 1) + kv —1>1 (32)
such capacitor exists and therefore the correspondinggeis  +r — 1+ vkr — 1

zero. Besides, for HB-SMs, depending on the direction of thr a value ofk; = 1.2, considering the 1SeB uses the
fault current, the SM capacitor is bypassed by the antifgralpercentage of FB-SMs given in (22a) (minimum number of
diode and, hence, the SM voltage is zero. FB-SMs as percentage of the total number of SMs), the

V1. FAULT BLOCKING CAPABILITY ANALYSIS
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TABLE lll: System parameters.

(kA)
(kA)

1
Viei +300 kV Vo +150 kV P 400 MW % 0 A 1
Nise 150 (HB) Nge 150 (HB) Nose 75 (FB) 31 _; o/\/vv\
Ve 2.5 kV Csm 3000 uF L 35.8 mH :_f 2 e
Ve 150 kv Vaem 150 kV fu 100 Hz 2 0 10 20 30 0 5 10 15 20 25 30 35
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(a) Upper half of the converter. (b) Lower half of the converter.
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(a) Upper half of T-section 1. (b) Upper half of T-section 2. Fig. 17: Converter branch currents during a dc fault at the

input positive pole. The surge arrester is used.
Fig. 15: Converter branch currents during a dc fault at thep P P g

input positive pole. fault, the faulty converter pole take®5 ps to hit the limit

current, set to 1.5 pu. Fig. 15 shows the branch currents in
converter can block fault currents when > 1.35. This both T-sections. After blocking the converter the curreed f
value can be extended tb, > 1.125 if all the SMs of from the +150 kV grid (i.e., the current that flows through
the I1SeB, instead of the fraction in (22a), are FB-SMs. NotBe OSeB) immediately drops to zero due to the counter
that this exchange of HB-SMs to FB-SMs is only needed feltage inserted by the FB-SMs of the OSeB. On the other
1.25 <k, < 1.35. hand, the current through the 1SeB and DeB flows through
From the previous analysis it is concluded that if both th@ye antiparallel diodes but not through the capacitors. As a
ISeB and the OSeB only use FB-SMs, the converter will hesult the current decays much more slowly because theyenerg
able to block faults at the output side whep> 1.16 and at  stored in the inductive components (branch inductors) Ig on
the input side wherk, > 1.125. However, the converter candissipated in the resistive components of the system, i.e.,
isolate dc faults for any voltage ratio by slightly increasi the parasitic resistance of the branch inductors. The thligh
the number of FB-SMs in these two branches. differences between the current through both T-sectioes ar
Other non-isolated topologies need to replace HB-SMscause the ac currents are shifted®180
by FB-SMs and/or add additional FB-SMs to block dc A surge arrester can be installed at the input side of the
faults, regardless of the voltage ratio [12], [25]. Thuysth converter to dissipate energy, Fig. 16. In the event of a dit,fa
topologies require additional SMs that are not needed durithe IGBTs are switched off and the current flows through the
the normal operation of the converter. On the contrary, tRgrge arrester where the energy is dissipated. Provided tha
T-topology does not require any modification for voltageghe counter voltage between the input and output sides of the
ratios k. > 1.35. Moreover, it only requires some additionakonverter is inserted by the SM capacitors, the IGBTs of the
SMs for voltages ratiog, < 1.16. surge arrester only have to withstand the voltage drop in the
varistor while it is dissipating energy. Thus, a low numbér o
semiconductor devices (around 5-10 devices dependingeon th

The system shown in Fig. 14 is used to study the behavigilue of the arrester) are needed in contrast to solid-skate
of the T-converter in the event of dc faults. The grid has @rcuit breakers [31].

