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Flex-LCC: A New Grid-Forming HVDC Rectifier
for Collecting Large-Scale Renewable Energy

Qianhao Sun
Bin Cui?, Member, IEEE, Gen Li

Abstraci—A new grid-forming (GFM) high-voltage direct
current (HVdc) rectifier, named flexible line-commutated
converter (Flex-LCC), is proposed in this article to col-
lect the power generated by large-scale islanded or weak-
grid-supported renewable energy systems. The Flex-LCC
uses a series-connected hybrid valve based on the LCC
and full-bridge modular multilevel converter (FBMMC), and
adopts a new control. As a result, the Flex-LCC works as a
GFM rectifier and retains the same dc voltage and power
carrying capacity, dc fault clearing, and power reversal
functions as an LCC. Particularly, the Flex-LCC has three
salient features: the control of the Flex-LCC is decoupled
from the LCC part’s firing angle, the internal reactive power
allocation is flexible, and the valve-side ac voltage of the
FBMMC part has a wide operation range due to the de-
coupling of dc-port voltage and capacitor voltage. These
bring reduced interharmonics, enhanced stability, and a
smaller capacity boundary to the FBMMC part for the Flex-
LCC. Furthermore, utilizing the reasonable design for the
actual capacity and valve-side ac voltage of the FBMMC,
the Flex-LCC can effectively balance cost, footprint, and
weight, and match the current-carrying capacity between
the series-connected LCC and FBMMC. The topology, con-
trol, characteristics, and design of the Flex-LCC are ana-
lyzed in detail in this article. Simulations and experiments
validate the theory.

Index Terms—Compact High-voltage direct current
(HVdc), flexible line-commutated converter (Flex-LCC),
grid-forming control, HVdc hybrid valve, large-scale renew-
able energy systems (RESs), line-commutated converter
(LCC), modular multilevel converter (MMC).
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[. INTRODUCTION

IGH-VOLTAGE direct current (HVdc) is a feasible so-

lution for collecting and transmitting power generated
by long-distance-large-scale renewable energy systems (RESs).
The line-commutated converter (LCC) and the voltage source
converter (VSC) -based HVdcs are widely used in the current
market [1], [2].

The LCC has many merits, such as its large power carrying ca-
pacity, high dc voltage withstand capability, lower costs, dc fault
clearing ability, etc. However, the LCC has well-known draw-
backs: it cannot connect to passive or weak grids and requires
a large station footprint [3]. These restrict the application of
the LCC-HVdc in integrating islanded or weak-grid-supported
RESs. In such cases, VSC-HVdc systems, particularly mod-
ular multilevel converter (MMC)-HVdc, are considered more
preferable.

However, with the large-demand and high-speed exploitation
of RESs, the scale of islanded or weak-grid-supported RESs will
continue to increase [4], bringing several severe challenges to
MMC-HVdc. First, massive dc capacitors and switches in the
MMC results in a high cost and weight [5], [6]. Meanwhile, the
compact station footprint advantage of the MMC also gradually
diminishes as the capacity increases [7]. Second, too many sub-
modules (SMs) burden the computing of the control system and
may even make the MMC unstable. Finally, cables are preferred
in half-bridge (HB) MMCs, because the dc fault clearing is not
achieved. This leads to very high cost when using the HBMMC
in onshore. If overhead lines are chosen, dc circuit breakers
or improved MMC:s such as full-bridge MMCs (FBMMCs) or
hybrid MMCs should be used to protect against dc faults, also
significantly increasing the cost [8].

Hybrid valves in [9], [10], [11], [12], [13], and [14] can also
be used to integrate large-scale islanded or weak-grid-supported
RESs. However, in [9], the high dc voltage also exists in the
HBMMC part because of the parallel connection at the dc side.
This not only needs numerous SMs but also limits the capacity
of the hybrid valve. Then, from another perspective, the series-
connected hybrid (SCH) valves are also effective to integrate
islanded or weak-grid-supported RESs [10]. The SCH valves
were initially used as a receiving end based on a two-level VSC
[11]. In [12] and [13], the HBMMC is used to increase the dc
voltage and power carrying of the SCH valve further. Recently, a
sending-end station based on the SCH valve has been analyzed
in [14] to integrate multiple islanded onshore RESs, drawing
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on China’s Baihetan project [15]. However, in [9], [10], [12],
[13], and [14] and in the Baihetan project, the LCC part use its
firing angle to achieve the power control, resulting in several
challenges for the SCH valve when used to integrate large-scale
islanded or weak-grid-supported RESs.

