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Abstract—In an effort to minimize the power disruption between a dc grid and ac grids
that host power converters during ac and dc network faults, this paper proposes a novel
converter station structure to improve ac and dc fault ride-through performance of the multi-
terminal HVDC grid. The proposed structure consists of two independent ac and dc
interfacing circuits, which are a half-bridge modular multilevel converter and a cascaded H-
bridge (CHB) based energy storage system. Taking the advantages of high controllability
and flexibility of the independent CHB converter and ease of integrating energy modules, a
decoupled power relationship between the ac and dc sides is achieved, which is important
for enhancing ac and dc fault performance. Operation of the proposed converter station
under normal conditions and during ac and dc faults is explained, with the control system
presented. Simulation validation of the proposed structure on a three-terminal HVDC grid
confirms the enhanced performance, including the continuous operation during ac and dc

faults with negligible power transfer disruption.
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I. INTRODUCTION

The controllability and cost-effectiveness that multi-terminal HVDC transmission systems offer to future
power systems (particularly, for large power exchange and maximum utilization of renewable energy
reserves over wide geographical areas) are the main drivers that attract the research interest in all aspects of
voltage-source converters (VSCs) [1]. Considering its significant advantages, the modular multilevel
converter (MMC) has become the topology of choice in HVDC applications [2]-[3]. However, resiliency to
ac and dc faults is important for reliable operation of multi-terminal HVDC networks.

MMCs are known for the resilience to symmetrical and asymmetrical ac faults, but the collapse of power
transfer with the ac grid during ac faults can create significant disturbances in the dc side, viz., over/under
voltage and transient power flows. Occurrences of such over/under voltage could lead to the unintended
triggering of station protection systems. Some solutions such as the telecommunication-based protection,
frequency modulation techniques, and the installation of dc choppers have been investigated to mitigate the
impact of ac faults on the dc side [4]. But none of the proposed approaches fully addresses the mentioned
technical challenges.

Generally, impacts of the dc fault present major technical barriers that hinder HVDC system
interconnection and penetration of multi-terminal dc grids into critical and backbone power corridors of large
power systems. The use of unipolar cells makes the half-bridge MMC (HB-MMC) vulnerable to dc faults.
Therefore, additional measures (such as protective thyristors to divert some of the fault currents from the
freewheeling diodes) are used to extend the time the dc fault can be sustained before dc circuit breakers
isolation [5]. The full-bridge MMC (FB-MMC) and its variants (such as the mixed-cell MMC) have the

ability to stop or control the fault currents during the dc fault [2], [6]-[8]. Other converters such as alternate
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arm converter (AAC) [9] and hybrid cascaded MMC [10], [11] and its two-level version [12], are proposed
to block the dc fault. However, these converters suffer from either relatively high semiconductor conduction
losses or arm current commutation issues, which hinder the adoption in practical systems. Another attractive
protection approach with lower losses is the adoption of dc breakers to interrupt the dc current and isolate the
fault point within a few milliseconds [13]-[15]. All the converter and breaker topologies in the literature,
which offer dc fault blocking and fault current control, prioritize the protection of converter semiconductor
switches and provision of ac grid reactive power support during dc faults. However, such approaches could
lead to zero dc/active power transfer between the dc and ac grid throughout the fault duration. And the
impacts of active power mismatch due to sudden dc power transfer drop on the frequency and first swing
angular stability of connected ac power systems will be exacerbated by declining system inertia, as a large
number of synchronous generators are deemed to be displaced by the converter-based renewable energy
generation.

Thus, regulating dc power within an HVDC grid is essential for system safe operation when an ac grid fault
occurs. Also, mitigating the influence of the temporary power transfer loss, due to major disturbances in other
parts of the asynchronous power system or dc grid faults, on the stability of connected ac grids is a necessity
to be realized for large multi-terminal dc grids. A number of solutions that employ the shunt-connected
energy storage system (ESS) in the ac or dc side, or integrating energy modules (EMs) of supercapacitors or
batteries into MMC submodules (SMs), have been proposed, particularly, to enhance system inertial response
and frequency stability [16]-[22]. The shunt-connected ESS in the ac side is effective for smoothing the short-
duration active (and reactive) power variations of the host ac grid as a result of disturbances in remote
asynchronous ac grids [16], [17]. However, it is unable to prevent over/under voltage in the dc side during
nearby solid short circuit ac faults. Similarly, the shunt-connected ESS in the dc side can prevent the dc side
over/under voltage during severe ac faults, but it is unable to support ac grids during dc faults; especially
during sub-transient periods [18], [19]. Thus, two sets of shunt-connected ESSs are needed for both ac and

