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Abstract—The modular multilevel converter (MMC) provides
promising development for high-voltage direct current (HVDC)
applications, including multiterminal HVYDC (MTDC) and re-
newable energy integration. This paper, considering an offshore
wind farm (OWF) integrated MMC MTDC system, investigates
its start-up process with three main developments: 1) it further
develops the mathematical model of MTDC with active networks
and proposes a hierarchical start-up control scheme; 2) for the
terminal which connects the OWEF, it proposes a reduced dc
voltage control scheme of mitigating the current surges with
deblocking the converter at zero voltage difference on submod-
ules (SMs) and proposes an overall sequential start-up control
scheme for the offshore integrated MTDC; and 3) it analyzes
and compares different start-up control schemes. To evaluate the
proposed sequential start-up control scheme, an offshore MMC
HVDC system is established on the RTDS. The simulation results
verify effectiveness of the proposed scheme on the MMC MTDC
system with two control paradigms, i.e., master—slave control and
droop control, respectively. In comparison with different start-up
control schemes, the superiority of the mitigation of voltage spikes
and current surges are shown using the proposed scheme with less
complexity and easier implementation.

Index Terms—Droop control, master—slave control, modular
multilevel converter (MMC), multiterminal HYDC (MTDC),
offshore wind farm (OWF), sequential start-up control.

NOMENCLATURE
Tn Terminal n{n = 1,...,n).
CB Circuit breaker.
SM Submodule.
VSC Voltage-source converter.
MMC  Modular multilevel converter.
OWF Offshore wind farm.
PCC Point of common coupling.
DFIG Doubly fed induction generator.
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HVDC High-voltage direct current.
MTDC  Multiterminal HVDC.

RTDS  Real-time digital simulator.

I. INTRODUCTION

ITH extensive research and applications, VSC tech-

nology has gradually achieved a high degree of
maturity [1]-[3], and there has been numerous projects on
VSC-based HVDC applications [4]-[10], including the appli-
cations of MTDC [5]-[8] and renewable energy integration in
recent years [8]-[10]. There has been a variety of topologies
with the VSC development [11]-[13]. Among them, one of
these, the MMC, has salient features and shows its strong
competitiveness, which has been well recognized by research
and applications. Since there are a number of energy capacitors
in the SMs of the MMCs, it is important to precharge these
capacitors during the startup stage and the system startup
control is essential.

In [14], a startup control scheme for the MMC was proposed.
The proposed control scheme was based on the control of an
auxiliary voltage source at the MMC dc-side. However, it is
generally expected to start a system without auxiliary sources,
which saves space and costs. In [15], a startup technique
using additional resistors was proposed. The resistors were
connected on the converter arms and were inserted/bypassed to
limit the arm current. However, the additional resistive losses
were not expected. In [16], a startup scheme with a two-stage
charging process for MMC was proposed. Although the pro-
posed charging scheme seemed to achieve charging the voltage
of each SM capacitor to the rated value without auxiliary dc
source, it had two main problems. First, in the first charging
stage, the dc voltage was assumed to be the rated value and the
charging of the SM capacitors was from the dc side. Under this
assumption, the proposed scheme was only valid for the MMC
under inverter operations. Second, in the second charging stage,
the proposed scheme was that the SM capacitor voltages were
charged to the rated value when the SMs were deblocked. How-
ever, the main objective of the start-up control of MMC is to
pre-charge the SM capacitors to the rated value before they are
deblocked. A start-up scheme for MMC HVDC was proposed
in [17], including the calculation of the limiting resistance,
the setting of the rising slope of dc voltage and the reference
setting of reactive power. In [18], a calculation method for
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Fig. 1. MMC MTDC system with the integration of an OWF.

the minimum limiting resistance was proposed. In [19], the
dynamics of the SMs in the MMC during the pre-charging
process were analyzed and an optimized modulation algorithm
was proposed for reducing the current surges when deblocking
the MMC. Theoretically, an MMC can be deblocked at zero
voltage difference and the current surges under this condition
are the smallest. However, the control scheme proposed in [19]
did not achieve zero voltage difference when deblocking the
MMC. The start-up schemes proposed above were all based on
two-terminal MMC HVDC systems.

