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ABSTRACT: With the accelerating urbanization process, the load demand of urban power grids is constantly
increasing, giving rise to a batch of ultra-large urban power grids featuring large electricity demand, dense load
distribution, and tight construction land constraints. This paper establishes a network planning method for urban
power grids based on series reactors and MMC-MTEDC, focusing on four aspects: short-circuit current suppression,
accommodation of external power supply, flexible inter-regional power support, and voltage stability enhancement
in load centers. It proposes key indicators including node short-circuit current margin, line thermal stability margin,
maximum fault-induced regional power loss, and voltage recovery time, thereby constructing an evaluation system for
MMT-MTEDC network planning in urban power grids. Based on the Shenzhen power grid planning data, simulations
using DSP software reveal that series reactors reduce short-circuit current by up to 5.0%, while the MMC-MTEDC
system enhances node short-circuit margins by 4.2-12.9% and shortens voltage recovery time by 19.8%. Additionally, the
MMC-MTEDC system maintains 3.34-6.76 percentage points higher thermal stability margins than conventional AC
systems and enables complete avoidance of external power curtailment during N-2 faults via power reallocation between
terminals. Compared with traditional AC or point-to-point HVDC schemes, the proposed hybrid planning method
better adapts to the spatial and reliability demands of ultra-large receiving-end grids. This methodology provides
practical insights into coordinated AC/DC development under high load density and strong external power reliance.
Future work will extend the approach to include electromagnetic transient constraints and lightweight MMC station
designs for urban applications.
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1 Introduction

With the advancement of the Guangdong-Hong Kong-Macao Greater Bay Area national strategy,
Shenzhen, as a core engine city, exhibits characteristics typical of ultra-large urban receiving-end grids,
including high load density and a significant reliance on external power sources [1]. By 2024, Shenzhen’s grid
peak load exceeded 23,000 MW, with a load density of 11 MW/km?, making the power supply capacity in
densely populated areas a critical priority. External power sources account for over 70% of Shenzhen’s total
supply, necessitating safe and efficient integration of large-scale external power [2].

However, challenges arise due to the scarcity of land for new substations in urban centers and the

severe limitations on AC transmission corridors [3]. The enhancement of AC transmission capacity and
short-circuit current suppression exhibit an antagonistic relationship, exacerbating the risk of short-circuit
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current exceedances in major urban grid lines. Under the traditional hierarchical and partitioned structure,
large-scale external power must be accommodated via the 500 kV grid, increasing its burden and hindering
precise power delivery to high-load-density areas. Additionally, the lack of dynamic reactive power support
in load centers under AC transmission modes significantly raises the probability of transient voltage
instability [4]. These issues render the conventional AC grid expansion model inadequate for meeting the
rapid development demands of ultra-large urban power grids.

As shown in Table 1: Taxonomy Comparison with Prior Studies, prior studies have predominantly
focused on single aspects of urban power grid optimization, such as AC grid expansion [3], point-to-point
MMC-HVDC applications [5], or isolated short-circuit current suppression [7]. Few studies have addressed
the synergistic challenges of short-circuit current control, large-scale external power integration, and flexible
inter-regional support simultaneously. Notably, none have integrated series reactors with MMC-MTEDC
to form a unified planning framework, nor have they established a multi-dimensional evaluation system
covering short-circuit margin, thermal stability, fault loss, and voltage recovery. Our work fills this gap by

systematically addressing these interconnected challenges, specifically tailored to the needs of mega-urban

receiving-end grids like Shenzhen.

Table 1: Taxonomy comparison with prior studies

Study Research focus Adopted Evaluation Application
technologies indicators scenario
AC grid expansion [3] Traditional AC Transmission General urban
transmission capacity, load grids
Prior studies density
MMC-HVDC for MMC-HVDC Active/reactive ~ Renewable energy

power
transmission [5]
External power
accommodation [6]
Short-circuit current
suppression [7]
Voltage stability
enhancement [8]
Comprehensive
planning short-circuit

Current study

suppression, external
power
accommodation,
flexible support,
voltage stability

(point-to-point)

AC/DC hybrid
(single-terminal)
Series reactors

STATCOM/SVG

Series reactors +
MMC-MTEDC

power control

Power transfer
efficiency
Short-circuit
current level
Voltage deviation,
recovery time
Short-circuit
current margin,
thermal stability
margin, maximum
fault power loss,
voltage recovery
time

integration

Large-scale power
grids
Substation-level
fault control
Load center
reactive support
Mega-urban
receiving-end grids

The novelty of this study lies in the integration of series reactors with MMC-MTEDC to form a
unified planning framework, which systematically addresses four critical challenges: short-circuit current
suppression, large-scale external power accommodation, flexible inter-regional power support, and voltage
stability enhancement in load centers. Unlike conventional methods focusing solely on MTDC control or
reactive compensation, the proposed evaluation system introduces multi-dimensional metrics—including
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node short-circuit current margin, line thermal stability margin, maximum fault-induced regional power
loss, and voltage recovery time—to quantify the synergistic effects of hybrid AC/DC planning in urban grids.