dc side power flow smoothing. An HB-MMC integrated with batteries was investigated to minimize SM
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capacitance and regulate the dc voltage during ac low-voltage ride-through operation in [20]. In [21], [22],
HB-MMCs with batteries or supercapacitors were investigated as pure ESS for dc transmission. However,
the use of HB-SMs compromises dc fault withstanding ability. With the advantage of FB-SMs and the
integrated battery EMs, a control method of the hybrid MMC is proposed to regulate power flow continuously
in normal and ac/dc fault modes [23]. During the dc fault, ac grid active power is controlled to exchange with
the upper and lower arms, which operate as shunt-connected ESSs, where arm voltages and currents have
zero offset, while dc current is nullified gradually as the common-mode current of each phase-leg is zero.
However, this implementation (based on either FB-MMCs or hybrid MMCs) may be impeded in HVDC
applications, as the transient discharge current (caused by the distributed parameters of the dc side long-
distance overhead line or cable plus the ac current associated with the regulated active power being
exchanged with the ac grid) may pose significant risks to the converter semiconductor switches. Additionally,
the degraded special dc/dc converters formed by FB-SMs in ac fault mode are unable to inject reactive power
into the ac gird, which is essential from the ac grid protection point of view [23].

Also, the difference between the rated voltage of HYDC-MMC SMs (typically ranging from 1.6kV to
2.8kV) and the battery or supercapacitor stacks (typically ranging from 400V to 850V) presents a technical
restriction of integrating EMs into HVDC converters. To overcome this issue, hard and soft switching dc/dc
converters are proposed to meet the high voltage requirements and reduce the ESS current ripple, but system
complexity and conversion losses are increased [17], [20], [21]. Apart from active interfaces, connecting
EMs and MMC SMs through passive interface circuits is desirable in terms of simplicity and efficiency [22].

In order to provide a global solution, this paper proposes a novel and efficient HVDC station structure for
the operation of multi-terminal dc grids. This structure employs an HB-MMC in conjunction with an on-
demand ESS to achieve enhanced ac and dc fault ride-through capabilities. Both isolation of the fault side
and uninterruptable power flow of the normal side can be achieved. The proposed structure offers the
following prominent features:

1) Resiliency against dc faults: The structure is capable of preventing the ac grid from contributing fault



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

2)

3)

4)

5)

6)

current to the fault dc side;

Resiliency against ac faults: The structure can provide reactive power support during solid symmetrical
and asymmetrical ac faults as expected in all grid codes;

Uninterruptable power transmission: The dc power and ac active power handled by the proposed
converter station is decoupled. As a result, stability and reliability of connected ac/dc grids are improved
as the loss of dc/active power due to dc/ac faults do not lead to power transmission interruption or
attenuation;

Flexible implementation of ESS integration: The separation of EMs from the MMC-SMs and the
introduction of the independent cascaded H-bridge converter (CHB) make integrating the ESS into
HVDC systems much easier, without extra circuitry for voltage matching. Additionally, grounding of the
ESS becomes feasible;

High efficiency: The on-demand feature of the CHB-based ESS is technically attractive as the proposed
converter station is basically as efficient as conventional HB-MMC during normal operation; and

AC grid support: The structure is able to greatly enhance frequency and voltage support for the host ac
grid by operating the HB-MMC together with the CHB-based ESS.

The remainder of this paper is organized as follows. In section I, critical topological configuration and

operation principles of such HVDC converter station structure are proposed. Sizing of the ESS is discussed

in

section I1l. The corresponding control system for different operation modes is presented in section IV.

Section V illustrates simulation results of a three-terminal dc grid, demonstrating the system behavior.

Fi

to

nally, conclusions are summarized in Section V1.