First, dc-link harmonics of the HBMMC will superimpose
fluctuations on the control link of the LCC part. This gives rise
to the instability and interharmonics for the conventional SCH
valve [16]. (In this article, the SCH valve uses the firing angle
as a control variable, and the HBMMC as an ancillary circuit
is called the conventional SCH valve.) Second, a large firing
angle, usually 15°-20°, is required in the conventional SCH
valve to regulate the dc voltage or current to always be fixed
at a constant value during different conditions, bringing a large
reactive power demand of the LCC part, usually 50%—-60% of
the LCC’s active power demand. This will increase the capacity
boundary, cost, footprint, and weight of the HBMMC part.
Meanwhile, a large capacity of the HBMMC poses a challenge
to the current-carrying capacity of full-controlled switches. As
a result, multiple HBMMCs may need to be used in parallel,
requiring a complex coordination [14]. Finally, the modulation
requirement and the current-carrying capacity restriction in
full-controlled switches impose a narrow design range on the
valve-side ac voltage amplitude of the HBMMC. Otherwise, a
large capacity boundary of the HBMMC is required, leading
to an increase in cost, footprint, and weight. Or, the capacity
demand of the HBMMC will not be satisfied. Usually, the typical
dc voltage ratio of the LCC and HBMMC in the conventional
SCH valveis 1:1 [12], [13], [14]. However, at present, 1:1 is still
too high from matching the current-carrying capacity between
the series-connected LCC and HBMMC because the HBMMC
still need to transmit half the active power of the whole SCH
valve [17].

Considering the current demand for HVdcs integrated with
large-scale islanded or weak-grid-supported RESs and the state
of technology for the SCH valve, the topology optimization,
novel control, and parameter design are proposed in this article
for the SCH valve to shape a techno-economic grid-forming
(GFM) rectifier. It is worth mentioning that the proposed SCH
valve is called flexible LCC (Flex-LCC) in the rest of this article
to facilitate the elaboration.

[l. TOPOLOGY AND CONTROL SCHEME OF THE FLEX-LCC
A. Topology Analysis of the Flex-LCC

The proposed Flex-LCC, a special SCH valve, is presented
in Fig. 1(a), where Uyqc, Uqcr,, and Ugen are de voltages of the
Flex-LCC, the LCC part, and the FBMMC part, respectively,
Ic, Vgab,c, and ig, 1, ¢ are de-port current, ac-port voltage, and
current of the Flex-LCC, i, 1, are valve-side currents of the
FBMMC, and iy pcp ~ fab,en and Uapcp ~ Uab,en are arm
currents and voltages of the FBMMC. The subscripts “p” and
“n” refer to the upper and lower arms, respectively. The LCC
part and the FBMMC partin Fig. | (a) each incorporate converter
transformers that have been designed in a manner similar to the
transformers used in the conventional LCC and conventional
MMC systems, respectively.
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Fig. 1. Topology and control of the Flex-LCC. (a) Topology of the flex-
LCC. (b) Control of the conventional SCH valve. (c) Control of the Flex-
LCC.

Although the Flex-LCC still uses the SCH valve scheme-
based LCC and MMC, the distinguishing topology features of
the Flex-LCC lie in the detailed parameter and the irreplace-
ability of the FBMMC part. That is, the FBMMC part in the
Flex-LCC cannot be replaced by the HBMMC or two-level VSC,
etc., which is different from the conventional SCH valve. The
reason is as follows.

First, the conventional SCH valve uses the firing angle of
the LCC to achieve internal power distribution control, and the
MMC part uses the common two-control-variables inner loop
control [18], [19] to achieve the V-f GFM control of the whole
SCH valve, as shown in Fig. 1(b). Therefore, the MMC in the
conventional SCH valve is a conventional VSC, consequently
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Fig. 2. Analysis model of the proposed Flex-LCC.

allowing it to be replaced by other VSCs. However, in the Flex-
LCC, the FBMMC is not only used as a balancer for the internal
power distribution but also as a controller for balancing external
ac and dc power. Thus, the FBMMC needs to provide three
inner-loop control variables for the Flex-LCC when the control
of the Flex-LCC is decoupled from the firing angle, as shown in
Fig. 1(c). Second, the rated dc voltage and active power for the
FBMMC are designed as very low in the Flex-LCC, both within
10% of the Flex-LCC, to reduce costs, footprint, and weight,
and facilitates the current-carrying capacity matching for the
LCC and FBMMC, which will make the HBMMC unable to
work normally due to the modulation restriction, and the coupled
control of dc-port voltage and capacitor voltage in Fig. 1(b).

B. Control Scheme of the Flex-LCC

Fig. I(c) presents the control scheme to achieve Flex-LCC. In
Fig. 1(c), “x” and “m” refers to the reference and measure value,
respectively; “d” and “q” refer to the values of d,q sequence;
Vecaps: 1s the average value of the sum of arm capacitor voltages;
V*abe and 6 are the amplitude and phase angle of the reference
of Vga b,c; and i’ va b,c 1S the grid-side current of the FBMMC.
The detailed principle about the proposed control is as follows.

The analysis model of the Flex-LCC is presented in Fig. 2,
where the converter transformers required for the LCC and
FBMMC parts are both modeled as a combination of an ideal
transformer with equivalent impedance, labeled as 77, and Ty,
respectively. In Fig. 2, L.y, and R.;, denote the equivalent
inductance and resistance of 77, respectively, while L.y and
Re\ represent the equivalent inductance and resistance of Ty,
respectively.