Against this backdrop, the development of a new grid architecture capable of overcoming the physical
constraints of traditional AC systems while addressing high external power reliance, high load density, and
high-power quality requirements has become a crucial task for ensuring energy security and sustainable
development in Shenzhen [9].

The modular multilevel converter-based multi-terminal embedded DC transmission system (MMC-
MTEDC) is an advanced DC transmission technology utilizing voltage source converter (VSC). By
interconnecting three or more converter stations to form a DC grid, MMC-MTEDC embeds multiple MMC-
HVDC stations into the receiving-end grid, enabling efficient external power transmission and flexible power
distribution [5]. This system supports dynamic integration and power flow control of distributed energy
resources such as wind and solar [10], offering the following advantages:

1. Multi-terminal interconnection capability: Enables collaborative operation among multiple sending and
receiving ends through mesh or hybrid topologies, overcoming the limitations of traditional point-to-
point DC transmission.

2. Flexible control characteristics: Facilitates independent regulation of active/reactive power, rapid sup-
pression of grid fluctuations, and fault isolation, enhancing dynamic response capabilities.

3. Embedded integration design: Converter stations can be directly embedded into existing AC grids,
reducing retrofit costs and spatial requirements.

4. Broad applicability: Supports long-distance bulk power transmission, high-penetration renewable
energy integration, and urban grid expansion, addressing stability, flexibility, and power quality bottle-
necks in traditional AC systems.

While MMC-MTEDC significantly enhances grid strength in terms of external power integration [6],
power exchange, and voltage support, it does not effectively mitigate short-circuit currents. The addition of
series reactors can reduce short-circuit currents but may impact voltage stability [7].

This paper proposes a novel planning and evaluation methodology specifically designed for MMC-
MTEDC integrated urban grids. The methodology integrates series reactor placement with MMC-MTEDC
network design, supported by a new set of evaluation indicators to address short-circuit current limitations,
external power accommodation, and voltage stability challenges in high-load-density cities. Key evaluation
indicators are introduced, and simulations using DSP software on Shenzhen’s grid planning data demonstrate
the method’s effectiveness. Simulation results show that series reactors reduce short-circuit currents by up
to 5.0%, while MMC-MTEDC shortens voltage recovery time by 19.8% and enhances key node short-circuit
margins by 4.2%-12.9% compared to traditional AC schemes. Notably, the MMC-MTEDC system maintains
thermal stability margins 3.34-6.76 percentage points higher than AC systems during power exchange. This
work provides a comprehensive planning framework for urban grids facing high load density and external
power integration challenges.

2 Basic Structure and Control Methods of MMC-HVDC Systems
2.1 Basic Structure of MMC

The modular multilevel converter (MMC) employs a cascaded sub-module (SM) design in its bridge
arms. Under ideal conditions, each bridge arm consists of N SMs and a series reactor. The upper and lower
bridge arms form a phase unit, as shown in Fig. 1 [11]. SMs are categorized into half-bridge and full-bridge
types, with the former often selected for cost efficiency. The output voltage of a single SM is denoted as
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Usm. MMC operates using staircase wave approximation or nearest-level modulation techniques rather than
pulse-width modulation (PWM) [12].

+Udc/2

-Uac/2

Figure 1: Basic structure diagram of Modular Multilevel Converter

2.2 Basic Control Methods of MMC

The control of MMC converters is divided into inner-loop current control and outer-loop power/voltage

control. The inner-loop current controller adjusts the MMC output voltage to ensure accurate tracking of
reference currents in the d-q axis. The outer-loop power controller dynamically tracks power or voltage
changes, providing reference values for the inner-loop controller to ensure coordination [13].

The outer-loop power controller targets active power, DC voltage, reactive power, and AC voltage

magnitude. For supplying passive or weak grids, constant V/f control is adopted [14].

2.3 Network Structure of MMC-MTEDC

1)

2)

Based on application scenarios, MMC-MTEDC structures are classified into two types:

Multi-area flexible composite networking structure: Designed to enhance internal grid characteristics by
enabling flexible interconnection between 220 kV partitions while preserving the original hierarchical
and zonal architecture of urban power grids. This structure facilitates zonal interconnection, power flow
regulation, power exchange, and voltage support. Fig. 2 illustrates the typical topology of the multi-area
flexible composite networking structure.