II. TOPOLOGY AND OPERATION PRINCIPLES OF THE PROPOSED STRUCTURE

The main motivation of the proposed structure is to incorporate the on-demand ESSs into an HVDC system

act as buffers which provide/absorb active powers to/from the connected ac grids when the dc voltage

collapses during the dc fault; and sink/source dc powers when one or more host ac grid is subjected to the ac
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fault. Thus, the negative impacts of the ac/dc fault on the transient stability of connected dc/ac grids,
particularly, sudden power mismatch, is avoided. Therefore, autonomous operation is needed to facilitate
seamless transition between normal and fault modes for each station within the HVDC system. Meanwhile,
station losses should be minimized during long-term normal operation. Unlike a conventional energy storage
HVDC system with MMC integrated with EMs, each station converter of the proposed structure comprises

an HB-MMC and an independent CHB-based ESS.

A. Topology Description

Fig. 1 displays the station converter topology of the proposed structure. The first stage is a conventional
three-phase HB-MMC which is rated at the full power of each station and dc link voltage of the dc grid. It is
mainly responsible for transferring power between the dc link and its ac side junction, node M, by
synthesizing the ac voltage vmmc. System protection and uninterrupted power transmission in fault cases are
mainly realized by the second stage, namely the on-demand ESS, which employs a three-phase CHB
converter, where each phase mainly consists of Nrg cascaded FB-SMs. To be able to source/sink the rated
dc/active power and control the reactive power, the ESS is sized such that its maximum attainable ac voltage
is the same as that of the HB-MMC stage. Rather than being shunt-connected, the on-demand ESS is series-
connected, linking the HB-MMC ac side (node M) and the grid-interfacing transformer, with the generated
ac voltage vess. Thus, the following voltage expression holds:

VMmc + VEss = Ve 1)

where vc is the overall converter station synthesized ac voltage.
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Fig. 1. Topologies of the HVDC station in the proposed structure. (a)
HB-MMC and CHB-based ESS with and without transformer. (b)
Different power modules.

Fig. 2. Single-phase model diagrams of the proposed station structure
in different operation modes. (a) Overall model. (b) Normal operation
mode. (c) AC fault or boost mode. (d) DC fault mode.

Assuming that HB-MMC SMs and CHB converter FB-SMs have the same rated voltage, the number of
IGBTs employed for active power conversion in the proposed structure (the HB-MMC plus the CHB) is
equal to that of an FB-MMC, provided that both systems operate with identical rated ac and dc voltages. But
the proposed structure of separating the EMs from MMC adds features, such as easier EM voltage leveling
and independent operation of HB-MMC and ESS. Fig. 1(a) displays two possible implementations of the on-

demand ESS, viz., non-isolated and isolated using the series transformer Tx. For the non-isolated (no



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

transformer) configuration, to block a solid fault and achieve uninterruptable power transfer, the maximum
CHB ac output voltage must be at least equal to ¥2Vqc, where Vqc represents the rated dc voltage of HB-MMC.
For the isolated version, the galvanic isolated transformer Tx can be used to reduce the ESS insulation level
and to establish bespoke trade-offs between CHB voltage and current ratings when compact design is not a
priority. The additional leakage reactance introduced by the Tx has an impact on system performance,
therefore, must be considered when designing the control system.

To reduce the continuous operational losses, a dedicated bypassing mechanism is incorporated into the
ESS across the CHB FB-SMs, as shown in Fig. 1(a). For faster activation and deactivation times (inserting
and bypassing) of the CHB, the on-demand ESS is divided into Nurss (Nurss can be much less than Nrg)
modular units, with each rated at a fraction of the CHB total rated voltage. Thus, each unit is equipped with
Nrs/Nurss FB-SMs and a parallel-connected ultra-fast bypass switch (UFBS), as shown in Fig. 1(b). Such
modular topological connection is beneficial for UFBSs voltage balancing. As a result, each phase of the on-
demand ESS resembles a hybrid dc circuit breaker [15]. The difference is that the circuit breakers of the
proposed structure operate in the ac side. During the normal operation, the FB-SM chains can be bypassed
by the UFBSs, thus avoiding the semiconductor switching and conduction losses. With the reduced resistance
and on-state voltage drop in the bypassing path (mechanical disconnectors, a few IGBTs, and the Tx if
configured), the efficiency of the proposed converter station is marginally different from that of a
conventional HB-MMC station. Successful current commutation from the UFBS path to the CHB path is
critical for the activation of CHB converter. In accordance with the mechanical characteristics in [14], this

paper assumes that the total activation time of the on-demand ESS is 2ms.