In [20], a three-terminal MMC HVDC system based on a real
application was investigated, and a control procedure of starting
the system was proposed in detail. However, these procedures
were obtained as a conceptual approach, which was based on
the analysis at systematic level. There was no analysis on the
dynamics of the SMs in the MMC with no comprehensive sim-
ulation results. Different sequential startup control was com-
pared in [21], while most comparisons were based on simula-
tions and the analysis were not comprehensive with no math-
ematical derivations. Hence, the startup control including the
startup sequence of MMC MTDC systems deserves our study
and exploration.

This paper investigates the start-up process of an OWF inte-
grated MMC MTDC system with the main contributions given
as follows.

1) Regarding an MMC MTDC system with active ac net-
works, the mathematical model before and after the de-
blocking of the converter is further developed on [19] into
a second-order circuit with the consideration of the con-
verter arm inductor. A hierarchical start-up control scheme
is proposed. Considering the fact that an OWF is a passive
ac network before the completion of its start-up, a start-up
control strategy for the converter connecting with the OWF
with deblocking the converter at zero voltage difference on
SMs is proposed;

2) A four-terminal MMC HVDC system is established on
the RTDS with one terminal connecting with an OWF.
The effectiveness of the proposed sequential start-up con-
trol scheme is verified by the simulation results. The su-
periority of the proposed scheme, in terms of mitigating
the voltage spikes and current surges, than other control
schemes is compared, and the easy implementation of the
proposed scheme is presented;
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3) The proposed start-up control scheme is validated on the
MMC MTDC system with master—slave control and droop
control, respectively.

The remainder of this paper is organized as follows.
Section II presents the structure of an MMC MTDC system
and the basic control strategy. Section III further develops
the mathematical model for the onshore MMC MTDC system
before and after the deblocking of the converter, and proposes
a hierarchical start-up control scheme. Section IV proposes
a reduced dc voltage control scheme for the offshore con-
nected converter, which is deblocked at zero voltage difference
on SMs, and proposes an overall sequential start-up control
scheme. The simulation results using RTDS are demonstrated
in Section V. Further discussions on the subject are discussed
in Section VI. Conclusions are presented in Section VII.

II. BASIC STRUCTURE AND CONTROL STRATEGY

A. Basic Structure

Fig. 1(a) shows a single-line schematic diagram of an MMC
MTDC system with the integration of an OWF. Both the off-
shore and onshore MMCs connect to the ac power sources, ei-
ther the OWF or ac utility grids, through a three-phase trans-
former. The MTDC network can be in either radial or meshed
arrangement. For the sake of simplicity, the MTDC investi-
gated in this paper is in radial connection only. In Fig. 1(a),
Tn(n =1,...,n) denotes each terminal of the MTDC system;
CBn(n =1,...,n) denotes the AC circuit breaker at each ter-
minal; PCCn (n = 1,...,n) denotes the common connecting
point of the ac network.

Fig. 2 depicts the structure of one MMC and one SM within
the MMC. Each MMC consists of three parallel-connected
phase units where each phase unit comprises two arms. Each
arm is composed of one arm inductor and n series-connected,
identical half-bridge SMs. The arm inductor is designed to
provide current control and limit the circulating current within
the arm and to limit fault currents. A SM has three switching
states, block (BLK), ON, and OFF. The SM is blocked either
in the standby mode or under fault conditions. Under nominal
conditions, each SM is either switched ON or OFF. In the
ON state, the upper IGBT (S1) is switched on and the lower
one (S2) is switched off, the voltage of the SM equals to the
capacitor voltage (Vs = Vo). In the OFF state, S1 is switched
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Fig. 3. Characteristics of dc voltage versus active power in MTDC. (a) Con-
stant dc voltage control. (b) Constant active power control. (¢) Droop control.

off and S2 is switched on, the capacitor is bypassed (Vsy = 0).
At the initial stage before the start-up of the system, the MMC
is in standby mode with all SMs being blocked.