Multi-area flexible feeding structure for renewable energy clusters: Enables direct delivery of external
power to multiple 220 kV load centers, reducing power losses and ensuring secure integration of exter-
nal power during AC faults. This approach also alleviates the burden on the 500 kV AC transmission
framework. Fig. 3 presents the typical topology of the renewable energy cluster multi-area flexible
feeding structure. This configuration can be viewed as an extension of the multi-area flexible composite
networking structure, incorporating sending terminals for external power while retaining the functions
of zonal interconnection, power flow regulation, power exchange, and voltage support.
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Figure 3: Multi-area flexible feeding structure for renewable energy clusters

3 Short-Circuit Current Calculation for Large-Scale Urban Power Grids
3.1 Calculation Using Node Impedance Matrix

For fault analysis using node equations, the formation of the system’s nodal admittance (or impedance)
matrix is required [15]. The IEC 60909 standard provides detailed specifications for impedance calculations
of various power system components, characterized by comprehensive calculation items, well-defined
concepts, scientifically justified impedance corrections, and relatively conservative results [16]. The IEC
standard stipulates that for all fault types (both near and far), except for zero-sequence systems, line
capacitances, shunt admittances, and non-rotating loads should be neglected, and an equivalent voltage
source method should be employed for short-circuit current calculations [17].

In a network under normal operating conditions, a short-circuit fault can be modeled as an additional
current injection (-I7) at the fault node f. Consequently, the voltage V; at any node i in the network can be
expressed as:

Vi=> Zijl; - Z;,I; 1)
jeG
where, Z;; represents the mutual impedance between nodes i and j, Zjs denotes the mutual impedance
between node i and the fault node f after accounting for the added ground impedance.
As shown in Eq. (1), the voltage at any node i consists of two superimposed components:

1. The first term corresponds to the pre-fault voltage at node 7, generated by all power sources in the network
when I = 0, representing the normal operating condition immediately before the fault.
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2. The second term represents the voltage contribution solely from the short-circuit current at node i,
calculated with all current sources open-circuited and voltage sources short-circuited.

The superposition of these two components yields the actual post-fault voltage at node i:
7= 7O -z, @)

Eq. (2) remains valid for the fault node f, yielding:

~ _ ~ (()) ~
Vf = Vf —foIf (3)
where, Zs represents the self-impedance (or input impedance) of fault node f. Eq. (3) contains two unknowns
(Vs and If), which can be resolved using the fault boundary condition:

Vf—ijfZO (4)

The simultaneous solution of Eqs. (3) and (4) gives:

V(O)

7 f
Jpj= —2 5
f fo+Zf ()

When accounting for non-synchronous generation sources (e.g., MMC-HVDC and renewable energy
units), Eq. (5) requires modification:

- Vf( R Vars

Yy ©
fftEf

where, Vs denotes the fault point voltage variation induced by post-fault current source changes (AIs),

calculable through the nodal equation YU = I. Here, Y represents the admittance matrix, I the nodal

current injection vector, and U the nodal voltage vector. Unless otherwise specified, all short-circuit currents

discussed in this paper refer to three-phase fault conditions.

The following principles govern short-circuit current calculations in China Southern Power Grid’s DSP
software:

Static loads are considered (modeled as equivalent impedances).
Shunt reactive power compensation is incorporated.

Line charging power is accounted for.

MMC-HVDC systems are included in the model.
Contributions from renewable energy sources are evaluated.
STATCOM devices are considered in the analysis.

A short-circuit voltage coefficient of 1.08 p.u. is applied.

NSO LD~

3.2 Short-Circuit Current Reduction via Series Reactors
3.2.1 Definition and Calculation Methods of Transfer Impedance

According to circuit theory principles, transfer impedance refers to the equivalent impedance between
any two nodes in a power grid. The magnitude of this equivalent impedance serves as an indicator of the
electrical distance between the nodes.

Three primary methods exist for determining transfer impedance:
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1. Network Reduction Method: This approach employs series/parallel combinations and star-delta network
transformations to systematically eliminate all nodes except the source node and the short-circuit node,
ultimately deriving the transfer impedance between them.

2. Unit Current Calculation Method: This method proceeds by first determining the impedance of all
branches in the system while setting all voltage source potentials to zero (i.e., generator terminal voltages
at power plants are reduced to zero). A unit current is then injected into the branch farthest from the
short-circuit point, allowing the voltage at the short-circuit node to be calculated, from which the transfer
impedance between each source node and the short-circuit node can be derived.