The ac dynamics of the FBMMC in a synchronous frame
oriented on Vg, i.e., Vgq = V, and Vgq = 0 (where Vg and V,
are the vector and amplitude of Vg 1 c, and Vga b ¢ is the point
of common coupling ac three-phase voltage of Flex-LCC), are
as follows:

_ Larm diMd,q Rarm .
UMd,q = —( 5 ar + 9 TMd,q

L rm .
+ wgaTJllMd,q + kMVMd,q (1)

where xq,q = [xd,xq]T; wy is the angular frequency of vga 1 c;
inva and iyq are the d,q components of inab.c; UMa,b,c 1S the

valve-side voltage of the FBMMC, uyg and uyq are the d,q
components of Una,b,c; Larm and Rarm are the arm inductance
and resistance of the FBMMGC; ky is the transformer turns ratio
of the FBMMC; vpra, 1, 1S the grid-side voltage of the FBMMC,
VMd, VMg are the d,q components of vyrab,c; and Jp is the
coefficient.

Meanwhile, upga b, c and Jp are

UMa,b,c = Za,bcn ;ua.,b,cp Ji1= |:01 (1):| (2)

where u, b cn and u, 1, p are the arm voltages of the FBMMC
part.
Then, considering the relationship of i’\a,b,c and ivab,c

ifvlb i{\/ld ii\/lq
ac .

— IMd = = Mg — T 3
kwm { kv 4k } )

where i"\1q and i"vq are the d,q components of i"yva b,c-
Equation (1) can be transformed to

IMabe =

u _ Larm diMd,q + Rarm ’LJ
Md.a 2y At 2ky MO
Larm ./
+ wgﬁjllMd,q + kMVMd,q' 4)
M
Because vy, 1, c and vyra b, have the following relationship:
di; .
VMd,q = — (LeMléltd’q + RCMZMd,q>
+ ngeMJlilMd,q + Vegdq (5)
(4) can be further transformed to
ding y
UMd,q = — <Lcaldt7q + Rcal"Md,Q)
+ wg Lear 180 ,q + kM Vgd g (6)

where L., and R, represent the equivalent inductance and
resistance of the Flex-LCC, and can be calculated as

Lin Ram
Lea = kmLe a1 cal = K e . 7
1 = km M+2k_MR1 MRM+2kM @)

Because the regulating variates of the FBMMC part are u, 1, cn
and u, 1, cp, to decouple them, a voltage Eqc\ is defined as

Ua,b,cn T Ua,b,cp

2

Then, arm voltages u, 1, cn and u, 1, cp can be derived as

®)

Eyem =

Ua,b,cn = Eyem + UMa,b,c Ua,b,cp = Egem — UMa,b,c- )
In addition, the dc dynamics of the FBMMC part are
Larm dIdc Larm dicirabc Uch

— 10

6 dat 2 dt | 2 (10)

where icira b, are arm circulating currents of the FBMMC part.
Ignoring circulating currents, (10) can be transformed to

Larm d-[dc Uch

6 dt 2

Ech =

. (11)

Ech =
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At last, considering the LCC part in the Flex-LCC

divrg, . .
VLd»q = _(LeL dt'q + ReLzLd,q) + ngeLJl'LLd,q

ac:q¢ +Vgaq
dVgd.q

. . .’
tgd,q = CeJ2o—57* + wgCed 3V gd,q + tLd,q t tMaq

(12)
where C, is the equivalent capacitor of ac reactive power com-
pensation capacitor and filter banks, J2 and J3 both are the
coefficient matrixes, and can be derived as

1 0 0 1
Jz[o 1} J3{1 0} (13)
and
de: {Uch — 6VSkL \/@C"m* 6k wgLa T (14)
Uch = Udc - Uch

where ax and kg, are the firing angle and transformer turns ratio
of the LCC part.

Based on (6), (11)—(14), the overall control scheme of the
Flex-LCC can be designed as Fig. 1(c). Obviously, in Fig. 1(c),
the FBMMC not only provides two control variables to balance
the active and reactive power between ac and dc terminals of the
Flex-LCC, but also provides one control variable for achieving
the power distribution between the internal LCC and FBMMC.
Thus, the firing angle of the LCC part in Flex-LCC can be fixed
at a constant value, as shown in Fig. 1(c), which is impossible for
the conventional SCH valve, which uses the control in Fig. 1(b).
Meanwhile, Fig. 1(c) shows the dc-port voltage and capacitor
voltage of the FBMMC part in the Flex-LCC is decoupled due to
the fact that the capacitor voltage is controlled actively to follow
its reference value when the dc-port voltage of the FBMMC part
is changed adaptively (Ugcm = Ugde-Uqgcr)- Then, based on this
characteristic, the valve-side ac voltage of the FBMMC (ky V)
can operate over a wide range and is not limited to 0.5Ugcnm,
which is usually designed in the conventional SCH valve.

