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Abstract-The modular multilevel converter (MMC) has NOMENCLATURE
become the most attractive converter technology for Number of SMs per arm.
medium/high-power applications, specifically for high- Ne Number of SM capacitors per arm.
voltage direct current (HVDC) transmission systems. One BLK Number of blocked SM capacitors per arm.
of the technical challenges associated with the operation Nay Number of bypassed SM capacitors per arm.
and control of the MMC-based system is to precharge the ViL Amplitude of the ac-side line-to-line voltage.
submodule (SM) capacitors to their nominal voltage during . DC-bus voltage.
the startup process. In this paper, considering various SM j,nom Nominal voltage of SM capacitor.
circuits, a generalized precharging strategy is proposed VC \oltage across each arm.

. N arm

for the MMC-based systems, which can implement soft /i.ss Uncontrollable steady-state SM capacitor voltage
startup from dc or ac side. The proposed precharglng during Stage |.
strategy can be applicable for various SM circuits and yini Initial SM capacitor voltage for controllable start-
MMC configurations. The proposed startup strategy does up.
not require extra measurements and/or auxiliary power
supplies. The charging current is controlled by adjusting
the changing rate of the number of blocked and bypassed
SM capacitors. Based on the proposed startup strategy, The modular multilevel converter (MMC) has become the
the startup processes of MMC/MMC-HVDC systems with most attractive converter topology for medium/high voltag
various SM circuits are analyzed and a generalized startup applications, especially for voltage-sourced convertighh
procedure for various MMC-HVDC systems is proposed. voltage direct current (VSC-HVDC) transmission systems
In addition, the uncontrollable steady-state SM capacitor because of its modularity and scalability [1].
voltages of various MMC-based systems are analyzed and One of the main technical challenges associated with the
the associated precharging time is also investigated. Perf  control and operation of the MMC systems is to smoothly
mance of the proposed strategy for various MMC-HVDC precharge the submodule (SM) capacitors to their nominal
systems is evaluated based on time-domain simulationvoltage during the converter startup process. Considering
studies in the PSCAD/EMTDC software environment and various MMC systems based on different SM circuits, which
experimental results based on a scaled-down prototype. have been investigated to block the dc-side short-cirewik$

[2]-[4], precharging process becomes even more compticate

For the MMC-based drive systems, precharging the capacitor

during startup process is carried out by absorbing powen fro

the dc-side voltage source, while the MMC-HVDC system can
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Reference [14] investigates the startup issue of a clanyipldo « Controllable precharging (Stage Il): Subsequent to an
SM-based MMC-HVDC system and proposes a grouping initial voltage built-up across each SM capacitor in Stage
sequentially controlled charge method. However, the mietho |, the SMs can be controlled to be in the inserted,
is specifically applicable to the MMC with clamp-double SMs  bypassed, or blocked state.

and additional control effort is needed to group and chatge t For the proposed precharging strategy, two operatingsstate
SM capacitors. An offshore integrated MMC multi-terminal e defined:

HVDC system has been investigated in [15], which analyzed
the startup process of multi-terminal MMC-HVDC system
from the view of system level.

« Blocked SM capacitor (charging state): In an HB SM,
both S1 and S2 are off, and its equivalent circuit is shown

To address the startup challenges of various SM circuits in Fig. 2. During this state, th_e SM_(_:apacnor is only

. . charged when the arm current is positive.
and MMC-based systems, a generalized precharging strategy Bypassed SM capacitor (bypassing state): In an HB SM
is proposed in this paper to charge the SM capacitors of yp P yp 9 . ’

the MMC-based systems during startup process, suitable for S1 s fo 'f.jmd S2 is on, and its eq_uwalent cm;wt IS
different startup conditions, i.e., ac- and dc-side st shown in Fig. 2. Ideally, the SM capacitor voltage is kept
Based on the proposed precharging strategy, a generalized un_changed. _ )
startup procedure for various MMC-HVDC configurations is 1he idea of the proposed precharging strategy is based on
proposed. The proposed strategy is based on adjustmerg of.(iﬂntrm. of th_e number of blocked _and bypassed S.M capacitors
number of blocked and bypassed SM capacitors in conjunctith conjunction with the conventional SM capacitor voltage
with the conventional capacitor voltage sorting algorithn$orting algorithm. In this way, all SM capacitors can be
without using any auxiliary power supplies and/or addiibn charged to their nominal voltagez°™. When the MMC is
feedback control loop. By using the proposed procedure, th@nnected to a dc voltage source at its dc side or to an ac
SM capacitors can be charged smoothly to their nomingpltage source at its ac side, a steady-state voltage is
voltage and the inrush charging current can be limited. Tigstablished across each arm, as shown in Fig. 3. Each SM
proposed strategy is also applicable to black start agijlics Capacitor is charged to a certain voltage level, which isaligu
[8]. In this paper, the uncontrollable steady-state SM cipa less than its nommgl value during Stage I. For the HB _SM, the
voltages of various MMC-based systems are also analyzed &fecked SM capacitors are charged through the anti-paralle
determined. The effectiveness of the proposed startufegyra MMC
is verified by both simulation and experimental results unde ’ac
ac- and dc-side startup processes. + +
This paper is structured as follows. Section Il proposes 4 |SMI I