3. Equivalent Source Method: This technique applies Thévenin’s theorem to determine the equivalent
voltage and impedance of the short-circuit system, thereby simplifying the network.

3.2.2 Transfer Impedance Calculation in Large-Scale Urban Power Grids

Large urban power grids typically contain tens of thousands of lines and nodes, making manual
application of network transformation and unit current methods impractical. The DSP software developed
by the China Southern Power Grid Electric Power Research Institute enables accurate calculation of positive-
sequence equivalent impedance to ground for any bus in the system. By comparing the positive-sequence
equivalent impedance at the short-circuit node before and after connecting the source node, the transfer
impedance from source to short-circuit node can be determined using Eq. (7). When the resistive component
is neglected, this becomes the transfer reactance between the nodes.

1 1 1

_ )
Zij Zii Zii-j

From the perspective of short-circuit current analysis, the fault current at any given node comprises
contributions from various power sources. As shown in Fig. 4, the transfer impedance Z; j serves as a critical
indicator: a smaller Z; ; value signifies that power source j contributes more significantly to the short-circuit
current at node i. Consequently, when installing series reactors, priority consideration should be given to:

1. Power source nodes with smaller transfer impedances
2. Critical transmission lines between these source nodes and the short-circuit node

Short-circuit Short-circuit Short-circuit
node i node i node i

Source Other equivalent ~ Equivalent
node j node node

Source node j

Figure 4: Schematic diagram of the positive sequence equivalent impedance of a short-circuit node
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In practical grid operations, the optimal placement and sizing of series reactors must account for
multiple operational factors, including:

1. Power flow distribution patterns
2. Power plant grid-connection stability requirements
3. Economic feasibility of power transmission

The transfer impedance concept proposed in this study provides valuable guidance for practical series
reactor planning, enabling more effective suppression of excessive short-circuit currents at critical nodes
while maintaining overall system reliability. This methodology proves particularly valuable for modern
power grids facing increasing short-circuit current challenges due to growing generation capacities and
network interconnections.

4 Improvement and Evaluation Method for Urban Power Grids with MMC-MTEDC

After improving the short-circuit current level of urban power grids by adding series reactors, this
section focuses on how MMC-MTEDC enhances urban power grids in three aspects: integration of external
power in urban grids, flexible power support between different zones, and voltage stability enhancement in
load centers. Then, corresponding evaluation indicators are proposed to quantify the improvement effects.

4.1 Integration of External Power in Urban Grids

This section establishes evaluation metrics for MMC-MTEDC systems’ power accommodation capa-
bility from dual perspectives: short-circuit current limitation and power evacuation during AC faults.
These metrics are designed to measure the improvement in external power integration capability after
implementing MMC-MTEDC.

4.1.1 Short-Circuit Current Limitation

The short-circuit current margin index evaluates changes in short-circuit current levels at key grid nodes
before and after MMC-MTEDC implementation:

Ksci _ Ibmaxi - Isci (8)
Ibmaxi

where, K;; denotes the short-circuit current margin value. I,y denotes the breaker interrupting capacity

at node i. I,.; denotes the actual short-circuit current at node i.

MMC incorporates current-limiting mechanisms. Compared to AC grid integration schemes, MMC-
MTEDC can prevent significant increases in short-circuit current at the point of interconnection. However,
the actual output current during a short-circuit fault is also influenced by the control strategy employed
during the fault. Three primary strategies exist: active current priority, reactive current priority, and
proportional allocation. For conservative evaluation, this metric adopts the reactive current priority strategy,
which contributes most to the short-circuit current.

4.1.2 Effective Evacuation of External Power during AC Faults

For a point-to-point two-terminal MMC-HVDC transmission system, when an AC fault occurs in
the receiving-end grid, the AC voltage collapses. Since the output power of the MMC-HVDC system is
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approximately proportional to the AC grid voltage, as expressed below:

U U ri
Pome = %‘gd sin O )

N
where, P, is the active power output of the MMC-HVDC system, U, is the AC voltage magnitude at
the MMC converter station, Ug;g is the voltage magnitude at the grid connection point, X; is the equivalent
reactance between the MMC station and the grid connection point, 8 is the phase difference between the
MMC output and the grid connection point (assumed constant for approximation).

Thus, when a fault in the receiving-end grid causes a voltage dip, the MMC-HVDC system cannot
effectively deliver power, severely impacting the integration of external power. In contrast, when the
receiving-end grid adopts a MMC-MTEDC system, communication-based coordination or active power-
DC voltage droop control can be used to adjust the power reference values of the converter stations. This
allows healthy stations to share the surplus power from the faulted station, ensuring continuous integration
of external power.