In the conventional SCH valve, the rated value of « usually is
designed as 15°~20° to ensure stable control, bringing a large
reactive power boundary of the LCC, usually 50%~60% of the
LCC’s active power demand. As stated in [9], this high reactive
power boundary poses challenges for the conventional SCH
valve because the current current-carrying capacity of the MMC
cannot match that of the LCC. However, Fig. |(c) demonstrates
that the firing angle of the LCC part in the Flex-LCC can operate
at any value in theory. Therefore, by utilizing the designed value
of ax in the Flex-LCC, it is possible to reduce the internal capac-
ity boundary of the FBMMC, facilitating the current-carrying
capacity between the series-connected LCC and FBMMC and
optimizing the cost, footprint, and weight of the Flex-LCC. The
detailed analysis is shown as Section III. In addition, when
comparing Fig. 1(b) and (c), it is obvious that the firing angle
in the conventional SCH valve experiences fluctuations due to
closed-loop control of . This coupling of dc-link harmonics into
the control link introduces interharmonics, losses, and instability
to the whole SCH valve. These adverse fluctuations will not
occur in the Flex-LCC because the firing angle is not used as a
closed-loop control variable to regulate the power, there is no

operation and control link to couple the dc-link harmonics to the
control link of the LCC part.

I1l. CHARACTERISTICS AND DESIGN OF THE FLEX-LCC
A. Internal Power Demand Boundaries Analysis

In the Flex-LCC, the equivalent relationships between V,; and
Ved» Vaq are as follows:

Ve=/Vaa + Vi (15)
Thus, (14) can be transformed to
UgeL, = %kLVg cosa* — %kﬁngeLipﬂe{}d’fcc
Ugemt = Uge — Lfkﬂ/:g cosa* + %k%ngeLLleﬁd’fcc
(16)

where Priex.1.cc is the active power value of the Flex-LCC.

Based on (16), Uq,r, reaches its minimum boundary (Ugcrr)
and Ugcnm reaches its maximum boundary (Ugcniy) wWhen the
power of the Flex-LCC is at its maximum (P,pjex.1,cc). Con-
versely, Uq.r, reaches its maximum boundary (Uqcr,0) and Uqem
reaches its maximum boundary (Ug4cno) When the power of the
Flex-LCC is at 0. That is to say

Udelr = LkaVg cosa* — %kﬁngeL%jw (17-1)
Ugemr = Ude — Uderr

and

(17-2)

Udcro = GﬂﬁkLVg cos o
Udemo = Ude — Uqcro

According to (17), the internal active power demand bound-
aries PLcC_max and Pyivic_max in the Flex-LCC are

Ui 0 (18)

2 2

P _ 6VBkVgcosa'Prplex o OFLYe el Plplex Lo
LCC_max = p)
de

Pyvc_max = PrF1ex-Loc — PLec_max

The internal reactive power demand boundaries Onivc max
and QLCC_max are

QMMC_max - QLCC_ max — PLCC_max tan ¢ (19)

where ¢ is the power factor angle of the LCC part, and is

{cos¢ = 1 [cos(a*) + cos(a® + p)]

n= arccos(cos(a*) — W) _ aF (20)

(0%
\/gkL Vg Udc

where p is the overlapping angle of commutation.
Equations (18)—(20) can be standardized as

2
W(WgLeL)plu'(kE'u') 1
18 cos?a*

p-u. _ ppu.
PLCC_max - kL p.u
=1- PLCCfmax

p.u. __ pp.u.
LCC_max — B LCC_max tan ¢

6cos a* (wg Lo )™ [ Vg 2
ﬂ'kl‘j'u' Ulge

P]\Z[i\]/[litimax (21)
QM.Mvcfmax =
cos ¢ = cos(a*) —

where

PLCC_max
Prriex-LcC

p.u. _
MMC_max —

PMMC_max
Prpiex-Lec

p.u. _
PLCC_max -
p-u. — Qp~u~ — QLCC,max

MMC_max — “YLCC_max = P,piex_LCC
pu. _ Ugcro p-u. _
ke = )=

(22)

WgLeL Prriex-LCC
V2

g

(we LeL
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Fig. 3. a*— and ki,PY — design analysis for the Flex-LCC.

Then, the corresponding curves are presented as Fig. 3, where
the internal active power boundaries of the LCC and FBMMC
in Flex-LCC both remain almost unchanged with the change of
o when ki,P" is a certain value, such as AP and B?, CF and
DP. Meanwhile, Prcc max™® (1-PyMC_max”") in the Flex-LCC
is always smaller than kg,P", such as EP, which is in contrast
to the conventional SCH valve where Prcc max’" = kP
Meanwhile, the internal reactive power boundaries of the LCC
and FBMMC in the Flex-LCC both increase with the increasing
of & when k;,>" is a certain value, such as A? and BQ, CQ and
DQ. Thus, to minimize the capacity (mainly the reactive power
capacity) boundary of the FBMMC in the Flex-LCC as much
as possible, a™® should be as small as possible. Considering the
practical limitation, a* in the Flex-LCC is recommended to
5°~7° to satisfy the turn-OFF time of thyristors.

In addition, for the conventional SCH valve, kP usually
is designed as 0.5 when the rated o is usually designed as
15°~20°, as shown by the green lines in Fig. 3. However, for the
Flex-LCC, not only is o™ able to be extended to the minimum
value, but also the design range of kP can be extended, as
shown by blue lines in Fig. 3. Thus, k1,P" can also be used to
further reduce the capacity boundary (mainly the active power
boundary) of the FBMMC in the Flex-LCC when o* is selected.