B. Control Strategy

The MTDC investigated in this paper is a four-terminal MMC
HVDC system. For the offshore terminal, T1, the active power
transferred is determined by the control of the DFIG-based
OWF. Hence, MMC-1 applies ac voltage and frequency control
[9] to stabilize the voltage magnitude and frequency at PCCI.
For the onshore MTDC terminals, the MMCs are connected
with active AC networks which can provide stable ac voltage
at the PCC and active power to the connected MMC. The
well-known dq decoupled control is applied. For MMC MTDC
systems, two main control paradigms, i.e., master—slave control
[22]-[24] and droop control [25]-[27], are generally used.
For the master—slave control, one terminal is operated as the
master terminal with constant dc voltage control, while the
other terminals are operated as slave terminals with constant
active power control. For the droop control, active power can
be shared among different HVDC terminals. The characteristics
of dc voltage versus active power in an MTDC are illustrated
in Fig. 3. The following analysis on the start-up control will be
conducted based on the system with master—slave control in
which T2 is operated as the master terminal, while the other
three terminals are operated as slave terminals. Reactive power
control is applied by T2, T3 and T4 to control the reactive
power at 0. The control strategy of each terminal is shown
in Table I. The proposed start-up control will be validated
on the system with master-slave control and droop control,
respectively, in the case studies.

At the initial state, all of the capacitors within the MMCs are
not charged and the voltage of the MTDC system is not estab-
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TABLE I
CONTROL STRATEGY OF THE MTDC WITH MASTER—SLAVE CONTROL

Offshore MMC Control Strategy
MMC-1 Voo f

Onshore MMC d-axis q-axis
MMC-2 Ve 0
MMC-3 P 0
MMC-4 P 0

lished. During the period from the initial state to the steady state,
in order to realize the start-up of the MTDC with small voltage
spikes and current surges, the start-up process is divided into
several stages rather than starting all terminals simultaneously.

* For T1, the start-up of the OWF necessitates a stable nom-
inal AC voltage at PCC1. The establishment of the AC
voltage relies on the inverted control of MMC-1 of the DC
voltage. Hence, the start-up of T1 should be initiated after
the start-up of T2 with a well-stabilized MTDC voltage.

* As for T2, it not only stabilizes the MTDC voltage, but
also acts as a dc slack bus to balance the active power
of the MTDC system. The active power transferred at T2
should be within its maximum rating. If the active power
flow is not well regulated during the start-up period and is
significantly over its transfer capability, it may affect the
stabilization of the DC voltage controlled at T2 and there
will be subsequent impact on the system performance. In
addition, T1 with OWF is a weaker network compared with
T3 and T4 with active ac networks. Hence, the coordinated
start-up sequence plays a significant role in the start-up of
the system and needs to be comprehensively investigated.

The start-up of the onshore MTDC system and the offshore ter-
minal is analyzed in Sections III and IV, respectively.

III. MATHEMATICAL MODEL FOR THE ONSHORE MTDC
DURING THE START-UP STAGE

A. Before the Deblocking of the MMCs

For the active ac network connected terminal, before de-
blocking the MMC, the ac circuit breaker is closed to provide
initial charging for the SM capacitors. At BLK state, the
MMC is operated under free-wheeling diodes as shown in
Fig. 4 [19]. Considering the losses of the diodes and circuit
resistors, the initial charging state of the MMC and its AC side
can be illustrated as Fig. 5(a). It can be simplified to a RLC
circuit, as shown in Fig. 5(b), where Roq = 2R, + 2nHg,
Leq =2Lg+ 2Ly, Coq = C/n, Up = iy.

Before deblocking of the MMC, it is a second-order RLC cir-
cuit. Hence, its zero-state response can be derived after closing
the AC circuit breaker. According to the Kirchhoff's voltage law
(KVL), we have

ur +ur + uc = Uy (D

where ugp = Req - 1, up = Leq%

Substituting into (1), we have

di
Roq i+ Leqd—i +ue = Th. 2)
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The expression of uc is

Uug = Aleplt + A2€p2t + Uy 4)
where
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Therefore, the final voltage of the SM capacitor of the MMC
connected with an active ac network before deblocking of the

MMCis (uc(ts))/(n) = (Uo)/(n) = (@u)/(n).
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Fig.9. Voltage change of a SM from the initial state of the MMC with a passive
ac network.