To demonstrate the difference in external power accommodation capability between point-to-point DC
and MMC-MTEDC systems, the maximum fault-zone power loss index is proposed:

U,ime sin @ P,ine} (10)

B 0 1
Pjoss max = max{(Ugrid - Ugrid) X >4 loss
s

where, U Og,,»d is the pre-fault AC voltage at the grid connection point, U lg,,-d is the post-fault AC voltage at
the grid connection point, pline, . is the power loss due to load rate limitations on nearby AC lines.

4.2 Flexible Power Support between Different Zones in Urban Power Grids

To evaluate the improvement in inter-regional power support capability enabled by MMC-MTEDC,
two indicators are proposed: thermal stability margin (to assess line overload risks) and maximum fault-
zone power loss ratio (to quantify load center power loss during faults). These indicators reflect the extent to
which MMC-MTEDC enhances the flexibility and reliability of power support.

4.2.1 Mitigating Line Overload Risks

The thermal stability margin index is employed to evaluate line overload risks caused by power support
requirements in urban grids before and after implementing multi-terminal embedded flexible DC systems:

S . _8§.

El — maxi 1 (11)
Smaxi

where, (; represents the thermal stability margin value of line i, Spay; denotes the rated apparent power

capacity of line i, S; indicates the actual apparent power flow on line i.

Power support demands typically exist between load centers and generation zones/external power
reception areas. Utilizing AC networks for power transfer often increases the loading rates of lines connected
to both load centers and power sources. By employing MMC-MTEDC systems to adjust converter station
power references [18], the overload risks of relevant AC lines can be effectively reduced.



4484 Energy Eng. 2025;122(11)

4.2.2 Minimizing Power Loss in Load Centers during AC Faults

Load centers usually receive power through multiple 220 kV AC transmission lines. When these lines
experience N-2 contingencies, load centers may fail to obtain sufficient external power, resulting in significant
power loss.

The maximum fault-zone power loss ratio index is used to assess the worst-case power loss proportion
in urban grid load zones under N-2 contingency conditions with AC line loading constraints, before and
after implementing MMC-MTEDC systems:

_ Pioss max i

gy = Dlosmasi (12)
Ploadi

where, y; is the maximum power loss ratio for zone 7, Pjyss max ; Fepresents the maximum power loss in zone

i during faults, Pjy,4; indicates the load demand of zone i.

The MMC-MTEDC system enables direct power delivery to load centers. During AC faults, it can
promptly adjust active power references at different converter stations to ensure continuous power supply to
load centers, thereby preventing power loss caused by AC line failures [19].

4.3 Voltage Stability Enhancement in Urban Power Grid Load Centers

Urban power grid load centers are typically dominated by inductive loads (e.g., motors, air condition-
ers), which require substantial reactive power support during operation. However, these load centers often
lack sufficient reactive power compensation devices (such as SVG, STATCOM, etc.), necessitating partial
reactive power transmission via AC lines from external sources. This configuration adversely affects voltage
stability [20].

The implementation of fixed PV-controlled MMC-MTEDC systems can significantly improve voltage
stability at grid interconnection points. By injecting reactive current during fault conditions, these systems
provide essential support to maintain AC voltage at the point of common coupling, facilitating faster voltage
recovery following fault clearance [7].

The voltage recovery time following AC faults serves as a key metric for evaluating voltage stability issues
in load centers. This parameter is defined as the duration required for load node voltages to recover above
0.95 p.u. after a system fault. It should be noted that according to the “China Southern Power Grid Security
and Stability Calculation and Analysis Guidelines” (Q/CSG 1107005-2022), the fault clearing time for 220 kV
lines is specified as 0.12 s, equivalent to 6 cycles.

4.4 Summary of the Methodology

The collaborative planning process for MMC-MTEDC and series reactors involves: first collecting grid
data and modeling the grid with MMC-HVDC converter stations and series reactors in DSP software; then
calculating the node impedance matrix and transfer impedance based on IEC 60909 standards to identify
critical nodes with excessive short-circuit currents; next optimizing series reactor placement according to
transfer impedance ranking, and validating the suppression effect on short-circuit currents and system
transient stability through DSP simulations; subsequently designing the MMC-MTEDC network topology
and configuring converter stations and control modes at load centers or external power access points; finally
evaluating the integrated system performance using multi-dimensional indicators and iteratively optimizing
the plan to meet requirements. The flowchart of the proposed methodology is shown in Fig. 5.
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5 Case Study