For the FBMMC part in the Flex-LCC, because

p.u. )2
MMC_ max

St mox =\ (Pl ) + ( 3)

Then, according to (21)-(23), the value of k;,P" that min-
imizes the capacity of the FBMMC can be calculated when
o is selected. In practical applications, the exact k. P™ in (23)
can be replaced by a range of k1, P", which makes Pr,cc max""
(1-Pyvivic_max™™), 1.€., Ugery/Udce ((17)) 18 in 0.9 ~ 1 to simplify
the design.

According to the aforementioned analysis, o™ and kP in
the Flex-LCC both can be used to reduce the capacity demand
boundary of the FBMMC part, i.e., o™ is used mainly to reduce
the reactive power demand and kg,P" is used mainly to reduce
the active power demand. Then, the capacity boundary of the
FBMMC in the Flex-LCC will be obviously smaller than that of
the MMC in the conventional SCH valve. Based on Fig. 3, the
internal capacity boundary of the MMC part in the Flex-LCC
can be reduced from 66% (64%) P.piex-1.cc to 46% (45%)
Priex-1.cc, compared with the conventional SCH valve. That is,
approximately 30% of the capacity boundary can be reduced for
the MMC part in the Flex-LCC. The reduced internal capacity
boundary of the MMC part in the Flex-LCC will reduce the
current-carrying capacity demand of full-controlled switches,
facilitating the matching of current-carrying capacity between
the LCC and FBMMC in the Flex-LCC. Meanwhile, the cost,
footprint, and weight of the whole SCH valve will also be
reduced with the reduction of the capacity demand of the MMC
part.

B. Reactive Power Capacity Configuration Analysis

In the Flex-LCC, to satisfy the internal reactive power demand
of the LCC part, the FBMMC and ac capacitor banks both can
be used

QMMC_max = QLcc_ max = (@mmc) + (Qank) (24)
where <QOnmvic> and <QOpank > are the designed reactive power
capacity for the FBMMC and ac capacitor banks.

Equation (24) shows that two ways can be used to compensate
the internal reactive power demand in Flex-LCC: One uses
the FBMMC part and the other uses the ac capacitor banks.
Therefore, in the Flex-LCC, the allocation of the reactive power
capacity for the FBMMC part and the ac capacitor banks can
be adjusted to ensure that the current-carrying capacity of the
LCC and FBMMC match each other. This can be achieved by in-
creasing the designed value of the reactive power capacity for the
ac capacitor banks. However, based on engineering experiences
[20], [21], [22], the allocation of the internal reactive power
capacity will obviously have an impact on the cost, footprint,
and weight of the Flex-LCC.

To quantitatively represent the deigned allocation of the inter-
nal reactive power capacity in the Flex-LCC, g1, the designed
reactive power capacity ratio of the FBMMC part is defined as

_ @Qumc) _ g _(Quak)
qM - QMMC,max - 1 QMMC,max

<Qbank> = <NC> <nC> <Qbankﬁunit>

(25)

where ac capacitor banks are divided into <N¢> larger groups,
and each larger group has <nc> smaller groups. <Qpank unit >
is the minimum switching reactive power unit of ac capacitor
banks.

To achieve the V-f GFM control, the Flex-LCC needs to have
a continuous reactive power output, i.e., gy needs to satisfy

{@vank_unit)

<gqu <L
QMMC_max

(26)
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In the Flex-LCC, using ac capacitor banks to compensate for
internal reactive power is a cost-effective option. However, it
comes with the drawback of a large footprint, and the reactive
power regulation is discontinuous. On the contrary, using the
FBMMC part offers continuous reactive power regulation and
a compact footprint, albeit at a higher cost. Then, given that
the cost of land or offshore platforms has a positive correlation
with the footprint, the value of ¢\ should be comprehensively
chosen by considering the cost, footprint, and the limitation for
the current-carrying capacity matching of the series-connected
LCC and FBMMC in the Flex-LCC.

C. Valve-Side AC Voltage Amplitude Selection for the
FBMMC

For the FBMMC in the Flex-LCC, the root mean square (rms)
value and maximum value of arm currents are

2 2
1 Prriex— 1( (S )
RMS;, , .. = 3\/(%“0) + 5( PtV ) 7

MAX _1 (PrFlex Lcc 4 <SMMC>>

%a,b,cp,n 3 Ule km Vg

where <Syvic> is the actual design capacity of the FBMMC
in the Flex-LCC, and can be derived as

(Smmc) = \/(PMMC_max)2 + (qmQmmc max)”- (28)

Based on (27) and (28), the valve-side ac voltage of the
FBMMC part can be used to further reduce the current-carrying
capacity demand of full-controlled switches when the actual
capacity of the FBMMC part is determined (i.e., PniMC maxs
OMMC 'max- and gy are determined)

(Smmc) Use
Prriex-Loc Vg

(Smmc) Use
Prriex-Loc Vg
? 3UeMAXn

2 3RMSSUhUdC 2 _ 1 PrFlex—LCC
Prrlex-Lcc
(29)

where RMS,., and MAX,, are the limitations of rms value
and maximum value for the full-controlled switches used in the
FBMMC; the output of max [x,y] is the larger value of x and y.