SM1 |SM1

a generalized precharging strategy. Section Il develtgs t
startup procedures for various MMC configurations and de-
termines the uncontrollable steady-state voltages foiouwar
SM circuits and MMC configurations under different startup
conditions. A generalized startup procedure for variousGAM |SM~ |SM‘V |SM‘v
HVDC systems is developed in Section IV. Section V analyzes i

the precharging time. The simulation and experimentalli®su ! ! I
of the proposed startup strategy are presented in Sectibns V ¥ 4 > oV,
and VII, respectively. Section VIII concludes this paper. La > °V,
1, oy
! ! 1 §e

|SM2 |SM2 |SM2

arm |

v

Il. THE PROPOSEDPRECHARGING STRATEGY

A schematic diagram of an MMC is shown in Fig. 1. The |SM1 + |SM, |SM1
MMC consists of two arms per phase where each arm com-
prises N series-connected, nominally identical, half-bridge |SM2 I SM2 |SM2
(HB) submodules (SMs), and a series-connected inducter. Th L
details of operation of the MMC have been described in [1] Do :

and are not repeated here. |SM.v l |SM‘V | MY
To start up an MMC, two stages need to be considered: M )

« Uncontrollable precharging (Stage 1): During thIS stagiqu. 1. Schematic representation of an MMC.
the SMs are not controllable and all the switches are

blocked. The charging current from either the ac or Blocked SM Bypassed SM

the dc side flows through the anti-parallel diodes to capacitor stare capacttor stare
charge the SM capacitors to an uncontrollable steady- SIOFF& b1 | SIOFF R D1 |

state voltagel;°S. Since the system is uncontrollable, cork T ool T
to limit the inrush charging current, a current-limiting

!’eSIStOI’ arranged in the dc side, ac side, or the arm IOOFR&. 2. The equivalent circuit of an HB SM under blocked anghdssed
is employed [7], [10], [14]. SM capacitor states.
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., et either in the blocked or the bypassed state. After all capaci
@ Ne Mo voltages reach their steady-state values, the currertifion
| _ resistor is bypassed and the number of the blocked SM capac-
V am B Sorting itors Ngk is controlled fromN¢ to NI smoothly while, in
Blocked conjunction with the capacitor voltage sorting algorithimg
i > Ny number of bypassed SM capacitors is changed from zero to
v_ Low Néeyf. The changing rate olNg k limits the inrush charging

current. The reference value dfg k is determined by (2) to
charge the SM capacitors to their nominal voltages.

diode of S1, when the arm current is positive. When the arm

current is negative, the charging current flows through the |||. STARTUP PROCEDURES FORVARIOUS MMC
anti-parallel diode of S2. Thus, the positive arm voltage ca CONFIGURATIONS

charge the capacitors during the blocked SM capacitor.staje .

During Stage Il, assuming all SMs are controllab\g xk SM A DC-Side Startup
capacitors out ofVo SM capacitors of each arm are blocked Due to a positive dc-bus voltage on the dc side of the MMC
and Ngy (where Nsy = N¢ — Ngik) SM capacitors are in Fig. 1, a positive arm voltage is generated and given by,

bypassed during startup process to charge the SM capacitors Ve

N¢ is the total number of SM capacitors in each arm, where Varm = B 3)

N¢ = N for the HB-MMC system. The relationship betwee
SM capacitor numbeNs and SM numbetV of each arm is
given by

Fig. 3. The proposed precharging strategy for an arm.

rE?egardless of the SM circuit topology, the charging curignt
positive to charge the SM capacitors. To charge the SM ca-
pacitors to their nominal voltage, the corresponding exfee
number of the blocked SM capacitors is

(1) Nref Varm ‘/dc

2N, CD, 3LCC, 5LCC. BLK = 7nom = Gymom: (4)

As shown in Fig. 3, when all the SM capacitors are charged
to their nominal voltagel/;°™, the corresponding referenc
value of Ng k is given by

{N, HB, FB, UFB,
C pu—

Before starting up, during Stage I, all SM capacitors can be
€charged to the uncontrollable steady-state voltg§#®. Then,
when all SM circuits are controllable, the precharging pss
Nref Varm @) will enter into Stage Il. Under this condition, the initiaskage

of all SM capacitors for controllable startup({") is equal to

BLK — 1/nom’

C

- - . 1SS which is given by
where Vam depends on various operating conditions and wilc™>

be discussed in the following sections. The corresponding - W

Nref i | Nref To bal h i VI’SS: V'm = de s (5)
Ly is equal to (VQ — Ngik) - To balance the capacitor c 29N

voltages:/energy Fiur|ng the stgrtup precharging procédss, t

conventional sorting algorithm is employed [16]. In eacimar ' A

Ngy SM capacitors with the highest voltages are bypassed Determin Vam, /¢, NpiL based on
A . . operating conditions

while Ng x SM capacitors with the lowest voltages are I

blocked while enabling sorting balance algorithm during th

startup precharging process. After startup procdggy SM c

capacitors support the charging voltadg, while the sorting T

algorithm maintains the capacitor voltages/energy of 8kS

No

at the same level. K

Besides the HB SM, other SM circuits including the
full-bridge (FB), the unipolar-voltage full-bridge (UFB}he Yes o
clamp-double (CD), the three-levelffive-level cross-certed ‘ Bypass the current-limiting ‘
(BLCC/5LCC) SMs can be also used for the purpose of dc- .
fault blocking [2], [4], [17]. Although the circuit topoldgs of
the aforementioned SMs differ from the HB SM, the capacitors ‘ '
in these SMs can be controlled either in the blocked (chaggin }f,‘;;?;ﬁg;;;f capacitors with
or bypassed state when all conducting switches are always Bypass N.- Ny SM capacitors
turned on, which have the same behavior of the HB SM. gr‘g’b?e‘f;:fnvg‘)ézii‘ce lgorithm

Considering various SM circuits, a general startup praghar
ing procedure is developed and described in Fig. 4, in which
VI is the initial voltage of SM capacitors for controllable
startup. In case of the fault-blocking SMs, the conducting
switches are turned on. In this way, all SMs become equivalen
to the HB SMs and the SM capacitors can be controlled as

Wait till Ve reaches a steady-state
value

omy

V¢ reaches V2

Fig. 4. Flowchart of the proposed startup strategy of the MMC



Phase-a Phase-b
upper arm upper arm

Phase-a Phase-b
upper arm upper arm

Fig. 5. HB-MMC charged from ac side.