B. Operation Principles

The overall equivalent circuit of the proposed station converter structure is shown in Fig. 2(a), where L’
and R’ are the leakage inductance and resistance of the interfacing transformer T (plus the series transformer
Tx, if configured) respectively and vq’ is the PCC ac voltage referred through the T. According to Fig. 2(a),

the ac and dc circuit loops of one phase-leg of the HB-MMC have the following relationships:
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L'dic R, (v —wy)
2ot g =T 2)
di .
2L prm 7§tM +2Rppmiom =Vge — (W +V1) (3)

where ic = iu-i, icm = ¥2(iu+iL) and icm is the common-mode current of one phase-leg.

Based on the previous mentioned bypassing mechanism, the converter station equivalent circuit during
normal operation is depicted in Fig. 2(b), where according to the HB-MMC ac loop model, R = %2Rarm + R’
and L =%Larm + L.

When an ac short circuit fault occurs, successful activation of the on-demand ESS will enable its CHB
converter to generate an ac voltage with appropriate phase and magnitude relative to those of the HB-MMC
and the ac grid to facilitate controlled generation or absorption of the active (and reactive) power that cannot
be exchanged with the ac grid due to voltage collapse. Fig. 2(c) depicts the theoretical converter station
equivalent circuit during the worst-case ac short circuit fault, with the HB-MMC seeing the ESS as a
replacement of the normal ac grid. In this way, the dc power flow (Pqc) is uninterrupted, while the station is
able to provide reactive power support to the ac grid as well. Also, because of the extra ac voltage offered by
the series-connected CHB converter, simultaneous operation of the HB-MMC and the on-demand ESS can
increase the maximum ac voltage and capacitive reactive power that the converter station can generate based
on (1), which is attractive for the host ac grid.

When a dc short circuit fault occurs, the HB-MMC SMs will be bypassed by the back-to-back protective
thyristors, while the on-demand ESS is activated after successful current commutation. The theoretical
converter station equivalent circuit during the worst-case dc short circuit fault is shown in Fig. 2(d), where
the arm inductors and transformer leakages are parts of the system impedance, L and R, respectively. Long
distance dc line inductance and resistance between the dc fault point and the station can also be included.
Due to the bipolar output of FB-SMs and the energy stored inside the EMs, the activated ESS replaces the
HB-MMC, sourcing or sinking active (and reactive) power during the dc fault period, and the phase and

magnitude of the CHB ac voltage must be adjusted relative to those of the ac grid and mode M. Thus, during
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a dc fault, the on-demand ESS takes the control over the ac current, including the ac current components that
flow through the HB-MMC. As a result, a full control over active and reactive power exchanged with the ac
grid is retained. As the upper and lower arm currents of the HB-MMC sum to be zero at the positive and
negative dc nodes, the absence of dc components in HB-MMC arm currents will lead to a rapid fall of the dc
fault current after bypassing the HB-MMC and activating the on-demand ESS.

From an energy flow point of view, the HB-MMC SM capacitors ideally exchange zero net dc/active power
with the dc/ac grid during normal operation (Pumc = 0). Accordingly, when converters are assumed to be
lossless, the dc power P will be transferred to node M of the HB-MMC ac side as the active power Py.
Thus, the ESS acts as a power buffer between Py and Pc as:

Pdc = Pm = Pess + Pc = Pess + Py (4)
where, Pc is the converter station active power; Py is the active power that the converter station exchanges
with the ac grid; and Pess is the active power that the ESS sources/sinks.

Based on the previous discussion, the ac/dc fault resiliency of the proposed structure is revealed in (1),
while the power relationship in (4) depicts the uninterruptable power transmission principle. Also, extra
functionalities of the activated on-demand ESS can be obtained by the simultaneous operation of HB-MMC

and CHB during transient active/reactive power imbalance in the host ac grid.