Then, the reference value of the sum of arm capacitor voltages
in the FBMMC part can be designed as

wapn = 0.5Ugc max [Pyic oo 11— k0™ ] + ki Ve (30)

knv > max

Based on (30), the SM number per arm and capacitance per
SM, etc., parameters for the FBMMC in the Flex-LCC can be
calculated.

D. Parameter Design Analysis for the Flex-LCC

According to Section III.A-C, the discussed three salient
characteristics of the Flex-LCC, the reduced internal capacity
boundary for the FBMMC, the flexible reactive power alloca-
tion ratio, and the wide operation range of the valve-side ac
voltage amplitude for the FBMMC, all facilitate the matching
of the current-carrying capacity between the LCC and FBMMC
and the optimization of the cost, footprint, and weight of the
Flex-LCC. Then, the detailed design method that utilizes these

l Design Requirements of Flex-LCC: V, @, Uges Prpiex-Lcc ]
13
C STQRT D

ldesigning @,L and & (5°~7", satisfy the minimum valve of the thyristor turn-off time)l

I}
calculating exact & based on (23) or
simply calculating &;, by making Uyer,/Ugc=0.9~1 based on (17)
¥

T

v
applications 1I:
footprint and weight restrictions are
smaller, such as, large-scale islanded/weak-
grid-supported RESs in deserts
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footprint and weight restrictions are
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k]
determining gv (26)
close <Q.,,.nuni.>

L]
determining ¢y (26)

qm doi» 1 qm
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gconsidering practical limitations, if no &y satisfies
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¥

l designing other parameters of the FBMMC part in Flex-LCC

i
C End D

Fig. 4. Key parameters design of the Flex-LCC.

three features to optimize the performance of the Flex-LCC is
shown in Fig. 4.

IV. CASE STUDY OF THE FLEX-LCC

A. Case I: The Flex-LCC Used to Integrate Large-Scale
Offshore Wind Farms (OWFs)

As OWFs develop further into deep waters, the capacity
will continue to increase, leading to a corresponding increase
in the required capacity of offshore HVdc stations. Then, as
mentioned in [5], [6], and [7], the cost, footprint, and weight
of HBMMC-based stations will be challenged by this trend. In
such applications, the Flex-LCC can be used to construct a new
type of offshore station for integrating large-scale OWFs.

Assuming a Flex-LCC with 1500 MW, +£400 kV is required
to integrate OWFs. According to Fig. 4, the key parameters are
designed as shown in Table I, where the valve-side ac voltage
(104 kV) of the FBMMC is no longer 0.5 times of its dc voltage
(25 kV), which is obviously different from the conventional
design of MMC:s. In addition, when the capacity is the same,
assuming the cost and footprint of the LCC station (without
ac capacitor and filter banks) are 60% and 30% of those of the
HBMMC [5], [20], [21], [23], The Flex-LCC can reduce the cost
by approximately 10% and the footprint by approximately 30%
when compared to the HBMMC. Meanwhile, the weight of the
Flex-LCC is obviously also smaller than that of the HBMMC
station. These are all highly advantageous for the construction
of offshore platforms.

B. Case II: Flex-LCC Used to Integrate Onshore (such
as Deserts) Large-Scale Islanded or
Weak-Grid-Supported RES Bases

In China, the consumption of power from large-scale RES
bases has become an important and key demand now. Par-
ticularly, the utilization of photovoltaics and wind power in
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TABLE |
MAIN PARAMETERS OF THE FLEX-LCC IN CASES | AND I

Parameters Case I Case 11
3/2V,, @, 66 kV, 50 Hz 66 kV, 50 Hz

Ude, Prrrex-Lcc +400 kV, 1500 MW 800 kV, 4000 MW
a’ 6° 6°

fo P 1.03 (Ugero=825kV)  1.03 (Uger0=825 kV)
Rated dc voltages of

LCC. FBMMC 780 kV, £25 kV 785 kV, £25 kV
qm 0.84 0.1

Capacity of LCC 1480 MW,500 MVar 3940 MW,1300 MVar
Capacity of FBMMC 50 MW, 420 MVar 80 MW, 130 MVar
SM voltage 2kV 2kV

V capz 130 kV 180 kV

Number of SMs 65 90

Equivalent switching 430 Hz 430 Hz

frequency

Maximum reactive 80 MVar 240 MVar

power of ac filters

Maximum reactive
power of ac capacitor / 1020 MVar

banks
Winding structure of 7, Yg/Y/D1 Yg/Y/D1
Winding structure of Ty D1/Yg D1/Yg

Nominal capacity of 7. 1600 MVA 4200 MVA
Nominal capacity of Ty 500 MVA 250 MVA
frequency of Tr, Ty 50 Hz 50 Hz

k. 66 kV/308 kV 66 kV/308 kV

fom 66 kV/104 kV 66 kV/160 kV
Leakage inductance of T, 0.20 (p.u.) 0.17 (p.u.)
Leakage inductance of Ty 0.15 (p.u.) 0.10 (p.u.)
RMS; e, MAX 1.8 kA, 3 kA 1.8 kA, 3 kA
Short-circuit ratio of the

ac system in simulation islanded system 1.2

verification

Notes: In Table I, Uyo= ki "" Uy represents the maximum allowable dc voltage for
the LCC part in Flex-LCC, while the minimum allowable dc voltage for the LCC
part is its rated dc voltage.