Fig. 6. FB-MMC charged from ac side.

which is only half of the nominal capacitor voltage. reses Prased

If the dc-bus voltage is not at its nominal value, the MMC  + “ .
can be still started up by choosing appropridtgx based on I g | ol Fa L L L Fs
(4). Thus, by the proposed startup strategy, a black stért [8 s | T TRk il B
can be realized with a low dc-bus voltage (i.Bge = 2V5°" Vi b7 b7 |

Al

and Né(_:llfK =1 ) i si{fg &1 2 F i s &t p ko
Cl:t )Ec E?z : ‘ “:i hs E "2 -
) sa{fg &p2 )»54 sl 2 b o

B. AC-Side Startup ; 2 =

When the ac side of the MMC is connected to an ac
grid/voltage source, the arm voltage is determined by the &tg. 7. CD-MMC charged from ac side.

side line-to-line volgage ?ndhthe SM circuit t(;pologies. flows through the anti-parallel diodes of one arm and charge
1) Startup Procedure for the HB-MMCFor the HB-MMC, the SM capacitors in the other arm, which has similar chargin

t_h_e charging cirpuit can be regarded as an uncontrolled "¥havior of the HB-MMC. The SM capacitors are charged
tifier. When v, is positive, the current flows from phasae- to the initial voltagevg“ _ % for controllable startup,

upper arm to phase-upper arm. Due to the HB SM cCircuit, ;i js the same as that of the HB-MMC. Thus, when
the current flows throughthe_ann-parallel d'Od?S ofthe IMs 5 gv capacitors are charged to their nominal voltage, the
the phaser upper arm, charging the SM capacitors of phase(':orresponding reference number of the blocked SM capacitor

upper arm, as shown in Fig. 5. Thus, the maximum availablg | pa chosen the same as that of the HB-MMC Nt =
charging voltage in each arm Igm = Vi, whereVi isthe -y, “ror the UFB, 3LCC, and 5LCC SMs in [4], similar

? i T e
T et votage, (ROCEAUES 1 poled
9 P Vg ' 3) Startup Procedure for the CD-MMCFor the CD-MMC,

reference number of blocked SM capacitorsNiE, = s
based on (2). For the HB-MMC, before starting up, at the e
of Stage |, all SM capacitors are charged to the uncontr‘ellat?n Fi
steady-state voltagg’;>®. Under this condition};°® and the
initial voltage of all SM capacitors for controllable st#pt
(V) are equal, which are given by

un

during Stage |, the ac-side current uncontrollably chatbes
%1:4 capacitors in both phaseand phasé- arms, as shown
g. 7. However, when the arm current is negative, every
two capacitors connected in parallel in each SM are charged.
The equivalent number of SM capacitors in charging loop is
% + N¢ = 1.5N¢, which support the line-to-line voltage.
Thus, at the end of Stage |, all SM capacitor voltages reach

1,SS _ y/ini _
Ve =Vo = N¢' () to the uncontrollable steady-state voltage
By properly controlling Ng .k from N¢ to NE'., the SM LSS ViL
capacitors can be smoothly charged to their nominal vodtage ¢ T 15No (8)

2) Startup Procedure for the FB-MMCFor the FB-MMC,
during Stage |, the ac-side current uncontrollably chatbes
SM capacitors in both phaseand phasé-arms, as shown in
Fig. 6. Thus, during uncontrollable precharging stage, rwh
blocking all SMs, the maximum available charging voltag
across each arm % The steady-state SM capacitor voltag
during Stage | is

Subsequent to Stage I, when all SMs are controllable, all
conducting switchs (i.e.$5 in Fig. 7) are turned on and the
M capacitor voltages reach the initial voltagg' = -
r controllable startup, which is the same as that of the HB-
MC. Therefore, the startup procedure for the CD-MMC is
similar to that of the FB-MMC.
4) Startup Procedure for the Hybrid MMCAs shown in
— ﬁ (7) Fig. 8, for a hybrid MMC consisting ofVyg HB and Ngg
2Nc FB SMs in each arm [4], [17], the HB SMs are charged
After Stage I, when all SMs are controllable, the conductingnly when the arm current is positive while FB SMs are
switchs (i.e.,S4 in Fig. 6) are turned on. The ac-side currentharged when the arm current is either positive or negative

1,SS
VC



during Stage |. Therefore, the capacitors in the FB SMs are
charged doubled compared to the other capacitors in the HB
SMs. Consequently, the HB and FB SM capacitor charges are
respectively expressed by,

Quesm = @p,HB + Qn HB, 9

Qrssm = Qpr8 + Qn F., (10)
where, @, and @, are the charges of the associated SM
capacitor when the arm current is in its positive and negativ
half cycle, respectively. For the same positive arm current
Qp.He = Qp . Since the capacitor in the HB SM is bypassed
when the arm current is negativ€), g = 0. Assuming
that the charges of the HB and FB SM capacitors are the
same during positive and negative half cydg, rg = @ ra.
Therefore, the uncontrollable steady-state capacitotagel
during Stage | can be expressed by,

VSR = ViSe. (11)

MMCI MMC2
DC
transmission
line
(a)
Phase-a Phase-b Phase-a
|, I 1 —
SMi|  — |SMi| T SMi|
. \ Vrh,b
SMy[ Ylsma[ l SMv [
v,V Ve v,
SMi SMi T SMi
— | L= —
—: \ / — an —
SMw N SMw l ' SMw
Sln /I Y /]
MMC1 MMC2

Fig. 9. Schematic representation of the MMC-HVDC systems{agle-line

Considering the steady-state condition, when phases-
rent is negative, the capacitors in FB SMs of phasand
those in HB and FB SMs of phagesupport the line-to-line
voltage V| . Similar situation happens when phaseurrent

diagram and (b) circuit diagram.