[1l. ENERGY STORAGE SYSTEM SIZING

Various existing energy storage technologies such as Lithium-ion batteries and supercapacitors can be used
in the EMs of ESS in the proposed converter station due to their suitability for burst power applications [22]-
[27]. Generically, ESS sizing includes estimates of the active power rating, stored energy capability and net
energy exchanged for a given charge/discharge depth. For the uninterrupted active power transfer (sinking
or sourcing) within a finite duration, each EM must be rated at:

Pem = ¥%3Pess/Nrs (5)

where Pewm is the EM rated active power. Hence, the EM rated current is:
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lem = Pem/Vem (6)
where Vewm is the EM rated voltage.
The minimum EM energy capability is calculated based on the worst-case scenarios such as the three-phase
solid ac fault and the pole-to-pole solid dc fault, in which the ESS is required to provide a rated power support
for a duration of Tess (Tess = T2 — T1, and must be selected larger than the fault critical times). Therefore, the

stored energy per EM (Eewm) is quantified as:

dEgy
dt

= IEEMZ dEEM = I:z PEM dt (7)
1

EEMl

= PEM

= Eemz — Eemt = Pem (T2 = T1) = Pen Tess
where Eem1 and Eemz are the EM energy levels at arbitrary instances T1 and T respectively, and Eem1 and
Eemz are associated with the EM voltages Vem1 and Vem2 respectively. If the initial EM voltage Vewm: is
assumed to be the rated voltage, the voltage Vem2 will define the maximum voltage stress on the EM and FB-
SM components, and the minimum voltage level to synthesize the required CHB ac output voltage. Thus,
assuming Eem2 = kEemz (K is selected depending on the allowable charge/discharge depth, and usually, 0.8 <

k <1.2 [22]), the estimate of the initial stored energy within each EM is:

Pey T
IL-Kk|Eems = Pem Tess = Eewy = ﬁ (8)

Other practical factors may vary from one energy storage technology to another; therefore, the presented
EM energy storage estimate should be adjusted with technology-dependent considerations such as
permissible current capability, current and voltage ripple requirements for extended lifetime, etc. [24]. Then,
the corrected energy storage could be used to quantify and optimize the ESS scale and its capital cost [22],
[25]-[27]. For the proposed structure, the deliberate use of low-rated FB-SM voltages within the ESS permits
direct connection of the EM across the FB-SM [16], [28]. The CHB converter investment cost can be

evaluated as in [29] and [30].
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As FB-SMs in each phase of the ESS are divided into Nures modular units by the UFBSs (according to the

physical characteristics and interruption performances [14], [31]), the UFBS rated blocking voltage Vurss

can be expressed as Vurss = VemNre/Nurss. Also, according to the mentioned principles, the IGBT pair and

its paralleled MOVs within the auxiliary breaker are designed to withstand the on-state voltage drop sum of

the Nre/Nurss series-connected FB-SMs within one unit. If configured, the transformer Tx should be designed

for the same rated voltage and power as those of the CHB converter, whereas isolation and insulation are

necessary for such HVDC applications [1], [32].

IV. CONTROL SYSTEM

Fig. 3 depicts the control system that coordinates the operation of HB-MMC and ESS under normal and

fault conditions, and its technical details are as follows.
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Fig. 3. Control system of the proposed HVDC station in different operation modes.
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Internal

Control

In general, for the given ac network impedances L and R, active and reactive power of the station ac grid
(Pg and Qy) are controlled through the ac grid current, which can be regulated by modifying the phase and
magnitude of the station output ac voltage v¢ based on:

di
Ve +L—S+Rie =v
C dt C g

where ic is the converter side ac current.

9)
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All converter stations with the proposed concept are equipped with active and reactive power control loops.
The active and reactive power controllers generate direct and quadrature reference currents for the positive
sequence inner current controller that defines the references for the positive sequence modulation signals.
The negative sequence current controller suppresses the negative sequence current to zero and generates the
negative sequence modulation signals. An extra dc voltage controller is added as the outer loop of the station
that controls the system dc link voltage. To facilitate seamless transition between the various control modes,
anti-windup and power limitations are incorporated. Thus, for different operating modes, the control system
in Fig. 3 manipulates the HB-MMC and ESS stages seamlessly, facilitating ac/dc fault ride-through,

uninterruptable power transmission, and boost operation (extended active and reactive power control range).

A. Normal Mode

During normal operation, the ESS remains in an idle state with all FB-SMs bypassed by UFBSs to increase
station efficiency. Thus, HB-MMC ac voltage viuc equals converter station ac output ve according to (1)

and Fig. 2(b). This mode is similar to the operation of a conventional HB-MMC station.