B. After the Deblocking of the MMCs

After deblocking the MMC, the SMs on the converter arm can
be regarded as a controllable ac voltage source [28], as shown
in Fig. 6. When the system reaches the steady state, the nominal
voltage of each SM capacitor is V. /n. The voltage change of
a SM from the initial to the steady state is illustrated in Fig. 7.
During the start-up process, the most significant voltage spikes
and current surges are generated at t,, which is the instant of
deblocking the MMC. It is because of the voltage difference
at t2(0_) and t2(0). In order to mitigate this impact, the dc
voltage reference is initially set at Uy at t;, so that the con-
trol system of the MMC will control the voltage of each SM
equals to Uy /n, which equals to the SM final voltage before de-
blocking, and thus realize zero voltage difference at t..
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Fig. 10. Characteristics of SM capacitor voltages using the proposed sequential start-up control.

After deblocking the MMC, the dc voltage reference can be
gradually increased to the nominal value.

C. Hierarchical Start-Up Control Scheme

Based on the previous analysis, a hierarchical start-up con-
trol scheme for the MMC terminal with active ac network is
proposed.

Step 0: Initially, set the dc voltage reference to Uy,

Step 1: At t1, close the ac circuit breaker and charge the
voltage of the SM capacitor to Uy /n;

Step 2: At t2, deblock the MMC;

Step 3: When the dc voltage is stably controlled at Uy, ramp
the dc voltage reference to the nominal value to complete
the start-up.

IV. MATHEMATICAL MODEL FOR THE OFFSHORE TERMINAL
DURING THE START-UP STAGE

A. Before the Deblocking of the MMC

At the initial stage when the wind farm has not been started,
the wind farm connected terminal cannot provide stable ac
voltage or inertia and is considered as a passive network. Under
this condition, the SMs of the wind farm connected MMC can
only be charged from the dc side, as the dashed line shown in
Fig. 4.

When the voltage of the MTDC is stabilized by the control
of MMC-2, the blocked MMC-1 is also equivalent to a RLC
circuit, as shown in Fig. 8, where

R, =2nRq, L, = 2L,,C.q = C/2n.

Since there are 2n SM capacitors connected in series, each ca-
pacitor will be finally charged to Vy./2n.

B. After the Deblocking of the MMC

The nominal voltage of each SM is Vy./n. The voltage
change of a SM from the initial to the steady state is illustrated
in Fig. 9. If the wind farm connected MMC is deblocked
directly, there must be a current surge due to the SM voltage
difference at the deblocking instant. Therefore, in order to
reduce the voltage difference at the deblocking stage, the
controlled dc voltage is regulated to a reduced value, which is
named as reduced dc voltage control scheme. According to the
derivation in Section IV-A, the SM voltage difference becomes
zero when the dc voltage is reduced to half of its rated value.
In this paper, the half DC voltage control scheme is applied.
Hence, the reference of the dc voltage at T2, after being set at

the nominal value, is reduced to V. /2 prior to the deblocking
of MMC-1.

C. Sequential Start-Up Scheme

Based on the previous analysis on the start-up control of
the active and passive network connected MMCs, an efficient
sequential start-up control scheme for an offshore integrated
MMC MTDC system is proposed as follows.

Step 0 (to): Initially, set Vicret = 1, Vacret = 0, Paret =
Pyt = 0

Step 1 (t1): Close CB2,

Step 2 (t2): Close CBR,

Step 3 (t3): When the SM capacitor voltages of MMC-2
are charged to 4;, deblock MMC-2;

Step 4 (t4): When the DC voltage is controlled at 4, set
Vidcret = V(ikc;

Step 5 (t5): When the DC voltage is stabilized at V}, and
the SM capacitor voltages of T1, T3 and T4 are charged to
Vi /2n, set Vierer = Vi /2.