bipolar topology and the parameters of the converter atedlis  Fig.17a shows the branch currents through the top half of
in Table Ill. The converter is simulated using a simplifieghe converter when the arrester is connected after degectin
model that accurately reproduces its behavior during ditsfauthe fault (with L,, = 0 mH). Now the currents decay below
[30]. 1 pu in about 2 ms and to zero in less than 8 ms. The bottom
_ ) half keeps normal operation because the negative pole is not
A. DC fault at the input side affected by the short-circuit as shown in Fig. 17b. However,
Initially the converter transmits rated power (400 MW) froomow the current flows through the metallic return cable and
the high voltage to the low voltage side. At= 15 ms the the negative pole.
positive pole voltage of the-300 £V grid drops to zero due  The SM capacitor voltages of each branch are shown in
to a pole-to-ground fault. The SMs of the top half of thé&ig. 18, where the SMs with the maximum and minimum
converter are blocked after detecting the fault, that isemvhvoltage besides the average SM capacitor voltage are glotte
the branch currents exceed 1.5 pu pll@ us that takes in the graphs. Once the SMs of the top branches are blocked
into account communication and converter blocking delaythe capacitor voltages remain constant within safe valOes.
Altogether, as shown by results here, the converter is bldckthe other hand, the SM capacitor voltages of the bottom half
around 625 us after the fault onset. Hence, following theremain well-controlled despite the transient that occungmv

VIl. RESULTS
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TABLE IV: Influence of the inductor,, on the fault current.

g26 g26
(mH) (ms) (pu) (MJ) (kV) (ms) (ms) > >
0 0.350 1.80 0.108 21.06 1.93 78 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

50 0.980 1.69 0.199 16.39 3.62 34.35 < .4 o

100 144 160 0238 1379 1051 53.72 \/\ /\/\/\/\/\/\NWVV\/VV\

150 1.93 156 0.296 1298 14.54 72.26 RESAA 5624
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(a) T-section 1 of the top half.  (b) T-section 1 of the bottom half.
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cose.

the current starts flowing through the return cable. Fig. 19
shows the voltage drop, the current and the dissipated yenelr:g . ) N
in the surge arrester. ig. 21: SM capacitor voltages during a dc fault at the pesiti
The previous results have been obtained without consiglerffutPut pole. The surge arrester is not used.

the surge arrester inductoL {, = 0 mH, see Fig. 16). Table
IV presents the results for different valuesiof,, wherety, is

the time when the converter is blocked and the surge arre
is connected/,; is the peak fault current,, is the energy
dissipated,V,, is the surge arrester voltage, and t.; are

the time when the current drops below 1 pu and to ze

t = 15 ms the positive pole voltage of the150 £V grid drops

to zero due to a pole-to-ground fault. Immediately, the SMs

ethe top half of the converter are blocked. In this case both

the ISeB and the OSeB insert a counter voltage so the current
uickly drops to zero in both branches even without using the

rgurge arrester, Fig. 20a. The SM capacitor voltages remain

rﬁs;;ec'ilvely. A h'?]h vgluedoLm Ilrr]mts thl((efln(irease :;te_of under safe values, Fig 21a. Now, instead of dissipating the
the a}utcurrent, thus, it reduces the peak fault curretiout energy in the surge arrester, it is stored in the SM capacitor
needing to detect the fault and to block the converter so fast

Moreover, the voltage in the surge arrester also decrease@,Ei“ ~0.044M ], AEae = 0MJ, AEos ~0.069M. (33)
hence, a lower number of IGBTs are required. However, thehere AE ~ 0.5C(V2 — V2), being V.o the average SM
stored energy and the fault clearing time increase. A highempacitor voltage at the instant the converter is blockedi an
value of the resistance of the surge arrester reduces thénge V., the final average capacitor voltage. These values are in line
time at expense of higheV,,. Provided that the branchwith the energy dissipated in the surge arrester in the pusvi
inductors already limit the fault currents, high values loé t case. Again, the lower part keeps transmitting power baiwee
inductancel,, do not improve the fault clearing response. both dc grids, Figs. 20b and 21b.