B. AC Fault Mode

When an ac fault is detected, the HB-MMC remains its active power demand unchanged to minimize the
transient dc power flow in the dc side. After a short delay of 2ms to account for current commutation from
UFBS paths to CHB converters, the on-demand ESS is activated to limit the ac current contribution to the ac
fault and participate in power balancing between the HB-MMC and the ac grid (and suppresses the negative
sequence current in asymmetrical fault cases). As a result, HB-MMC control is modified to basic load-angle
control as in Fig. 3, and the ESS compensates the depressed grid voltage to exchange active power with the
HB-MMC and ac grid.

Also, as shown in Fig. 3, simultaneous operation of the HB-MMC and the ESS can be utilized for long-
term reactive power boost for ac voltage support and short-term active power boost for inertial response and

primary frequency support.
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C. DC Fault Mode

When a dc fault is detected, the HB-SMs of HB-MMC are blocked and bypassed as described previously.
After a short delay of 2ms to account for current commutation from the UFBSs to CHB converters, ESS is
activated to take control of the PCC current and exchange active and reactive power with the ac grid, see Fig.
3. Thus, the ac side does not experience noticeable active and reactive power imbalance. Also, dc fault current
diminishes rapidly in the dc side of the HB-MMC after the EES activation. During the dc fault, all converter
stations of the HVDC system must be switched to dc fault mode to avoid the disruption of active and reactive

power exchanged with their host ac grids.

D. Other Controllers

For HB-MMCs, other auxiliary controllers such as the HB-MMC circulating current suppressing
controller, and the HB-SM capacitor voltage balancing controller are included, and EM voltage balancing
within each phase of ESS is also needed as in Fig. 3. Additionally, as the energy stored within EMs may be
changed by ESS utilization and EM self-discharge, active maintenance of the ESS energy is necessary, which
can be achieved through a subtle fundamental voltage injection of CHB converter [11]. As the ESS
charges/discharges (depending on the station operation mode) during the ac/dc fault, to ensure sufficient fault
case power support duration, ac/dc fault probability information from the power system operators is needed

to optimize the on-demand stored energy of the ESS.

V. SIMULATION OF AN HVDC GRID

Fig. 4 shows a dc grid with three terminals (I, 11 and I11) to assess the technical viability of the proposed
structure, with the system parameters displayed. The symmetrical monopole interconnection is adopted with
the lumped parameter model of dc lines. The converter station of terminals I, Il and 11l are modeled by an
HB-MMC and an isolated ESS with the same power rating, as described in section Il and shown in Fig. 1.
Terminal | regulates the dc voltage Vqc at 80kV, while Il and 111 control their active powers exchanged with

ac grids Il and 111 respectively. The positive direction of active and reactive power is assumed to be from the
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dc side to ac sides. All three terminals maintain their capacitive reactive power references at the rated.
Quantitative substantiation of the beneficial claims, with regard to the boost operation and the uninterruptable

active/dc power in ac and dc fault cases, is presented based on MATLAB-SIMULINK time-domain

simulations.
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Fig. 4. Simulated three-terminal dc grid including the system parameters.
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Fig. 6. Other waveforms of the station Il with station Il in boost mode.
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A. Boost Mode

This subsection demonstrates the boost capability of the proposed station structure, in which station Il
exploits the reactive power capabilities of both the HB-MMC and the CHB of the ESS by ramping up its
reactive power output beyond the possible range of the conventional HB-MMC. The maximum capacitive
reactive power limit of station Il is established by increasing the reactive power outputs until the ac current
limit (1.2pu) is reached. Simulation results with station Il operating in boost mode are presented in Fig. 5 and
Fig. 6.