Step 6 (tg): When the DC voltage is stabilized at V},/2,
deblock MMC-1;

Step 7(t7): Close CB3;

Step 8 (t3): Close CB4,

Step 9 (tg): Since the SM capacitor voltages of MMC-3
and MMC-4 are V}, /2n and the DC voltage is controlled at
Vr./2, there will be no voltage difference when deblocking
the MMCs. Deblock MMC-3;

Step 10 (t10): Deblock MMC-4;

Step 11 (t11): When the active power at T3 and T4 is well
stabilized, set Vicrer = Viis

Step 12 (t12): When the DC voltage is stabilized at V.,
set Vacret = V:C;

Step 13 (t13): When the AC voltage at PCC1 is well stabi-
lized at V., close CBW;

Step 14 (t14): Deblock the OWF;

Step 15 (t15)1 Set Pgref = P?:k, Pirer = PI

When the active power of the MTDC reaches the nominal
condition, the start-up of the whole system is completed.

During the start-up process, the characteristics of the SM ca-
pacitor voltage of each MMC are illustrated in Fig. 10. It can be
seen that due to the effective sequential start-up control, the SM
capacitor voltages gradually reach their nominal state. More-
over, the start-up sequence of each terminal is well coordinated
to achieve minimum power losses. In order to clearly present the
system performance at each control action in the case studies,
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Fig. 11. MTDC without a starting resistor and without reduced DC voltage control (Case A): (a) MMC-2 DC side voltage, (b) SM capacitor voltages; (¢) MTDC

currents, (d) active power, and (e) reactive power.

the control action sequence and the delay between two sequen-
tial actions are shown in Table III.

V. RTDS SIMULATION SYSTEM AND RESULTS

In order to verify the effectiveness of the proposed scheme, a
four-terminal MMC HVDC system with one terminal connected
with an OWF is established on the RTDS. The detailed system
parameters are provided in Table II and the control strategy of
each terminal is described in Section II-B.

Since the start-up control proposed by previous literature
mainly relied on the use of starting resistors, in the case studies
the start-up control of the MTDC with/without starting resistors
and with/without reduced DC voltage control is compared.
Four simulation cases are conducted.

* In Case A, the MTDC is started without starting resistors

and without reduced DC voltage control;

* Case B is similar to Case A, except that the MTDC is
started with starting resistors,

* Case C is similar to Case B, except that the MTDC is
started with reduced DC voltage control.

* Case D is similar to Case C, except that the MTDC uses
droop control instead of master—slave control. Since the
voltage droop control has been mainly used on the MTDC,
the objective of Case D is to evaluate the proposed start-up
sequence on the MTDC with droop control.

A. Case A

In this case, the MTDC is started without starting resistor
and without reduced dc voltage control. Simulation results are
shown in Fig. 11. Fig. 11(a) shows the reference dc voltage
(Vacaret) and the controlled de voltage (V4e2) of MMC-2;
Fig. 11(b) shows the voltages of the SM capacitors, where
CV, (n = 1,...,4) denote the SM capacitor voltage of
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TABLE II
PARAMETERS OF THE OFFSHORE INTEGRATED 4-T MMC HVDC SYSTEM
Parameters VALUES Comments
AC system voltage 240 kV L-L, RMS
AC system inductance Lac 150 mH SCR =8 at PCC
Transformer ratio 240 kV/30 kV Y/A
‘Transformer leakage inductance 5%
Wind turbine rated output 1.4 MW
No. of wind turbines 60
Wind farm rated output 84 MW
DC bus voltage Va./2 50 kV +50 kV
MMC rating 150 MVA
No. of SMs per arm 6
Arm inductance L, 3mH
SM capacitance C 2500 pF
Diode resistance Rqg 0.02Q
T3 active power P;~ 50 MW Import to MTDC
T4 active power Py 90 MW Export from MTDC
Reactive power reference 0 MVar T2, T3, T4

each MMC; Fig. 11(c) shows the dc currents of the MTDC,
where Igen, (n = 1,...,4) denote the DC current at each ter-
minal; Fig. 11(d) shows the active power of the MTDC, where
P, (n = 1,...,4) denote the active power measured at each
terminal; Fig. 11(e) shows the reactive power of the MTDC,
where Q, (n = 1,...,4) denote the reactive power measured
at each terminal. The measuring points of these quantities are
illustrated in Fig. 1.