B. DC fault at the output side VIIl. DISCUSSION

The converter response to dc faults at the output side/s PC-DC MMC Sizing
shown in Fig. 20. As previously, the converter transmitedat Transformerless dc-dc converters require inner ac branch
power from the high voltage to the low voltage side and abltages and ac circulating currents to transfer energyrgmo
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branches. This helps in maintaining the balance between ttamverter, in this case, uses only HB-SMs. Therefore, the
energy delivered and that recovered by each branch ovelSaB is unable to insert a counter voltage when the current
given time interval. In the T-topology, the value of the bran flows from the converter midpoint towards the input side
ac voltage V,,) and the inner dc voltageVf.,) can be (the ISeB current flows through the antiparallel diodes). As
freely chosen to optimize converter design and operatitie. Ta consequence, because of the energy trapped in the ingluctiv
analysis in section V shows that the amplituddffandV,.,, components, the 1SeB current decays slowly to zero. To
has a significant impact on the number of SMs and powaccelerate the current decay, a surge arrester in the |ISeB ca
semiconductor devices required to transfer a given dc powee used to help in dissipating the trapped energy.

The power transferred between branches is giverPby
VuIiw/2. The higher the ac branch voltage, the lower the IX. CONCLUSIONS

circulating current needed to maintain branch energy loalan This paper has studied two important aspects for the
Thus, for SMs of a given current rating, there is more room fejilization of transformerless dc-dc converters in higltage

the dc current and more dc power can be transmitted. Howeugigh power applications, namely optimal sizing and fault
higher ac voltages require a larger number of SMs. blocking capability. These aspects have an important impac

Additionally, the voltage difference between the input angn both the capital and operational cost of the converter.
the output sides can be shared between the IseB and OseBa optimizing the converter design, the values of the
However, the OSeB requires an ac circulating current tht is inner dc voltage Wu.,) and the branch ac voltaged/,
times bigger than that of the I1SeB. Thus, selection of slétalthat minimize either the installed converter capacity ce th
values ofV,, and V.., is not obvious. Optimization analysissemiconductor area have been derived. It is found that
shows thatV,, = Vieovkr — 1 and Ve, = Vi, minimizes  minimization of the semiconductor area requires a slightly
the installed power in terms of SMs and power semiconduct@aller ac voltage than that which minimizes the installed
devices, that is, these values maximizes the transmitted glhverter capacity. Nevertheless, both optimizationedst
power per SM. result in a high efficiency dc-dc converter, particularly fo

The optimal value oV, that minimizes the power rating of small voltage conversion ratio,J).
the semiconductor power devices has also been obtained. Ifhe fault blocking capability of the T-topology dc-dc
this case, for a giver,, the optimal values oV, are smaller converter using the optimal design has also been analyzed.
than those which minimizes the SMs power rating. This is|a contrast to alternative topologies, like the HVdc-AT ttha
way of minimizing the number of required FB SMs. requires additional HB-SMs and FB-SMs when compared to

In general, the use of non-optimal valuesigf.,, andV,, those required for the normal operation, the T dc-dc coavert
will lead to a converter with higher SM/IGBT power rating tacan block dc faults over a wide range of voltage ratio without
transmit the same amount dc power. resorting to additional SMs.

The proposed sizing procedure can also be used to consideTherefore, the T-topology, designed according to a cateri
additional headroom for corner cases (i.e. transients anli f which minimizes the installed capacity in power convetters
conditions) which can be translated to slightly increasest alternatively the silicon area, may be a good alterndtive
voltage and current requirements. high voltage high power dc-dc converters that require alsmal
B. DC-DC MMC Fault Blocking Capability voltage conversion ratio, while providing dc fault blocgin

capability at no or little additional cost.
The T dc-dc converter can block dc faults over a wide

range of voltage ratio without resorting to additional SMs. APPENDIX
A converter design which minimizes the installed capaadity i
te_rms of SMs, for example, is able to b_lock fault at the input Po=1-2-Noy-V, (34)
side whenk,. > 1.25 and at the output side #, > 1.16. .