Fig. 5 1l (a)-(d) show that station |1 starts increasing its grid reactive power at 1.2s from 20MVAr until the
ac current hits the limit, where the reactive power output reaches the maximum of +75MVAr approximately,
whereas its rated active power is unchanged. Waveforms in Fig. 5 | and 11l show that except for a minor
disturbance for a short period after boost mode initiation, the operation of stations I and Il remains
unaffected. Fig. 5 Il (c) and (d) and Fig. 6(a) indicate that before the initiation of boost mode, the HB-MMC
of station Il contributes the entire reactive power exchanged with ac grid Il (Qg) plus the reactive power
consumption of the transformers. Fig. 6(a) shows the reactive power contributions from the HB-MMC and
the ESS of station I, revealing that significant ac voltage boost is facilitated by the ESS. Fig. 6(b)-(d) show
PCC current and ac voltages of the HB-MMC and the ESS. The grid current reaches its limit whereas the
significant modulation index margin remains unexploited for both the HB-MMC and the CHB of ESS. Also,
voltage stresses on the switching devices and EMs of station Il remain controlled, see Fig 6(¢) and (f). As the
ESS contributes zero active power while boosting the reactive power capability of the proposed structure, it

can be concluded that boost mode operation is not time-limited.

B. AC Fault Cases

This subsection examines the resiliency of the proposed station structure against symmetrical and
asymmetrical ac faults.
A temporary solid symmetrical three-phase to ground ac fault is applied at the PCC of ac grid Il at 1.2s and

cleared at 1.4s. Simulation results are presented in Fig. 7 and Fig. 8.
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Fig. 8. Other waveforms of the station Il in three-phase short circuit solid ac fault case.

Waveforms (a) and (b) of I, Il and 11l in Fig. 7 show that during the ac fault the sudden active power drop
of converter terminal 11 from 60MW to 0 has limited impact on the power flow of the dc grid, with dc voltages
and powers of terminals I, 1l and I11 exhibiting minor disturbance at fault inception and clearance instances.
Waveforms (c) and (d) of I, Il and 111 in Fig. 7 present the net active and reactive power exchanged with their
respective ac grids, and active powers of the HB-MMCs and ESSs of stations I, Il and I1l. In this ac fault
case, stations | and Il continue in normal operation mode, where their ESSs are bypassed in the idle state.
Waveforms (c) and (d) of Il in Fig. 7 show that the ESS facilitates orderly diversion of the dc power Pqc (or
active power Pw) that station 11 unable to inject into the ac grid Il due to the ac fault.

Fig. 8(a)-(d) show simulation waveforms of the PCC voltage and current, and ac voltages contributed by
the HB-MMC and the ESS of station II. This simulation assumes that the maximum over-current capability
of each station is limited to 1.2pu. Fig. 8(a) and (b) show that the converter station with the proposed concept

is capable of injecting the maximum current into the fault ac grid as expected, with a 2ms commutation
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Fig. 10. Other waveforms of the station Il in single-phase to ground solid ac fault case.

process after the ac fault at 1.2s. Fig. 8(c) and (d) reveal that the ESS is idle, and its ac voltage and
active/reactive power contributions start at fault inception and gradually cease after fault clearance. Thus, the
ESS is able to sink rated active power during the ac fault, while limiting ac current contribution to the fault
grid as expected from any VSC, without excessive over-voltage in the dc network. Also, voltage stresses on
converter switches, passive components and EMs remain regulated, see Fig. 8(e) and (f). To ensure seamless
transition from the ac fault to post-fault, the bypass of the ESS after fault clearance is delayed by 5 cycles
(100ms) to enable natural reduction to its contribution to the total output ac voltage and the active/reactive
power, as shown in Fig. 8(c), (d) and (f).

The resiliency of the proposed converter structure to the asymmetrical ac fault is further examined, where
station 1l is subjected to a temporary solid single-phase to ground ac fault at the PCC of ac grid Il at 1.2s and
cleared at 1.4s. Simulation results are presented in Fig. 9 and Fig. 10.

Waveforms (a) and (b) of I, Il and Il in Fig. 9 show that during the ac fault the active power of station 1l
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drops from 60MW to 48MW, whereas dc voltages and powers of terminals I, Il and 111 have small disturbance
at fault inception and clearance instances. Waveforms (c) and (d) of I, Il and Il in Fig. 9 present the active
and reactive power exchanged with their tied ac grids, and active powers of the HB-MMCs and ESSs of
stations 1, 1l and I11. In this ac fault case, stations | and Il1 continue the operation with ESSs bypassed in the
idle state. Station 11 ESS absorbs a portion of the dc power Pqgc (or active power Pwm) that station Il cannot
inject into ac grid 11 due to the fault, see Fig. 9 11 (c) and (d).