IV. STARTUP PROCEDURES FOR THEMMC-HVDC

SYSTEMS

In this paper, the following startup process of the MMC-

is positive. Thus, the second relationship of uncontrédiab\,pc system of Fig. 9 is investigated. The ac side of MMC-1

steady-state capacitor voltage during Stage | is

NusVits + 2NesVESe = Wi (12)
Base on (11) and (12), the uncontrollable steady-stateceap!
itor voltages of the HB and FB SMs are respectively describ&§

by,

|
ViR = 13
CHB ™ Nug + 4Neg (13)
2V
Vi s . 14
CFB ™ Nug + 4Nrs (14)

Subsequent to Stage |, when all SMs are controllable,,
all conducting switches in the FB SMs are turned on and,
consequently, each SM capacitor can be chargég'to= ]‘\/,—Lé
which is the same as that of the HB-MMC.

For other SM circuits, the startup procedure is similar to
that of the HB-FB hybrid MMC. The only difference is the
uncontrollable steady-state SM capacitor volta@és during
Stage |, which depends on the number of various types of SMs
and their circuit topologies.

Phase-b o
upper arm

Phase-a
upper arm

|HBSM1 HBSM1

'I_I'__'l_l':]

|HBSMN.m |HBSMme

|FBSM1 |FBSM]

|FBSMNrn |FBSMM B

R,

[

Fig. 8. Hybrid MMC.

is connected to an ac grid/voltage source. Once MMC-1 starts
up from its ac side and the dc-bus voltage is built up, MMC-

2 can start up from its dc side. Thus, MMC-1 experiences
an ac-side startup process while MMC-2 starts up from its
side. A generalized startup procedure for various MMC-

HVDC systems is proposed as follows:

Step 1, when an ac grid is connected to MMC-1, the SM
capacitors in MMC-1 are uncontrollably precharged to a
steady-state voltag’: 3y, during Stage I, as discussed
in Section 11I-B. At the same time, a dc-bus voltabg
generated by MMC-1 can charge the SMs in MMC|:—2 to
an uncontrollable steady-state voltabig3c, = sre
based on (5).

Step 2, when the SMs in MMC-1 become controllable
after the steady-state voltagig ¢, established, if there
are SMs with fault-blocking éapability in MMC-1, their
conducting switches are turned on. Consequently, the
new steady-state capacitor voltages of MMC-1 become
V@wmc1 = 7= and the steady-state dc-bus voltage
becomesVj. = V{.. The established dc-bus voltage
charges the SM capacitors of MMC-2 to a new steady-

. [}
state voltage/Myyc, = 5= = 24 based on (5).
Step 3, when all SMs of MMC-1 and MMC-2 are
controllable and all conducting switches are turned on,
the current-limiting resistor is bypassed and the number
of blocked (bypassed) SM capacitors is controlled from
N¢ to N, to charge the SM capacitors to their nominal

voltages.

am The uncontrollable steady-state capacitor voltage and dc-
bus voltage during Stage | are determined by the types of SM
circuits and discussed in the following.



TABLE |

THE STEADY-STATE VALUES FOR VARIOUSMMC-HVDC SYSTEMS The above anaIySIS IS appllcable to the hybrld MMC-HVDC

systems with other types of SM circuits. Once all conduct-
ing switches are turned on, the charging procedure becomes

HBSM F%’,gfgég,‘v(,: CDSM similar to that of the HB-MMC-HVDC system.
Ve e X oA v
Vo1 ]‘% 1‘\% 1‘\% V. PRECHARGING TIME ANALYSIS
Ve Vi 0 AL To estimate the precharging time, the equivalent charging
Vd:lcss ‘éLL Vi ‘éLL circuit is derived, as shown in Fig. 10. The precharging time
Ve mmc2 %ﬁ VO fsﬁa is determined by the impedance of charging circuit, esfigcia
Vc,MMcz P NS NS by circuit resistance and capacitance. The arm inductoses u
N Mmict vvg%’ﬁ vvg%ﬁ vvg%ﬁ to smooth the charging current and can be neglected during th
N mcz Sy Sy Sy precharging time analysis. As shown in Fig. 10, the equivale

resistanceReq,arm iNcludes the resistances of inductors and
transmission lines, the current-limiting resistance, tom-
duction resistances of semiconductor switches, and elgniva