Fig. 11(c) demonstrates that, due to the absence of starting
resistor, the DC current at T2 increases significantly when
closing CB2. Since Vicror is always set at V, during the
start-up process, the voltages of the SM capacitors will be in-
stantly controlled and increase to the reference value when the
MMC is deblocked. If the MMC is deblocked at t, the voltage
difference of the SM capacitor is not zero between t(0_) and
(04 ), leading to the step rise of the voltages of the SM capac-
itors. This will causes large voltage spikes and current surges.
According to Table III, the MMC at each terminal is deblocked
at4s,9s, 12 s, and 13 s, and oscillations of the dc voltage and
SM capacitor voltages can be observed in Fig. 11(a) and (b).
The current surges and power oscillations can be observed at
those 4 instants as shown in Fig. 11(c) and (d). In addition,
since the dc voltage is controlled at V at all times, after
closing CB3 and CB4, the MMC dc side voltage is much larger
than the MMC ac side voltage, leading to the current injection
from the MMC DC side to the ac side. According to the current
direction and the BLK state of the MMC, this current will
charge the SM capacitor, resulting in the voltage rise in the SM
capacitor. Table III shows that CB3 and CB¢ is closed at tg and
t7, respectively. Fig. 11(b) demonstrates the voltage rise of the
SM capacitor in MMC-3 at 10 s and in MMC-4 at 11 s. This
also leads to the oscillations on the dc voltage and dc current as
shown in Fig. 11(a) and (c) at these two instants, as well as the
oscillations on the active power as shown in 11(d).

B. Case B

In this case, the start-up sequence is similar to that of Case
A, except that the starting resistor is used. Simulation results
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TABLE III
DESCRIPTION OF THE OPERATION TIME OF THE CONTROL SEQUENCE IN FIG. 10

t, | Time | Description

to 0s Set Vdaref= U, Vacref: 07 P3ref: P4ref= 0
) 2s Close CB2

t, 2.5s Close CBR

t3 4 Deblock MMC-2

ty, |6s Set Vaerer= Ve

ts | 8s Set Vierer = Vae 12

te 9s Deblock MMC-1

t; 10s Close CB3

tg 11s Close CB4

to 12s Deblock MMC-3

tio 13s Deblock MMC-4

ty | 18s Set Vierer = Ve

t, | 2ls Set Vaere= Vae

t13 27s Close CBW

tiy | 28s Deblock OWF

tis | 29s Set Ps,y=Ps’, Paryy= Py

are shown in Fig. 12. Fig. 12(a) shows the reference dc voltage
and controlled dc voltage of MMC-2; Fig. 12(b) shows the volt-
ages of the SM capacitors; Fig. 12(c) shows the DC currents of
the MTDC; Fig. 12(d) shows the active power of the MTDC;
Fig. 12(e) shows the reactive power of the MTDC.

Due to the use of the starting resistor, the inrush current at T2
becomes smaller when closing CB2 at 2 s. In order to visibly
compare the current rise between Case 4 and Case B, the DC
currents at T2 of both cases are shown in Fig. 13.

The DC current at T2 in Case A4 rises to 1.5 p.u., which is
1.5 times larger than that in Case B. Hence, the use of starting
resistor is important and can effectively limit the inrush current
during start-up period.

C. Case C

In this case, the start-up sequence is similar to that of Case
B, except that the reduced dc voltage control is applied, that is
to say, the proposed sequential start-up control is applied. Sim-
ulation results using the proposed sequential start-up scheme
are shown in Fig. 14. Fig. 14(a) shows the reference dc voltage
and controlled dc voltage of MMC-2; Fig. 14(b) shows the volt-
ages of the SM capacitors; Fig. 14(c) shows the dc currents of
the MTDC; Fig. 14(d) shows the active power of the MTDC;
Fig. 14(e) shows the reactive power of the MTDC.