€

1. System Data Collection and Modeling
- Topology, breaker rating, line thermal limits, load profiles

v

2. Short-Circuit Current Calculation
- Node impedance matrix formation
- Transfer impedance calculation for power sources

v

3. Series Reactor Placement
- Critical node identification based on transfer impedance
- Reactor parameter design (reactance value)
- Transient stability check (power angle & voltage recovery)

v

4. MMC-MTEDC Network Design
- Topology selection (composite networking/feeding structure)
- Converter station placement & control mode configuration

v

5. Multi-Dimensional Evaluation
- Short-circuit margin, thermal stability, voltage recovery time
calculations using Egs. (8), (11), (12)

v

| End

Figure 5: Flowchart of the proposed methodology
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The simulation study, conducted using the DSP power system analysis software independently devel-
oped by the China Southern Power Grid Electric Power Research Institute, implements a MMC-MTEDC
system within Shenzhen’s 2040 urban grid planning framework, shown in Fig. 6. The software, solver, and
computational setup used are specified in Table 2. The core input data for simulations are derived from
Shenzhen Power Supply Co., Ltd’s 2040 summer peak planning data, including:

1. Steady-state power flow files: Containing topological information (e.g., node connections, AC/DC line
parameters such as resistance, reactance, and rated capacity), load data (e.g., active/reactive power
demands at 220 kV and 525 kV load centers), and generator parameters (e.g., output power, rated voltage,

and connection nodes of thermal power plants, nuclear power plants, and pumped storage stations).

2. Transient operation files: Including dynamic characteristics of key components, such as generator
excitation systems, power system stabilizers (PSS), and governor parameters; dynamic load models (e.g.,
induction motor parameters for industrial and commercial loads); and control parameters of MMC-
MTEDC systems (e.g., converter station capacity, DC voltage level, and control modes such as fixed
active/reactive power or fixed voltage).



4486

Energy Eng. 2025;122(11)

® vsc [ wind
© 525KV node Nuclear

@ 220kV node E Thermal

Figure 6: Shenzhen City Grid (Partial) 2040 planning wiring diagram

Table 2: The software, solver, and computational setup

Category

Details

Software

Solver

Computational
Setup

DSP power system simulation software (developed by China Southern
Power Grid Electric Power Research Institute):

- Power flow program: v2.0.22.0

- Transient simulation program: v2.4.39.0

- Short-circuit program: 2021/12/16 build

- Power flow: Adaptive convergence method, PQ decomposition,
Newton-Raphson.

- Transient simulation: Electromechanical transient solver for
differential-algebraic equations (DAEs).

- Short-circuit: Per IEC 60909 and GB standards.

- Hardware: Intel Xeon Gold 6248 CPU (20 cores, 2.5 GHz), 128 GB
RAM, Windows Server 2019.

- Parameters: Time step: 10 ms (0.5 cycle in 50 Hz)

5.1 Analysis of Short-Circuit Current Suppression through Series Reactors

5.1.1 Example of Transfer Reactance Calculation

Based on Shenzhen Power Grid’s 2040 summer peak planning data, the transfer impedances from four
major power plants in Shenzhen to the 525 kV YZC node were calculated, with results shown in Table 1.

Table 3 indicates that the HHW Power Plant has the closest electrical distance to YZC busbar. Therefore,
it is recommended to install series reactors between HHW and YZC 525 kV nodes. Table 4 compares the YZC
node’s performance when series reactors (3 ) are installed on outgoing lines of four major power plants.

As demonstrated in Table 4, adding series reactors to HHW'’s outgoing lines much effectively reduces the
short-circuit current at YZC busbar than the other power plants, confirming the effectiveness of placement
based on transfer impedance ranking.
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Table 3: The transfer impedance between each power plant to the YZC 525 kV node

Power plant Transfer impedance ()
DB Nuclear —-3393.6 +j3246.6
HHW thermal —-0.04 + j48.51
ZD Pumped Storage -1.25 +jl113.44
Lingao Nuclear -1302.2 + j608.9

Table 4: The transfer impedance between each power plant to the YZC 525 kV node

Power plant Short-circuit current at YZC node (kA)
DB Nuclear 58.054
HHW thermal 55.955
ZD Pumped Storage 57123
Lingao Nuclear 58.049

As shown in Table 5, the larger the reactor multiplier, the smaller the short-circuit current at YZC
525 kV node. However, the addition of series reactors may impact power angle stability of generation plants
and voltage recovery characteristics at target nodes during AC faults. These effects must be evaluated while
maintaining transient stability. An N-1 contingency was simulated for the YHH-YZC double-circuit lines,
with results for HHW’s power angle stability and YZC 525 kV node’s voltage recovery shown in Figs. 7
and 8, respectively.