Caﬁi;{;%w; in Fig. 9, the steady-state dc-bus voltage &ries resistances (ESRs) of capacitors. The equivalpatea
y itance Ceq,arm Can be derived by energy balance. WhEg «
Vae= Voo — Viubs (15) capacitors are blocked and charged, the steady-stateittapac

where,V, , andV,,, are the sum of steady-state SM capacitoy voltage IS V;'LmK The sum of energy stored in the SM capacitors
IS equal to the energy stored in the equivalent capacitaictwh
voltages within their corresponding arms. is described by:
For the HB-MMC-HVDC system},, = Vi and V;,, = )
0 based on the current direction of Fig. 9. Thus, the dc-bus 1 . Vi
voltage during Stage | i¥}. = VIl = .. §Oeq,arm%2rm = 70 <N ) . (22)
For the FB-MMC-HVDC system, when all conducting BLK
switches are offV,, , = V,,» = % and, consequentlyl. = 0 The equivalent arm capacitance is
based on (15). Thus, the SMs in MMC-2 cannot be charged C'Ne
due to the zero dc-bus voltage. Once all conducting switthes Cegam= N2
MMC-1 are turned on, a steady-state dc-bus volfegje= 11, BLK
is produced and the SMs in MMC-2 can be charged from i . .
dc side, which is similar with the HB-MMC-HVDC system.E' DC-Side Precharging
Similarly for UFB, 3LCC, and 5LCC SMs, prior to turning For dc-side prechargindiam is half of the dc-bus voltage,
on the conducting switche#}, = 0. as shown in Fig. 10(a). During uncontrollable charging stag
For the CD-MMC-HVDC system, as shown in Fig. 9, basedll capacitors are inserted anlgik = Nc. The capacitor
on (15), the steady-state voltage generated by MMC-1 duriMgltage can be expressed as

(23)

uncontrollable stage is calculated by velt)= Vam @67 Req,amtceq,am (24)
1,SS Vi Nc  Nc
Voo = NeVeumer = No e (16)
OiNC where Ceqam= 1 based on (23) anéfam = Yee,
NoViss Ne V During controllable charging stage, for any arbitrayy, k,
= ——omMel 6L (17) the steady-state SM capacitor voltag%&— When the num-
7 2 2 1.5N¢ ber of the blocked SM capacitors is changed frofm« + 1
1 to NgLk, the SM capacitor voltage is described by:
Vie = Voo = Vap = gV (18) Varn Vam ot
| ve(t) = o - ¢ e, (25)
The steady-state values of the dc-bus voltage, capacitor Neik  Neik (NeLk +1)
voltages, and the number of blocked SM capacitors are SUihere Ceq amis calculated by (23).
marized in Table I.
For the hybrid MMC-HVDC system consisting dfyg HB Ragamm Regam

SMs and Ngg FB SMs, prior to turning on the conducting
switches in FB SMs, based on (15), the dc-bus voltage during
Stage | is calculated by , Coqam | + Coumn | +

Vo = NueVeii + NeeVerre, (19) %CD T Vab @ e

Vo = NFBVC|3,8|:?37 (20)

therefore,

Vie = Voo = Voo = NHBV&,SHSB- (21) @) (b)

Fig. 10. The equivalent circuit of (a) dc-side and (b) aesmecharging.



< 40 ‘

%)307 Uncontrollable i Nowk =3 | I Nowx=2 i controllable precharging stage and all conducting swidre

:g sl I b | on, the MMCs with various SMs have the same behavior of

8 e — e | the HB-MMC and the associated equivalent circuit is shown in

glop o ' B Fig. 10(b). The capacitors are charged only when the line-to

© 0 0.05 ey O 0.15 line voltage is higher than the voltage of equivalent capaci
(@) Ve,eq If the time constant of the equivalent circuit of Fig. 10(b)

= 40 : : : is small, the capacitors can be charged to their steadg-stat

G, o Uneentrollable 1 Nouc =3 AN \1‘]“‘-“’2 | voltages within one line cycle. If the time constant of the

§ 20 ] equivalent circuit is large, multiple line cycles are reqdito

2 1o ] charge the capacitors to their steady-state voltages.

g 0 ‘ ‘ ‘ The simulation results are shown in Figs. 11(b) and (c)

] 0 0.1 0.2 0.3 0.4

based on the HB-MMC system used in dc-side precharging
analysis. The RMS value of the line-to-line voltage is 56.6
V and the arm inductance is 5 mH. During the controllable
precharging stageNg k is gradually reduced from 4 to 2.

As shown in Figs. 11(b) and (c), wheNg .k = 3, the time
constant is small (0.89 ms) and the capacitors can be charged
to their steady-state voltage within one cycle. Whéng = 2,

the time constant is large (2 ms) and two cycles are needed to

Tilﬁe (s)

(b)

B
(=}

AV =11.52V

Capacitor
voltage (V)
W
i
L 7
)

o N W
S a S

Voltage (V)
(o]
(=]
)
|

60 S 1 charge the capacitors to their steady-state voltage. Aarsho
ol *7—' ‘ in Fig. 11(c), during the first cycle, the capacitor voltage i
025 026 Lime (s) 027 028 charged to 38.2 V within 2.72 ms, which is less than the
(c) steady-state voltage 40 V. Once the line-to-line voltagess

than V¢ ¢q the charging process stops and the second cycle is
needed to charge the capacitors.

Fig. 11. The simulation results of precharging time analy@gi) dc-side
precharging, (b) ac-side precharging, and (c) zoom in viébp

The time constant of the circuit of Fig. 10(a) is defined
as Tegarm = ReqamCeq,am When charging time t = Bg am VI. STUDY RESULTS
¢~ 7aam is less than 0.05 and, as an assumption, the steady!l this section, performance of the proposed strategy for
state condition is reached. various MMC-HVDC systems with different SM circuits is
To verify the precharging time analysis, the simulatiofvaluated ba_sed on simulation studies in the PSCAD/EMTDC
results of dc-side precharging are shown in Fig. 11(a) ba are environment. The study system parameters are the
on a HB-MMC system which consists of 4 SMs in each arnf@me as those used in [4].