Fig. 14(a) shows that the dc voltage controlled at T2 well
traces the voltage reference after deblocking the converter with
few oscillations. Fig. 14(b) demonstrates the voltages of the SM
capacitors, which are generally the same as the diagram drawn
in Fig. 10 based on previous analysis and have smaller voltage
spikes than those in Case 4 and Case B at the MMC deblocking
instants. Fig. 14(c) shows that the performance of the dc currents
has smaller current surges in comparison to those in Case 4 and
Case B, since the MMCs are all deblocked with zero voltage dif-
ference. The performance of the active power has small oscil-
lations and well traces its predefined reference setting as shown
in Fig. 14(d). The oscillations of the reactive power are rela-
tively small as shown in Fig. 14(e). Due to the effective se-
quential start-up control, each terminal is started and reaches
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Fig. 13. Comparisons of the dc current at T2 of Case 4 and Case B.

its reference setting in sequence, which enables the completion
of the start-up of the system with small voltage spikes and cur-
rent surges. The simulation results demonstrate that Case C uses
both starting resistors and reduced dc voltage control has min-
imum voltage spikes and current surges.

In order to visibly compare the performance with and without
reduced dc voltage control, the capacitor voltage of MMC-1

2.1

2.2

Case A-Idc2
Case B-1dc2

2.4 2.5
Time (s)

of Case B and Case C is put together in Fig. 15(a) and the
dc current at T1 of both cases is put together in Fig. 15(b).
Fig. 15(c) shows a zoomed portion of Fig. 15(b). The perfor-
mance using the start-up control sequence in Case A can be ob-

served to be more stable with fewer voltage spikes as shown

in Fig. 15(a) and smaller current surges, particularly when de-
blocking the MMCs, as shown in Fig. 15(b) and (c). Therefore,



2748

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 31, NO. 4, JULY 2016

4 B
Vdc2ref |
— Vdc2
r r r r r -
15 20 25 30 35 40 45

()

Idcl
Idc2 -
Idc3
Idc4
1. r r r r r r r 2
0 5 10 15 20 25 30 35 40 45
(©)
2 T T T T T T
— Pl
1= — P2
:E P3
P P I | —— P4]|
T v
_1 r r r r It r r r
0 5 10 15 20 25 30 35 40 45
@)
0.5¢ r
5 o
o
-0.5 ! : : : : : : !
5 10 15 20 25 30 35 40 45
(©) Time (s)

Fig. 14. MTDC with master-slave control using the proposed sequential start-

MTDC currents. (d) Active power. (¢) Reactive power.

the proposed sequential start-up control scheme on the offshore
integrated MMC MTDC system is considered to be more appro-
priate and can start the MTDC in a stable and smooth manner.

D. Case D

In order to evaluate the proposed start-up control scheme on
the MMC MTDC system with droop control, in this case, T2,
T3, and T4 apply voltage droop control. The dc voltage refer-
ence setting of T2 is the same as that of Case C and applies to
the dc voltage reference settings of T3 and T4. The active power
reference settings are the same as those of Case C. Simulation
results are shown in Fig. 16. Fig. 16(a) shows the reference dc

up control (Case C). (a) MMC-2 dc side voltage. (b) SM capacitor voltages. (c)

voltage and controlled dc voltage of MMC-2; Fig. 16(b) shows
the voltages of the SM capacitors; Fig. 16(c) shows the dc cur-
rents of the MTDC; Fig. 16(d) shows the active power of the
MTDC; Fig. 16(e) shows the reactive power of the MTDC.
The simulation results shown in Fig. 16 are similar to those
in Fig. 16. Fig. 16(a) demonstrates that the dc voltage well
traces the reference voltage. The voltage spikes of the SM ca-
pacitors in Fig. 16(b) are as small and comparable as those in
Fig. 14(b). In Case C, master—slave control is used where T2 is
operated as a dc slack bus, which is responsible for balancing
the active power of the MTDC grid. In this case, since T2, T3
and T4 apply voltage droop control, the active power is shared
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Fig. 15. Comparisons of the system performance of Case B and Case C. (a) One capacitor voltage of MMC-1. (b) DC current at T1. (¢) Zoomed dc current at T1.

among these HVDC terminals. The performance of the dc cur-
rent and active power at T2 can be observed to have fewer
oscillations in Fig. 16(c) and (d) in comparison with those in
Fig. 14(c) and (d). The simulation results indicate that the pro-
posed sequential start-up control scheme is valid for the MMC
MTDC system with droop control.