Fig. 10(a)-(d) show simulation waveforms of the PCC voltage and current, and ac voltages contributed by
the HB-MMC and the ESS of station Il. Fig. 10(a) and (b) show that station Il suppresses the negative
sequence current, with a 2ms commutation process after the ac fault inception. Fig. 10(c) and (d) reveal that
the ESS remains idle during the pre-fault period, contributing near zero ac voltage and power. Its ac voltage
and active/reactive power contributions start at fault inception and gradually cease after fault clearance.
Participation of the ESS of station 11 to sink active power during the single-phase ac fault prevents substantial
disturbance in dc power flow. In addition to active or dc power balancing, Fig. 10(b)-(d) show that the ESS
functions as a series active power filter that injects negative sequence voltage to suppress the negative
sequence current and present balanced three-phase ac voltage to the HB-MMC. Also, voltage stresses on
converter switches, passive components and EMs remain regulated, see Fig. 10(e) and (f). Seamless transition
from the ac fault to the post-fault condition is realized by delaying the bypass of the ESS to enable natural
diminishing of its contribution to the synthesis of the total output ac voltage and the active/reactive power,
as shown in Fig. 10(c), (d) and (f).

In summary, the ac fault case simulation indicates that the HVDC converter station employing the proposed
structure in a multi-terminal dc grid can minimize the impact of the ac fault on the dc side, including,

elimination of dc link voltage variations and minimization of transient dc power flow.

C. DC Fault Case

Fig. 11 displays simulation results for a temporary solid pole-to-pole dc short circuit fault between

terminals 1 and 111 as marked in Fig. 4. For illustration, the fault is initiated at 1.8s and cleared at 2.0s.
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Waveforms (a) and (b) of I, Il and 11l in Fig. 11 show the dc side voltages and currents of stations I, Il and
111 respectively. Waveforms (c) and (d) of I, Il and Il in Fig. 11 present the net active and reactive power
exchanged with their respective ac grids, active powers of the HB-MMCs and the ESSs of stations I-I11,
respectively. These results show that the converter stations based on the proposed structure are capable of
riding-through pole-to-pole dc short circuit fault, without interrupting the active/reactive power exchanged
with their ac grids. The dc current in Fig. 11(b) for stations I, Il and Il and HB-MMC arm currents in Fig.

11(h) for stations I, Il and Il confirm the dc fault current drops to zero within 5 fundamental cycles.
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Waveforms (c) and (d) of I, I1 and 111 in Fig. 11 show that the active and reactive power that converter stations
exchange with their respective ac grids are unaffected by the dc fault, with the ESSs compensating for the
lost dc/active powers from/into the HB-MMCs. Waveforms (e) and (f) of I, Il and 11l in Fig. 11 show the
sudden collapse of HB-MMC ac voltages as a result of dc fault and the subsequent action of bypassing HB-
SMs, and then converter station output ac voltages are compensated by ESS ac voltages. As a result, the ESSs
take over the control of ac grid currents and active/reactive powers, see (c)-(g) of I, Il and Il in Fig. 11. In
Fig. 11 I-111 (h), HB-MMCs are protected by the HB-SM back-to-back thyristors that shunt the arm current
surges. Thus HB-SM capacitors are not exposed to more than the rated current and voltage stresses, and ESS
EM voltages are within the limit, see Fig. 11 I-111 (i) and (j).

In summary, the dc fault case simulation reveals that the proposed HVDC station structure relaxes dc fault
requirements in a multi-terminal dc grid, through replacing conventional dc circuit breakers with dc

disconnectors, without disrupting the active/reactive power exchanged with the host ac grids.

VI. CONCLUSION

This paper has presented a new converter station structure that employs energy storage system technology
to improve ac and dc fault ride-through performance in a multi-terminal HVDC grid. Detailed control and
operating philosophies of the proposed structure were explained, and its effectiveness in ac and dc fault cases
has been validated on a three-terminal system, using time-domain simulations. The proposed structure helps
decouple the active power at the point of common coupling from the dc power. The occurrence of a dc fault
will not lead to noticeable disruption of active/reactive power exchanged with the ac grids. Also, the concept
minimizes the dc power transient within the dc grid during ac faults; therefore no significant transient dc

voltage or power flow is observed in the dc link.
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