deserts has been clearly planned in China’s 14th Five-Year
Plan (2021-2025). The large-scale RES bases in deserts are
typically islanded or weak-grid-supported RESs, challenging the
application of LCC-HVdc without sufficient auxiliary thermal
power plants. Meanwhile, as mentioned in [2], [7], and [8],
MMC-HVdc also faces severe challenges in terms of cost, dc
fault clearing, and power carrying capacity, etc., when used to
integrate onshore large-scale islanded or weak-grid-supported
RES bases. In such applications, the Flex-LCC is a feasible
scheme.

Assuming a Flex-LCC with 4000 MW, 800 kV (single-pole
converter station in a bipolar UHVdc with 8000 MW, £800 kV)
is required to integrate large-scale RES bases in deserts. Then,
the parameters are designed as shown in Table I, where the
minimum switching reactive power unit of ac capacitor banks
<QObank_unit> 18 designed as 1/(4 x 4) of <Qpank>. In Table I,
the dc voltage and capacity for the FBMMC both are less than 5%
of those in the Flex-LCC. Therefore, the cost of the Flex-LCC
is smaller, compared with HBMMC, and the current-carrying
capacity matching between the LCC and FBMMC can be
achieved easily. Meanwhile, the V-f GFM control is also
achieved by the Flex-LCC.

V. SIMULATION AND EXPERIMENTAL VERIFICATION
A. Simulation Results

To validate the theory, models based on the parameters pro-
vided in Table [ were constructed using MATLAB/Simulink,
and the detailed results are presented in Fig. 5.

Fig. 5(a) shows the simulation results of the Flex-LCC in
Case I. The frequency and amplitude of the ac terminal voltage
of the Flex-LCC are actively controlled at 50 Hz and 66 kV,
respectively, when the dc terminal voltage (800 kV) and power
of Flex-LCC both depend on the external system. Meanwhile,
the internal dc voltage and active power of the Flex-LCC are
distributed adaptively. Such as, when Priex..cc = 1500 MW,
PLCC = 1470 MW, PMMC =30 MW, Uch =783 kV, and Uch
=17 kV; when PFlex—LCC =151 MW, PLCC =150 MW, PMMC
= -2 MW, Uq.L, = 820 kV, and Ugep = —20 kV. Obviously,
the rated active power and dc voltage ratios of the FBMMC
both less than 5% of that of the Flex-LCC. In addition, the
aforementioned ratios in the Flex-LCC both are varied with the
power, which is obviously different with a conventional SCH
valve. For example, when Priex..,cc = 1500 MW, the active
power ratio of the FBMMC is 2%; when Prjex.1.cc = 151 MW,
that is —1.3%.

Fig. 5(a) also shows that the reactive power demand of the
LCC part inside the Flex-LCC-Case I is mainly provided by
the FBMMC. Moreover, the LCC’s rated reactive power in the
Flex-LCC 1is about 33% (492/1470), which is obviously less
than that in a conventional SCH valve (50%~60%). Meanwhile,
the maximum value and rms value of arm currents in the Flex-
LCC-Case I is less than 3 and 1.8 kA, respectively, both meet
requirements for the current-carrying capacity of full-controlled
switches in the current engineer. In addition, Fig. 5(a) shows the
firing angle in the Flex-LCC-Case I keeps at 6°, and there is no
fluctuation in the firing angle, which is also consistent with the
theoretical analysis.

Fig. 5(b) shows the simulation results of the Flex-LCC in
case II. In Fig. 5(b), the V-f GFM control of the Flex-LCC is
also achieved. Meanwhile, the rules of internal dc voltage and
active power of the Flex-LCC-Case Il are similar to those in Case
I, and maximum and rms values of current in the full-controlled
switches also meet the current engineering demand. The main
difference of Flex-LCC-Case II and -Case I lies on the reactive
power of the FBMMC part. In Fig. 5(b), the reactive power
of the LCC part is mainly provided by the ac capacitor banks,
and the FBMMC only provide 1.3% (15/1245) reactive power
when the active power is at the rated value. Therefore, the rated
capacity of the FBMMC part in the Flex-LCC-Case II is very
low, as shown in Table I, about 3.8% of the whole power. That
is, the Flex-LCC-Case II provides a techno-economic scheme
to construct an onshore 4000 MW, 800 kV-GFM VSC based on
a main-body LCC and an auxiliary 150 MVA-FBMMC. To the
best of the author’s knowledge, such a large capacity and high
dc voltage is very challenging for the existing MMCs due to the
current-carrying capacity limitation of full-controlled switches.