VI. DISCUSSIONS

In Case A and Case B, although its performance is not as good
as that of Case C, the overall start-up performance is acceptable
with tolerable voltage spikes and current surges. This is due to
the use of the sequential start-up control. If the system is started
without considering any starting sequence, such as starting the
terminal with active power control prior to the dc voltage con-
trolled terminal or connecting the OWF when the ac voltage at
the wind farm side has not been well stabilized, the performance
may become much worse with significant overvoltage and over-
current and there may be difficulty in integrating the OWF.

In Case D, it is observed that the proposed start-up control
is also valid for the MMC MTDC system with droop control
and the performance is similar to that of Case C. Thanks to
the application of voltage droop control, the active power can
be shared among different HVDC terminals. In comparison to
Case C, the performance of the active power shown in Case D
has fewer oscillations.

The proposed sequential start-up control scheme for the off-
shore integrated MMC MTDC system can largely mitigates the
voltage spikes and current surges with zero SM voltage differ-
ence at the deblocking of the MMCs during the system start-up.
In addition, the control methodology is easy to realize without
complex strategies as shown in Table III. The intrinsic consid-
erations are the sequence of each terminal and appropriate con-
trol of the regulated dc voltage, SM capacitor voltages, ac volt-

ages at the PCCs and active power. The half dc voltage con-
trol scheme applied in this paper has requirement on the de-
sign of system parameters, which needs to be considered before
the system commission. However, the reduced dc voltage con-
trol scheme with starting resistor can be applied in any MMC
MTDC system and it largely reduces the impact on the voltage
spikes and current surges at the deblocking of the MMCs due
to the reduced voltage difference of SM capacitors. In addi-
tion, the delay between two sequential actions, i.e., tx and txy1
(k = 1,...,13) shown in Fig. 10 and Table III can be further
optimized to shorten the start-up process.

VII. CONCLUSION

This paper has investigated the start-up control of an OWF in-
tegrated MMC MTDC system. After the derivation and analysis
of the mathematical models on both the active and passive net-
works connected MMC:s, a hierarchical control scheme for the
active network connected MMCs and a reduced dc voltage con-
trol scheme for the OWF connected MMC have been proposed.
The combination of both schemes forms an overall sequential
start-up control scheme. A four-terminal MMC HVDC system
with one terminal connected with an OWF has been established
on the RTDS. The system with either master-slave control or
droop control can be well started using the proposed control
scheme with small voltage spikes and current surges. In com-
parison with the start-up control schemes with/without starting
resistor and half dc voltage control, the superiority of the pro-
posed scheme has been observed. This paper has also discussed
the potential development on the proposed scheme and the im-
portance of the sequential start-up for the MTDC. The proposed
sequential start-up control scheme has less complexity and is
easy to realize. Although half dc voltage control scheme may
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not be applicable for every MMC MTDC projects, the reduced process. When the MMC-HVDC supplying for a passive net-

dc voltage control scheme can be applied for all of them.

APPENDIX
DESCRIPTION OF THE WORK IN [19]

Since some of the contributions and development of this
paper were based on [19]. The Appendix below provides an
overview of the work in [19]:

Based on a two-terminal MMC HVDC, the pre-charging dy-
namic process of the converter is analyzed, so as to search a
suitable pre-charging control strategy. Taking a single MMC
station, the factors of causing transient over current during the
deblocking action are analyzed. An optimized modulation algo-
rithm is presented, making it suitable for both the pre-charging

work, the ac network of the active side will be the only en-
ergy source for MMCs. Based on the pre-charging control ap-
proach for a single MMC, a control strategy for both ends of
MMC-HVDC is introduced, mitigating the problem of the ca-
pacitors undercharged. Finally, a simulation system is estab-
lished and the simulation results verify the feasibility and va-
lidity of the control strategies mentioned.
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