In general, the use of some additional FB-SMs contributeN€ré Neg = (Nup + 2Nrp), being Nup and Npp the
to block faults and allows the increase of the valueVgf number of .HB'SMS and FB-SMs, respectively, used in the
which, in turn, reduces the circulating current. Incregdine converter. is the peak _value of the bra_nf:h current,
value of V,, has only a small effect on the power capability The number of SMs in each branch is:

The required power in terms of IGBTSs is:

of the converter. In contrast, the use of a suboptimal value Ny = Vaci = Vaem| + Va (353)

of Vyem IS not advisable because it significantly reduces ) Ve

the power capability of the converter. Therefore, the use of Viem + Vi

some additional FB-SMs is a good choice to extend the fault Nae = v, (35b)
blocking capability of the converter, if they are also used t ‘

increase the value df,,. In the optimized converter, extending Nige = Vaem = Vacol + Vu (35¢)

the fault blocking capability to voltages ratios close to 1 Ve

requires only a few additional FB-SMs in the 1SeB and/oAs discussed in Section V-C, FB-SMs are needed to create
OSeB (respect to those for normal operation). a negative branch voltage. Otherwise branch voltage can be

Upon fault detection, the IGBTs of the SMs are blockedreated by HB-SMs alone. Branch voltages depends not only
and arm currents rapidly decay to zero. Exception is madedn the input and output DC voltages but also on the internal
faults at the input side fok,. > 2. The 1SeB of the optimized ac and dc voltagesi{, and Vy,,,).
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For the 1SeB: Pders =1 — Pps (46)
it Viei > Viem & Vaem + Vi < Vgei — HB-SMs  (36a) The equivalent number of SMs is:
if Vdci > Vdcm & Vdcm + Vu > Vdci — FB-SMs (36b) Ndeeq = Nd@(pdeHB + 2pdGFB) (47)

if Viei < Viem & Viei + Vi < Viern — HB-SMs  (36¢) The maximum values of the arm currents are:
Idci Vdci — Vdc’m Vdco Idco

if Viei < Viem & Viei + Vi > Ve — FB-SMs (36d) ’L.Z-;ng =lige + 1y, = + 22— (483)
kr Va Vaei kr
For the DeB: I VT
- i;r;(ém — Iose + Iou _ dco + 2Vdcm Vdco dco (48b)
if Viem > Vi — HB-SMs (37a) kr Va ko
it View < Vi — FB-SMs (37b)

. VCU I CcO
7’7dneam =Tlge+ Iin + 10w = (Vdi - 1) ]ZT + (48C)

For the OSeB: v T v v
deci — Vdem Vdco 4dco dem — Vdco Ldco
it Viem > Vico & Vieo + Vu < Vaem — HB-SMs (38a) T2 v~ = T2 — ;= (48d)

if Viem = Vaco & Vieo + Vi > Vgern — FB-SMs  (38b)

_ Replacing the values of (41), (44), (47) and (48) in (34), the
if Viem < Vaco & Vaem + Vi < Vaco — HB-SMs  (38c) installed power in terms of IGBTSs, in per unit of the output

it View < Vieo & Vigem + Vi > Vieo — FB-SMs  (38d) POWT Vacolaco), Is:
(M Niseeq + i&zaz . Ndegq + igget - NoseEq

ise ose
VdcoIdco

In case of needing FB-SMs, a combination of HB-SMs and P2 = 2V,

FB-SMs can be used. The proportion of each type of SM is: (49)
For the ISeB: . . .
IF (Vaers > Vies & Vies + Ve > Va2 | (Vies — Viern)| < Vi) The previous expression dependsignandVy..,,,. The optimal
values ofV,.,, andV,, that minimize the installed IGBT power
Pisers =1 (39a) are those given in (24) and (25), respectively.
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