The China Southern Power Grid Security and Stability Calculation and Analysis Guidelines (Q/CSG
1107005-2022) specify the following criteria:

1. Transient Voltage Stability: During post-disturbance transients, bus voltages must recover above 0.80 p.u.
within 10 s, and load bus voltages should stabilize above 0.90 p.u. after transients.

2. Transient Rotor Angle Stability: Following disturbances, synchronous generators must maintain stability
through the first and second swing periods, with oscillations dampening monotonically while key bus
voltages gradually recover.

Asevidenced by Figs. 7 and 8, both HHW’s power angle stability and YZC 525 kV node’s voltage stability

remain within acceptable limits per these standards.

Table 5: The influence of increasing the series reactance on the short-circuit current of the outgoing line of HHW
Power Plant

Reactor multiplier Short-circuit current at YZC 525 kV node (kA)

0 58.058
1 57156
3 55.955
5 55.193
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Figure 7: Power-angle variation curves of HHW Power plant

= No series reactors - 1 time serise reactors
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Figure 8: Voltage recovery curves of the YZC 525 kV node

5.1.2 Analysis of Short-Circuit Current Variations before and after Reactor Installation

Based on the 2040 summer peak data and transfer impedance calculation results, while comprehensively
considering multiple factors including power flow conditions, economic feasibility, and practical implemen-
tation constraints, the required locations and values of series reactors were determined to ensure a minimum
5% short-circuit current margin across all 525 kV nodes in Shenzhen’s power grid. The specific reactor
installations are detailed in Table 6, while Fig. 9 compares the short-circuit current variations at critical nodes
before and after reactor installation.
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Table 6: Locations and parameters of installed series reactors

Sending node Receiving node Reactance value (2)

YDF YZ] 20
YXD YZB 26
YZB YSZ 14
YZB YPC 28
YDY YYB 16
[ B Pre-nstallation [N Post-Installation 2545

6.46 6.52 &85

Percentage changein current (%)

Node

Figure 9: Short-circuit current variations at key nodes

5.2 Impact Analysis of MMC-MTEDC on External Power Integration Capability in Urban Grids
5.2.1 Short-Circuit Current Margin Assessment

Using 2040 summer peak data, Fig. 10 compares short-circuit current levels at critical 525 kV nodes
under two integration schemes for the third-channel 5000 MW external power:

Compared to the single-point AC grid integration scheme at the 500 kV network, the MMC-MTEDC
grid integration scheme with dual connection points at the 220 kV subnetwork enhances the short-circuit
current margin at the 525 kV node of the urban power grid. Specifically, the third access point connected to
the 220 kV subnetwork mitigates the impact and demand on the 500 kV network.
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Figure 10: Short-circuit current under different integration schemes

5.2.2 Power Evacuation during AC Faults

Based on the 2040 summer peak data with a third-channel capacity of 5000 MW and considering the
N-2 contingency of the YLT-YXD double-circuit line, the required power loss (for the point-to-point DC
scheme) or flexible DC power margin (for the MMC-MTEDC scheme) to prevent AC line overloading is
calculated. The computational process is detailed in Tables 7 and 8, respectively.

Table 7: Power loss requirements in point-to-point HVDC scheme

Power loss (MW) Maximum AC line loading rate (%)

0 116.85
50 110.20
100 103.65
134 100.00

Table 8: Power loss requirements in MMC-MTEDC scheme

Power support (MW) Maximum AC line loading rate (%) Maximum avoidable power loss (MW)

0 116.85 134
100 109.95 79
200 103.08 23
242 100.00 0

As demonstrated in Table 7, a power curtailment of approximately 134 MW is required in the point-
to-point DC scheme to prevent AC transmission line overloading. In contrast, Table 8 reveals that the
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MMC-MTEDC scheme can completely avoid external power curtailment when maintaining a 242 MW
power margin at the YML converter station, enabled through flexible power exchange within the DC grid.
This approach significantly enhances the power delivery capability of external generation sources.