For the uncontrollable precharging stage, the currentitign A. Startup Process of an MMC from the DC Side

resistor is inserted into the charging loop. The equivalent
resistanceReqam is 12 Q2. For the controllable precharging Figure 12 shows the startup process of the HB-MMC system

stage, when the current-limiting resistor is bypassed ley tfom its dc side. During Stage I, the SMs are uncontrol-
circuit breaker, theReq amis 2 . The SM capacitor is 1000 lable and the current-limiting resistor is inserted to firtiie
uF. The dc source vdltage is 160 V. During the controllabfgharging current. The SM capacitor voltages are charged to

. SS _ Vhe __
precharging stage, th¥g.x is gradually reduced from 4 to 2. their uncontrollable steady-state voltaje®® = & = 1.5
Uncontrollable stager’ _ 1000x4 kV at t = 0.5 s. During Stage I, the SMs are controllable
. egarm =

constant is 3 ms. After 9 ms3feqam), the capacitor and the current-limiting resistor is bypassed. From 0.5
. eq,arnys . .
voltage can reach its steady—sta(:e value. as shownSn2S shown in Figs. 12(a) and (c), the number of blocked
’ R/I capacitors is dynamically controlled froN- = 20 to

Fig. 11(a). ref  _ Ve _ 60kV _ ;
« Ngix = 3 during controllable chargingCeqam = Ngik = VI = 3ky = 10 to charge the SM capacitors

10032><4 4F. The time constant is 0.89 ms. After 2.67 mio their nominal voltage. The arm currents are limited by the

3 , the capacitor voltage can reach its steady-sta banging rate ofVeLk, as shown in Fig. 12(b). As expected,
\(/aﬁgam) P ) y the startup process of the MMCs and the hybrid MMCs based

« Newk = 2 during controllable chargingCeqam = on the SMs with fault-blocking capability is similar to that

1009x4 ,F. The time constant is 2 ms. After 6 mgihe HB-MMC.
(37eq,am), the capacitor voltage can reach its steady-stdfe Startup Process of an MMC from AC Side

value. In Fig. 13, the ac-side startup process of the HB-MMC
] ) system is shown. During Satge | (priortte= 1 s), the current-
B. AC-Side Precharging limiting resistor is inserted to limit the charging currefihe
For ac-side precharging, during the uncontrollable preghaSM capacitor voltages are charged to their uncontrollable
ing stage, the current-limiting resistor and all capasitor steady-state voltagéfgSS = ]‘G—Lé = 2.1 kV. After Stage I,
the fault-blocking SMs are inserted in the charging circuthe SMs are controllable and the current-limiting resigsor
loop before turning on the conducting switches. During tHeypassed at = 1 s. The number of blocked SM capacitors
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Fig. 12. DC-side startup process of the HB-MMC system: (a) &idacitor >° | Thenaii-bridge SMs ‘ ‘ ‘
voltages of the phase-upper arm, (b) phase-upper arm current, and (c) the 8.4 0.6 0.8 1 1.2 1.4 1.6
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Fig. 15. AC-side startup process of the hybrid MMC systemebasn HB
' SM (Nue = 12) and UFB SM (Nygg = 8): (a) SM capacitor voltages of the
phaseq upper arm, and (b) the commanded number of blocked SM capscit
— -1 ‘ ‘ ‘ ‘ within each arm.

1.2 1.4 1.6

(b) ' capacitors is being dynamically controlled froM- = 20

2 ‘ ‘ ‘ ‘ to NgeLfK = 14 to charge the SM capacitors to their nominal

£9 voltage, as shown in Fig. 14. The arm and ac-side currents

=, o——sobbhPr— are limited by the changing rate dfg . After the startup

- ‘ ‘ ‘ ‘ process, the MMC starts to transfer power between its ac and

! 15 © 2 23 dc side att = 1.8 s. For the UFB, 3LCC, and 5LCC SM-
based MMC systems, the startup process is similar to that of

2 | | ] the FB-MMC.
z | | The startup process of the CD-MMC is also similar to

that of the FB-MMC. However, the uncontrollable steadytesta

1 1.

° d) capacitor voltage during Stage | is different. For the CD-BIM
1,SS
Time(s) VoS = ko =14 kV.

C . . .
Fig. 13. AC-side startup process of the HB-MMC system: (a) &igacitor For the hybrid MMC consisting ofVyg = 12 HB and
voltages of the phase-upper arm, (b) phase-upper arm current, (c) ac- Nygg = 8 UFB SMs in each arm, the uncontrollable steady-
side three-pha_se currents, and (d) the commanded numbdpaked SM state voltages of the HB and UFB SMs respectively reach
capacitors within each arm. LSS LSS
Vens = 0.96 kV and Vi = 1.9 kV aroundt = 0.5

is being changed fromVo = 20 to Néefx = 14 to charge based on (13) and (14), as shown in Fig. 15. Subsequent to
the SM capacitors to their nominal voltage, as shown in Figdtage |, when all conducting switches are turned on while
13(a) and (d). The arm and ac-side currents are limited by t8@{ting Ngik = Nug = 12 between 0.5 s and 0.6 s, the SM
changing rate ofVg «, as shown in Figs. 13(b) and (c). Aftercapacitors of the HB and UFB SMs are charged to the same

the startup process, the MMC starts to transfer power betweieady-state voltagg! = 2.1 kV at ¢ = 0.6 s. After the SM
ac and dc sides at= 2.5 s. capacitor voltages reach the same value, the currentisignit

The ac-side startup process of the FB-MMC system ;§5|st0fr is bypassed anligi is controlled fromN¢ = 20
illustrated in Fig. 14. During Stage | (prior to = 0.5 s), [© Neix = 14 to charge the SM capacitors to their nominal
the SMs are uncontrollable and the SM capacitor voltages At@ge, as shown in Fig. 15.
charged to their steady-state voltagg®® = ML = 1.1 kV.