Moreover, it should be noted that in the Flex-LCC, the insu-
lation design of the arm inductors of the FBMMC part deviates
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Fig. 5. Simulation results of the Flex-LCC. (a) Case I. (b) Case II.

from that of a conventional FBMMC. This distinction arises
due to the decoupling of the dc-port voltage and the capacitor
voltage of the FBMMC part in the Flex-LCC. Consequently, the
transient overvoltage of Ug.n directly influences the voltage of
the arm inductor instead of the submodule capacitor. Hence,
in practical applications, careful consideration of the impact
of Ugen’s transient overvoltage on the insulation design of the
arm inductor is necessary to ensure safe operation, particularly
amidst dramatic power fluctuations in the Flex-LCC.

B. Experimental Results

To further validate the theory, a prototype with g = 1
has been constructed, as illustrated in Fig. 6, and the main
parameters of the Flex-LCC prototype are provided in Table II.
In the experiment, the ac source simulator is connected to the
Flex-LCC via a 6-) resistor, and the results are shown in Fig. 7.

In Fig. 7(2) and (b), the steady-state results of the Flex-LCC
prototype under Ugq. = 500 V, Ppiex..cc = 2.6kW are pre-
sented. The peak value of the ac source line-to-line voltage

Fig. 6. Photograph of the Flex-LCC prototype.

is controlled at 394V by a source simulator, and the peak
value of the ac terminal line-to-line voltage of the Flex-LCC
prototype is actively controlled at 283V, verifying the ability of
the Flex-LCC to control ac voltage. Meanwhile, the dc voltages
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Fig. 7. Experimental results of the Flex-LCC. (a) Steady-state results, part I. (b) Steady-state results, part Il. (c) Dynamic results, part I.

(d) Dynamic results, part Il

TABLE Il
MAIN PARAMETERS OF THE FLEX-LCC PROTOTYPE

Parameters Value
\3/2V,, 200V, 50 Hz
Udes Prrtex-Lcc 500V, 2600 W
a* 50

Maximum reactive power of ac filters /

and ac capacitor banks

SM voltage 65V

V' capx 260 V

Number of SMs 4

Equivalent switching frequency 2000 Hz

ke 1:1

kw /
Short-circuit ratio of the ac system in 25

experimental verification

of the LCC and FBMMC part in the Flex-LCC are 510 and
—10V approximatively. Thatis, the FBMMC part only transmits
about —52W (2%) active power when the active power of the
Flex-LCCis 2600 W, and the ac phase voltage amplitude (163 V)
of the FBMMC is obviously larger than 0.5 times of its dc voltage
(—=10V). In addition, the SM capacitor voltage is 65V (the sum
of capacitor voltages per armis 65 x 4 =260 V) when the dc-port
voltage of the FBMMC is —10V, verifying the decoupling of
dc-port voltage and the capacitor voltage in the FBMMC part of

the Flex-LCC. Fig. 7(b) also shows the firing angle of the LCC
partis fixed at 5° and there is no fluctuation. These all show that
the discussed salient features of the Flex-LCC are correct.

In Fig. 7(c) and (d), the dynamic results (ac source voltage is
changed from 394 to 294 V and power is changed from 2.6 to 0.4
kW) of the Flex-LCC are presented. Obviously, the internal dc
voltage ratio of the Flex-LCC is varied and distributed adaptively
with the change of power. For example, when Priex.1,cc = 2.6
kW, Uch =510 V, and Uch =-10 V; when PFch—LCC =04
kW, Uger, = 525 'V, and Ugov = —25 V. This characteristic is
obviously different with a conventional SCH valve. Meanwhile,
the firing angle of the LCC part is always fixed at 5° and has no
change when the power of the Flex-LCC changes from 2.6 to
0.4 kW, verifying the correctness of the theory analysis again.

VI. CONCLUSION

Using a novel control scheme of the SCH valve based on
the LCC and FBMMC, a novel grid-forming HVdc rectifier,
Flex-LCC, was proposed in this article for collecting large-
scale islanded or weak-grid-supported RESs. The characteris-
tics of the Flex-LCC allowed it to facilitate the matching of
current-carrying capacity between the LCC and FBMMC and
optimize the cost, footprint, and weight of the whole SCH
valve. Typically, by using the proposed design, the rated dc
voltage and active power for the FBMMC part both can be
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designed within 10% of the Flex-LCC when the reactive power
capacity of the FBMMC can be designed flexibly according
to different demands. Meanwhile, the control-link fluctuation
of the LCC part was eliminated, reducing the interharmonic
pollution and enhancing the stability of the Flex-LCC. In ad-
dition, Flex-LCC can be used to shape diverse techno-economic
grid-forming HVdc rectifier through reasonable designs. For
instance, the designed 1500-MW, £400-kV OWF converter
station and 4000-MW, 800-kV onshore UHVdc station in this ar-
ticle both highlighted the diverse applications of the Flex-LCC.
In conclusion, when considering engineering applications and
investment economics, the proposed Flex-LCC stands out as a
highly effective and promising HVdc rectifier for integrating
large-scale islanded or weak-grid-supported RESs into power
grids. This effectiveness was rooted in the mature technology
used in the power circuit of Flex-LCC, which included only
LCC and FBMMC parts, avoiding the use of less mature power
electronic circuit structures.
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