5.3 Impact of MMC-MTEDC on Regional Power Exchange Flexibility
5.3.1 Thermal Stability Margin Analysis

Based on the 2040 summer peak data, this study evaluates the thermal stability margin variation when
exchanging 5000 MW of external DC power through multiple 220 kV connection points. The analysis focuses
on power transfer scenarios between YLT (external power injection node) and YL] (load center) under
two distinct approaches: 1) Conventional AC grid-based power exchange, 2) MMC-MTEDC system (with
additional YLJ converter station)

As presented in Table 9, the VSC-HVDC solution demonstrates superior performance in maintaining
thermal stability margins compared to traditional AC power transfer. The key findings reveal:

1. The AC-based power exchange reduces thermal margins by 6.87-13.84 percentage points for critical
transmission corridors

2. The MMC-MTEDC alternative limits margin reduction to 3.34-6.76 percentage points under identical
power transfer conditions

3. For load-center adjacent lines (e.g., YDT-YL]J), the MMC-MTEDC system maintains nearly identical
margins to pre-transfer conditions (<0.07% reduction)

Table 9: Thermal stability margin variation under different power exchange schemes

Sending node Receiving Voltage Exchange Original  AC transfer VSC-HVDC

node level (kV) power margin (%) margin (%) transfer
(MW) margin (%)
YXD YLT 220 100 40.77 33.90 37.43
YXD YLT 220 200 40.77 26.93 34.01
YDT YLJ 220 100 30.49 28.56 30.46
YDT YLJ 220 200 30.49 26.66 30.42
YPC YDF 220 100 63.39 61.49 63.26
YPC YDF 220 200 63.39 59.59 63.11

5.3.2 Power Loss in Load Centers during AC Contingencies

For the YL]J subnet (889.7 MW load), Figs. 11 and 12 compare power loss requirements under N-2 AC
line outages between Conventional grid operation and MMC-MTEDC with power exchange capability.

Under the condition of no power exchange between MMC-HVDC converter stations, approximately
67.44% load reduction is required to eliminate overloading. When maintaining a 350 MW power margin at
the YLT converter station, the MMC-MTEDC system can completely avoid load loss caused by N-2 AC line
faults. This demonstrates that utilizing the power exchange capability of MMC-MTEDC can enhance the
power supply capacity of load centers and reduce power loss in load centers during AC faults.
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Figure 11: Power loss requirements in conventional grid
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Figure 12: Power loss mitigation via MMC-MTEDC

5.4 Voltage Stability Optimization in Load Centers Using MMC-MTEDC

Under the 2040 summer peak scenario with an N-1 contingency on the YBJ-YL] double-circuit line,
this study examines voltage recovery characteristics at: 1) YL] 230 kV node (VSC-HVDC connection point);
2) YDT 230 kV node (remote node). Three operational modes are compared: 1) No MMC-MTEDC; 2) Fixed
Q control; 3) Fixed U control.

Asshown in Fig. 13, the voltage recovery characteristics at both the YL] and YDT load nodes under fixed
Q control of the MMC-MTEDC show minimal difference compared to operation without MMC-MTEDC,
with the only distinction being local reactive power balancing. The fixed U control of the MMC-MTEDC
demonstrates more significant improvement in voltage recovery at both load nodes, reducing the recovery
time by approximately 19.85% and 17.31%, respectively. This indicates that the fixed U control provides better

enhancement of voltage recovery characteristics for the node near the grid connection point compared to
the remote node.
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Figure 13: The voltage recovery time of YL] and YDT node

6 Conclusion

This paper proposes an urban power grid planning and evaluation methodology based on series
reactors and MMC-MTEDC systems. First, the short-circuit current calculation method for large-scale
urban power grids is analyzed, introducing the concept of transfer reactance to guide the layout and
parameter determination of series reactors. Then, the optimization effects of MMC-MTEDC are discussed
in three application scenarios: 1) integration of external power sources, 2) flexible power exchange between
grid partitions, and 3) voltage support for load centers, with corresponding evaluation indicators proposed.
Finally, simulation analysis is conducted using Shenzhen power grid planning data for 2040. The results
demonstrate that this planning approach can effectively suppress short-circuit currents, enhance external
power integration capability, improve inter-regional power exchange flexibility, and strengthen voltage
stability in load centers.

The proposed methodology specifically addresses the challenges faced by Shenzhen’s mega-city power
grid development, including excessive short-circuit currents, external power accommodation, flexible
inter-regional power exchange, and voltage stability enhancement in load centers. Notably, the study has
limitations. The BPA platform, focused on normal operating frequency analysis, may not fully capture high-
frequency transient behaviors during faults, such as rapid DC current rise rates (10 kA/ms) or switching
transients in power electronics. For practical implementation, MMC-MTEDC faces critical challenges: In
urban grids, land constraints demand lightweight converter stations to reduce footprint, which requires
innovative modular design for both hardware and control systems. The control system complexity further
varies with real-time grid conditions—load fluctuations, renewable energy integration, and fault scenarios
can all alter its improvement effectiveness. Future research will further investigate the common problems
and requirements in mega-city power grid development, with potential applications extendable to other
mega-city power systems.
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