After Stage |, all conducting switches are turned onato.5 C- Startup Process of the MMC-HVDC System

s. Consequently, the SM capacitors are charged to their newigure 16 illustrates the startup process of the HB-MMC-
steady-state voltage" = X—Lé =21kVatt=1s, which HVDC system. Prior t¢ = 0.6 s, both MMC-1 and MMC-2

is the same as that of the HB-MMC. At= 1 s, the current- are in uncontrollable stage whilg), = VJI = V[, = 42

limiting resistor is bypassed, and the number of blocked SKkV, in which the SMs of the two MMCs are charged to the
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Fig. 16. The startup process of the HB-MMC-HVDC system: (&) S
capacitor voltages of the phasedpper arm of MMC-1, (b) and (c) phase-
upper arm and ac-side currents of MMC-1, (d) the commandedbeu of
blocked SM capacitors of MMC-1, (e) SM capacitor voltageshef phasez
upper arm of MMC-2, (f) and (g) phaseupper arm and ac-side currents of
MMC-2, (h) the commanded number of blocked SM capacitors M®A2,

(i) dc current, and (j) dc-bus voltage.

Voltage (kV)

ﬁﬂﬂa

0 0 0.2 04 0.6 0.8 1
Time (s)

Fig. 17. All capacitor voltages of three phases during de-girecharging.

uncontrollable steady-stage voltabg e, = x& = 2.1 kV

and Ve, = 245 = L1 kV, respectively, as shown in
Figs. 16(a) and (e). After = 0.6 s, both SMs are controllable
and the current-limiting resistor is bypassed. The numifer o
blocked SM capacitors is being changed fravia: = 20 to
NEL (N = 14 for MMC-1 and NE' = 7 for MMC-2) to
charge the SM capacitors to their nominal voltages, as shown
in Figs. 16(a), (d), (e), and (h). The arm and ac-side cusrent
are limited by the changing rate dfg k, as shown in Figs.
16(b), (c), (d), (f) and (h). Subsequent to the startup pece
the MMC-HVDC system starts to transfer power between two
ac systems at = 1.8 s.

For the dc-side precharging, the capacitors of three phases
are charged simultaneously. For ac-side prechargingjribe |
to-line voltages can charge all capacitors within one lipele
Thus, all capacitors in three phases can be charged almost
simultaneously, which will not lead to triple prechargifnmé.

As shown in Fig. 17, all capacitors can be charged to their
nominal voltage almost at the same time.

In Fig. 18, the startup process of the FB-MMC-HVDC
system is shown. As shown in Fig. 18(a), the SMs in MMC-

1 are precharged to the uncontrollable steady-state wltag

s
<
32
3
>° 0 ‘
0 0.5 1 15 2
€Y
20 ‘ ‘
>
2
Z 15}
0 0.5 1 15 2
(b)
4
S
<
Q2r
3
>° 0 ‘
0 0.5 1 15 2
(c)
20 '
BRET
m
Z 10}
0 0.5 1 15 2
(d)
< 60
=3
5 30F 1
>
% 0.5 1 15 2
(e)
Time(s)

Fig. 18. The startup process of the FB-MMC-HVDC system: (b), (c),
and (d) SM capacitor voltages and the commanded number okddoSM
capacitors of the phaseupper arm of MMC-1 and MMC-2, and (e) dc-bus
voltage.
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4 ‘ ‘ ‘ ‘ ‘ SM-based MMC-HVDC systems, the startup process is similar
- ] to that of the FB-MMC-HVDC system.

3 For the CD-MMC-HVDC system, the startup process is
% 0s 1 s 5 25 similar to that of the FB-MMC-HVDC system. The difference
@ is the dc-bus voltagéj, = 5ViL = 14 kV. Thus, Ve, =

0.35 kV, as shown in Fig. 19.

s ‘ ‘ ‘ ‘ ‘ In Fig. 20, the startup process of the hybrid MMC-HVDC
Vg 2t J ] system is shown, which consists 8f;g = 12 HB and Nygg =

>3 ‘ ‘ ‘ ‘ ‘ 8 UFB SMs. Att = 0.3 s, the SMs in MMC-1 are precharged

0 05 1 15 2 25 to the uncontrollable steady-state volta@[g ne = 0.96 kV

(b) for the HB SMs andV/:{3g = 1.9 kV for the UFB SMs

Time(s) based on (13) and (14), while the uncontrollable steadg sta
Fig. 19. SM capacitor voltages of the phasepper arm during the startup 1,SS Ve
process of the CD-MMC-HVDC system: (a) MMC-1 and (b) MMC-2. VOItage of the SMs in MMC-2 'SVC MMC2 — 2]\?0 = 029

kV due to V], = 11.5 kV based on (21), as shown in Figs.
20(a) and (e). From = 0.3 s, all conducting switches of the
ViSiver = L1 kV (prior to t = 0.2 ), while the steady-state SMs in MMC-1 are turned on and the number of blocked SM
voltage of the SMs in MMC-2 is zero due #d}, = 0. After ~capacitors of MMC-1 is changed g1 = Nug = 12 SO
t = 0.2 s, the conducting switches of the SMs in MMC-1 aréhat the SM capacitors of the HB and UFB SMs of MMC-1 are
turned on and the SM capacitors of MMC-1 are charged to thbarged to the same steady-state volt&@yc, = 2.1 kV,
new steady-state voltagégMMCl =92.1 kV aroundt = 0.8 s. as shown in Figs. 20(a) and (b). Once the capacitor voltafjes o
At the same time, the steady-state dc-bus voltage rises upghe HB and UFB SMs in MMC-1 reach the same voltage 2.1
Vil =WV =42kV, WhICh charges the SMs in MMC-2 to thekV, Ngik1 = 20. At the same timeVj, = Vi, = 42 kV and,
steady -state voltageyyc, = 1.1 kV aroundt = 0.8 s, as consequentlyvc vmez = 1.1 KV, as shown in Figs. 20(c) and
shown in Fig. 18(c). Aftet = 0.8 s, the SMs in both MMCs (€). Subsequent to = 0.6 s, the current-limiting resistor is
are controllable and the current-limiting resistor is bsged. bypassed and the number of blocked SM capacitors is being
The number of blocked SM capacitors is being controlled froghanged fromN¢ to Ni to charge the SM capacitors to
N¢c to N to charge the SM capacitors to their nominaheir nominal voltage.
voltage, as shown in Fig. 18. For the UFB, 3LCC, and 5LCC

VIl. EXPERIMENTAL VERIFICATION

T T
—

= The fault-blocking SMs

= o TABLE Il

THE SYSTEM PARAMETERS OF THE EXPERIMENTAL PROTOTYPE
The half-bridge SMs

0 0 5 15 2

(a) SM type Full-bridge
20 : : : e Number of SM per arm 4
v SM capacitor 1000 puF
=16} 1 Arm filter inductor 5 mH
212_ ] Current-limiting resistor 17.5Q
0 05 1 1.5 2
(b) . .
4 ‘ ‘ ‘ ‘ A scaled-down prototype has been built to verify the pro-
2z posed precharging strategy. The main circuit parameters ar
%2’ / ] listed in Table Il. The photo of the experimental prototype
> ‘ ‘ ‘ ‘ is shown in Fig. 21. The prototype configurations of ac-side
0 05 ! 15 2 precharging and dc-side precharging are shown in Figs) 22(a
‘ (F) ‘ - and (b), respectively. For ac-side precharging, the ag-fie-
320 to-line voltage is 50 V and the nominal capacitor voltage is
ZEE 35V. For dc-side precharging, the dc source voltage is 160
0 05 1 15 2 ’
()
g” 7
KL ]
>
0 ‘
0 0.5 1 1.5 2
(e)
Time(s)

Fig. 20. The startup process of the hybrid MMC-HVDC systenthwilB
SMs (Nyg = 12) and UFB SMs (Vurs = 8): (@), (b), (c), and (d) SM
capacitor voltages and the commanded number of blocked $Wsicitars of
the phasex upper arm of MMC-1 and MMC-2, and (e) dc-bus voltage.

Fig. 21. The experimental prototype



Current-limiting
resistor
—

(— 7
Breaker|  SM;
Full-bridge SM

i-:u]]-bridgc
SM

(a) (b)

Fig. 22. The experimental prototype configuration of the MBIC (a)
charging from ac source, and (b) charging from dc source.

V and the nominal capacitor voltage is 40 V. As shown in
Fig. 23, whenNg k is gradually reduced from 4 to 2, the
SM capacitors can be charged smoothly to their nominal
voltages. Thus, the experimental results of Fig. 23 velify t
effectiveness of the proposed precharging strategy.

VIIl. CONCLUSION

In this paper, a generalized precharging strategy is pexpos
for the MMC-based systems built upon various SM circuits
under ac- and dc-side startup conditions. The uncontiellab
steady-state capacitor voltages of various MMC-base@syst
are investigated for potential use of SM design. Based on
the proposed precharging strategy, a generalized soft star
procedure for various MMC-HVDC configurations is also pro-
posed. The proposed startup strategy can smoothly chagge th
SM capacitors without using any additional feedback cdntro
loop, extra measurements and/or auxiliary power supplies.
Moreover, the proposed strategy is also applicable to taekbl
start applications. Effectiveness of the proposed styafeg
various MMC/MMC-HVDC systems under ac- and dc-side
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Line-line voltage 100 V/div

Grid current 0.5 A/div

2

| | Tumon

| | Conducting
switch

IUncontrolable
charging

|
Veaupl~Vcaup3 and Vebupl~Vebup3 10 V/div
2 s/div

B

Reduce Ngpx

Line-line voltage 100 V/div

Grid current 0.5 A/div

2 s/div

=

)

- S T Veaups —

I R —— S g 7T

, /2 Sy
pey

(b)

DC source voltage 200 V/div

DC source current 0.5 A/div

L L

|| Tumnon | Reduce N ¢

Uncontrolable |1 Conducting |
charging —M
" l .
Vcau;|)1~Vcaup3 and Vclalowl ~Vealow3 20 V/div
2 s/div

DC source voltage 200 V/div_
DC source current 0.5 A/div

 ———— e = mmc Vcealow2Vealow3

2 s/div
(d)

startup cor_1ditipns, is evaluated based on time'domain'smﬂib. 23. The experiment results of the FB-MMC: (a) and (b)rghmay from
lation studies in the PSCAD/EMTDC software environmerst source, (c) and (d) charging from dc source.

and experimental results. The study results demonstrate t%
proposed strategy can charge the SM capacitors smoothly a Jj
limit the inrush charging current during the startup preces
for various MMC and MMC-HVDC configurations under

different startup conditions. [e]
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